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Systematic Derivation of Dead-Zone Elimination
Strategies for the Noninverting Synchronous
Buck—Boost Converter

Neng Zhang ~, Guidong Zhang

Abstract—The noninverting synchronous buck-boost converter
is preferable to operate in buck and boost operating modes to
obtain a high operating efficiency. However, the dead zone, which
degrades the performance of the converter, will occur when the con-
verter shifts from buck operating mode to boost operating mode
or vice versa. Therefore, the origin of the dead zone is derived in
this paper by analyzing the relationship between the voltage con-
version ratio and the duty cycles of the switches. Based on this, a
series of three-mode and four-mode modulation schemes are sys-
tematically derived to completely eliminate the dead zone. The
ripple and average value of the inductor current under different
modulation schemes are investigated to evaluate the performance
of these modulation schemes. To demonstrate the effectiveness of
the proposed modulation schemes, two implementations of a four-
mode modulation scheme are presented and experimentally tested
as the examples for all modulation schemes. Experimental results
correspond well with the theoretical analysis in both implementa-
tions over the entire input voltage range.

Index Terms—Dead-zone elimination strategies, noninvert-
ing synchronous buck-boost converter, smooth mode transition,
systematic derivation.

1. INTRODUCTION

HE noninverting synchronous buck-boost converter as
T shown in Fig. 1 can both boost and buck the input volt-
age to a noninverting output voltage. Also, voltage stresses of
the power switches in this converter are lower than ones of
other basic buck—boost converters, e.g., the inverting buck—boost
converter, Cuk converter, Sepic converter, and Zeta converter
[1], [2]. Therefore, the noninverting synchronous buck—boost
converter has been investigated as a suitable candidate for those
applications where the input voltage tends to vary in a wide range
and overlap with the output voltage, such as power factor cor-
rection applications [3], [4] and fixed-configuration battery pack
or reconfigurable battery pack based power systems [5], [6].
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Fig. 1. Configuration of the noninverting buck—boost converter.

In order to operate with a high power conversion efficiency over
the entire input voltage range, this converter is expected to oper-
ate in buck mode when the input voltage is higher than the output
voltage and in boost mode when the input voltage is lower than
the output voltage [7]-[14], which is called two-mode operat-
ing scheme in this paper. However, the converter will wigwag
between the buck mode and the boost mode due to the practical
unavoidable limitation of the electronic components when the
input voltage is in a small range around the output voltage. Also,
the discontinuity of the voltage conversion ratio will occur in
this small range, which means that the voltage conversion ratio
cannot reach the values around 1; therefore, this small range is
called dead zone in this paper. The existence of the dead zone
will lead to the increase of the output voltage ripple and potential
instability of the converter [15]-[17].

Several solutions are developed to mitigate the dead-zone is-
sue in the literature [5]-[20]. The simplest way is to control the
converter solely operating in buck—boost mode at the cost of a
decreased efficiency [19]. A complicated compensation method
is proposed in [6] to avoid the dead zone. However, this method
requires precise measurement of the details about the operating
performance of the power devices, which is relatively difficult
to execute in practical applications. A trimode two edge mod-
ulation method is proposed in [7]. In this modulation method,
one duty cycle is clamped at the maximum value when the input
voltage reaches the pre-assigned small range around the output
voltage while the other duty cycle is controlled to regulate the
output voltage. This method results in the fact that the limi-
tation of the two duty cycles differs from each other and the
lower limitation of the active duty cycle is required to be zero to
completely eliminate the dead zone. However, the duty cycle can
never reach zero due to the practical limitation of electronic com-
ponents. A mix-mode modulation technique is proposed in [8]
by inserting two additional buck—boost modes in the dead zone.
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This modulation method requires the switching frequency in the
two additional buck—boost modes to be reduced by a half. A four-
mode modulation scheme is proposed in [18]. The smooth mode
transition can be obtained in this method by dividing the dead
zone into two subzones and accordingly inserting two different
buck—boost operating modes. By overlapping the duty cycles of
both buck mode and boost mode and setting appropriate limita-
tions of the duty cycles, an improved duty-cycle-overlap control
method is proposed in [20]. With this control method, the pulse-
skipping phenomenon can be well eliminated and smooth mode
transition can be achieved. A comprehensive derivation of the
dead zone avoiding methods is conducted in [16] and further
improved in [21] based on introducing a new nonlinear state
machine into the control loop. The dead zone can be effectively
released and high power efficiency can be obtained with these
methods. However, this work is based on the complicated theory
and it is relatively difficult to apply in practical cost-sensitive
fields.

Although many existing research works focus on the dead-
zone mitigation methods, each method has its specific deriving
theory. It is hard to find a general rule or a systematic princi-
ple to develop dead-zone mitigation methods in the literature.
Therefore, this paper aims to analyze the relationship between
the duty cycles of the active switches and the voltage conversion
ratio of the converter from a novel perspective and to demystify
the origin of the dead zone. Based on this, a series of multimode
modulation schemes are systematically derived as the solutions
to eliminate the dead-zone issue. The effect of different mod-
ulation modes on the inductor current ripple and the average
value of the inductor, which is related to the efficiency of the
converter [12], [22], is also investigated.

The remainder of this paper is arranged as follows. The
voltage conversion ratio, and one-mode modulation and two-
mode modulation methods are analyzed in Section II. Based
on this, the origin of the dead zone is derived. Then, a series
of dead-zone elimination methods are derived in Section III.
To evaluate the performance of different modulation methods,
the inductor current performance including the current ripple
and the average value is investigated in Section IV. Two
implementation examples of a four-mode modulation scheme
are presented in Section V. Experimental results of the two
implementation examples are carried out in Section VI to
verify the effectiveness of the modulation scheme. Finally, the
conclusion is drawn in Section VII.

II. ORIGIN OF THE DEAD ZONE
A. Relationship Between the Input and the Output Voltage

The configuration of the converter is shown in Fig. 1. In
terms of the voltage-second balance principle of the inductor,
the relationship between the input voltage and output voltage of
the converter can be derived as

di

‘/0:7
1 —ds

Vin ey

where V, is the output voltage, Vi, is the input voltage, and d;
and d, are the duty cycles of the two active switches S and S.
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Fig. 2. One-mode modulation scheme.

It should be claimed that in order to simplify the analysis, all
components are considered to be ideal components.

From (1), the voltage conversion ratio of the converter M can
be obtained as

T 1—dy’

M 2

Equations (1) and (2) show that there are two freedoms, i.e.,
dy and ds, that can be used to regulate the voltage conver-
sion ratio simultaneously or independently, which implies that
there is a series of combination patterns of d; and d that can
be applied to achieve the desired output voltage from the in-
put voltage. Equation (2) can be further clearly expressed as
shown in Fig. 2, in which the vertical axis represents d;, the
horizontal axis represents 1 — ds, and the slope of the line OP,
which connects the origin O and the operating point P, repre-
sents the voltage conversion ratio. According to the location
of the operating point P, different modulation schemes can
be obtained, which are to be explained in detail in following
sections.

B. One-Mode Modulation

Theoretically, the operating point P can be located at any-
where in the rectangle ABCO including the boundaries and the
inner area. When the trajectory of the operating point P is lo-
cated on the diagonal line of the rectangle, which is line AC as
shown in Fig. 2, it can be seen that slope of the line OP can
vary from zero to infinite. In this case, the voltage conversion
ratio is continuous over the entire input voltage range and both
duty cycles have a value in the range [0, 1], which means that
both of the two active switches S; and S, are turned-ON/OFF
in a single switching period. As the converter only operates
in buck—boost mode under this modulation scheme, it is called
one-mode modulation in this paper. This modulation method has
been investigated experiencing low power conversion efficiency
in the literature. Also, this modulation method will generate
high inductor current ripple as well as high inductor current av-
erage value. Therefore, this modulation method is not expected
in practical applications.
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Fig. 3. Two-mode modulation scheme.

C. Two-Mode Modulation

When the trajectory of the operating point P is located only
on the boundaries of the rectangle AB and CB as shown in Fig. 3,
i.e., either d; or 1 — dy is kept at 1, only one active switch is
turned-ON/OFF in a single switching period. When the slope of
the line OP is smaller than 1, which indicates that the input
voltage is higher than the output voltage, 1 — d5 is kept at 1
while d; is controlled to regulate the output voltage and the
converter operates in buck mode; when the slope of the line OP
is greater than 1, which indicates that the input voltage is lower
than the output voltage, d; is kept at 1 while d» is controlled to
regulate the output voltage and the converter operates in boost
mode. Therefore, this modulation scheme is called two-mode
modulation in this paper. The two-mode modulation method is
preferable in practical applications as it contributes to relatively
higher efficiency and generates smaller inductor current ripple
and inductor current average value compared to the one-mode
modulation scheme.

D. Origin of the Dead Zone

Although the two-mode modulation can obtain high effi-
ciency and better inductor current performance, there is an un-
neglectable drawback hidden in this modulation method. Due
to the practical unavoidable nonidealities, switching noise, and
other unpredictable disturbance of electronic components and
the circuit layout, the duty cycle always has an upper limi-
tation d .« and a lower limitation d ,;,; therefore, d; and
1 — dy can only achieve the values in the ranges EF and GH
as shown in Fig. 4, which indicates that the voltage conversion
ratio can only reach the values in the ranges [M_in, M mid1]
and [M iq2, M .« ] while the values in the ranges [0, M i),
[M nax, 00|, and [M niq1, M nia2] are not achievable. The val-
ues in the ranges [0, M ;] and [M .y, 00] are ignorable and
can be avoided easily by designing the specification of the con-
verter whereas the values in the range [M ynid1, M_mida] are
essential for the converter as they need to be reached by the
voltage conversion ratio when the input voltage approaches
the output voltage. Therefore, the range [M iq1, M mid2] is

defined as dead zone as shown in the shadowed area in Fig. 4.
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Fig. 4. Dead zone.

It can be seen that there are no trajectories for the operating
point P when the converter operates in the dead zone. This
fact results in the performance that the operating point P tends
to jump between the point ' and point B when the converter
operates in boost mode and between the point H and point
B when the converter operates in buck mode, which indicates
that the voltage conversion ratio M jumps from M ,iq; to 1
or vice versa when the input voltage is higher than the output
voltage and from 1 to M ;92 or vice versa when the input
voltage is lower than the output voltage. This phenomenon leads
to the discontinuity of the voltage conversion ratio M and brings
some negative effects on the performance of the converter such
as the increase of the output voltage ripple, the appearance of
subharmonics in the output voltage, and even the unstable and
uncontrollable operation of the converter.

III. MULTIMODE MODULATION METHOD

In order to eliminate the dead zone, extra trajectories are
demanded for the operating point P, which means that other
operating modes are required to be inserted into the two-mode
modulation scheme. Hence, multimode modulation schemes are
required to be studied to implement the smooth mode transi-
tion between the buck mode and the boost mode. Basically,
multimode modulation methods can be categorized into two
types: three-mode modulation methods and four-mode modula-
tion methods, which are to be analyzed in detail in the following
sections.

A. Three-Mode Modulation

By inserting a straight line as the trajectory for the operating
point P in the dead zone, three-mode modulation methods can
be derived. Since the additional trajectory line can be adopted in
different approaches, several three-mode modulation methods
can be obtained. This section will describe three typical three-
mode modulation schemes as examples.

1) Regulating Both dy and dy in the Dead Zone: The first
choice to add the additional straight trajectory for the operat-
ing point P is to apply an oblique line DI, which is a part of
the diagonal AC as shown in Fig. 5. When the input voltage
approaches the output voltage, the converter will operate in the
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Fig. 5. Three-mode modulation scheme I.
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Fig. 6. Three-mode modulation scheme II.

buck—boost mode. In this case, both two active switches S
and Sy are turned-ON/OFF in a single switching period. In this
modulation method, the converter operates in buck mode when
the input voltage is sufficiently higher than the output voltage,
which implies that the voltage conversion ratio is in the range
[M 1in, M mia1]; in boost mode when the input voltage is suf-
ficiently lower than the input voltage, which implies that the
voltage conversion ratio is in the range [M ,iq2, M _nax]; and in
buck—boost mode when the input voltage is close to the output
voltage, which implies that the voltage conversion ratio is in the
range [M,midla MJrlid2]~

The relationship between the duty cycles d; and ds when the
voltage conversion ratio is in the range [M ,iq1, M mid2] under

this modulation scheme can be expressed as 7
dy = ds. 3)

2) Clamping ds and Regulating dy in the Dead Zone: The
other choice to insert the straight additional trajectory for the
operating point P is to apply a vertical line DI as shown in Fig. 6.
When the input voltage approaches the output voltage, the duty
cycle ds is clamped at a constant value dagy, which is slightly
higher than the minimum value do,;,, While the duty cycle d;
is controlled to regulate the output voltage. As this operating
mode is similar to the buck mode, in which the duty cycle ds is
clamped at zero while the duty cycle d; is regulated to obtain
the desired output voltage, it is defined as extend-buck mode in
this paper. In this modulation scheme, when the duty cycle d;
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Fig. 7. Three-mode modulation scheme III.

reaches its maximum value in buck operating mode or the duty
cycle dy reaches its minimum value in boost operating mode,
the converter shifts to the extend-buck operating mode, the dead
zone is, therefore, avoided.

The relationship between the duty cycles d; and ds when the

voltage conversion ratio is in the range [M a1, M mid2] under
this modulation scheme can be expressed as

dy = dasix
dy = ;’%(1 — dagix) : )

d2ﬁx =1- dlmax(l - d2min)

3) Clamping dy and Regulating ds in the Dead Zone: An-
other choice to add the additional straight trajectory is to apply
a horizontal line DI as shown in Fig. 7. When the input voltage
is close to the output voltage, the duty cycle d; is clamped at
a constant value d;gy, which is slightly lower than the max-
imum value dj,,.x, While the duty cycle ds is controlled to
regulate the output voltage. As this operating mode is similar
to the boost mode, in which the duty cycle d; is clamped at
one while the duty cycle d» is regulated to obtain the desired
output voltage, it is defined as extend-boost mode in this paper.
In this modulation scheme, when the duty cycle d; reaches its
maximum value in buck operating mode or the duty cycle d,
reaches its minimum value in boost operating mode, the con-
verter shifts to the extend-boost mode, the dead zone is hence
eliminated.

The relationship of the duty cycles d; and d, when the voltage
conversion ratio falls in [M iq1, M_miq2] under this modulation
scheme can be expressed as

di = digx

dy=1— "2, : 5)

Vo
dlﬁx = dlmax(l - dein)

B. Four-Mode Modulation

By applying a polyline as the trajectory for the operating
point P in the dead zone, four-mode modulation schemes can be
deduced. As the additional polyline trajectory can be adopted in
different approaches, different four-mode modulation methods
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Fig. 8. Four-mode modulation scheme I.

can be obtained. Two typical four-mode modulation methods
are to be analyzed as examples in this section.

1) Clamping dy at Its Maximum Value and Clamping ds at
Its Minimum Value: Through inserting a convex polyline DJI
as the additional trajectory for the operating point P as shown in
Fig. 8, a four-mode modulation method can be obtained. Similar
as three-mode modulation schemes, when the input voltage is
sufficiently higher or lower than the output voltage, the converter
operates in the buck and the boost modes, respectively. When
the input voltage is close to the output voltage, the converter
will operate in two different modes, which are the extend-buck
mode and the extend-boost mode represented by the trajectories
IJ and DJ, respectively. When the input voltage is slightly higher
than the output voltage, which means that the voltage conversion
ratio is in the range [M 1,341, 1], the operating point P will move
on the vertical trajectory line /J and the converter operates in
extend-buck mode. In this operating mode, the duty cycle dy
is clamped at its minimum value ds,,;, while the duty cycle
d, is controlled to regulate the output voltage. When the input
voltage is slightly lower than the output voltage, which means
that the voltage conversion ratio is in the range [1, M iq2], the
operating point P will move on the horizontal trajectory line
DJ and the converter operates in extend-boost mode. In this
operating mode, the duty cycle d; is clamped at its maximum
value dy,,,x While the duty cycle d5 is controlled to regulate the
output voltage. Through inserting the extend-buck mode and
the extend-boost operating mode, the elimination of the dead
zone can be implemented.

The relationship between the duty cycles d; and ds when the
voltage conversion ratio is in the range [M_iq1, M_nia2] under
this modulation scheme can be expressed as

Vo

dl - 7(1 - d?min)7 d? - d21111n

M e [Mlnidla 1]
Vin

Vin

dl = dlmaxde =1~ lemax M e [LMJnidZ]
o

(6)

2) Clamping dy at a Fixed Value That is Lower Than Its Max-
imum Value and Clamping ds at a Fixed Value That is Higher
Than Its Minimum Value: By inserting a concave polyline DJI
as the additional trajectory for the operating point P as shown in
Fig. 9, another four-mode modulation method can be derived.
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Fig. 9. Four-mode modulation scheme II.

When the input voltage is sufficiently higher or lower than the
output voltage, the converter has the same operating principle as
the previously described four-mode modulation method; while
when the input voltage is close to the output voltage, the con-
verter has different operating processes. When the input voltage
is slightly higher than the output voltage, which means that the
voltage conversion ratio is in the range [M_iq1, 1], the operat-
ing point P will move on the horizontal trajectory line IJ and
the converter operates in extend-boost mode. In this operating
mode, the duty cycle d; is clamped at a constant value d;gy,
which is slightly smaller than its maximum value dj,,x, and
the duty cycle d, is controlled to regulate the output voltage.
When the input voltage is slightly lower than the output voltage,
which means that the voltage conversion ratio is in the range
[1, M niq2], the operating point P will move on the vertical tra-
jectory line DJ and the converter operates in extend-buck mode.
In this operating mode, the duty cycle d, is clamped at a con-
stant value dqf«, which is slightly higher than its minimum value
damin, and the duty cycle d; is controlled to regulate the output
voltage. Therefore, when the voltage conversion ratio is located
in the range [M ,id1, M miq2], extend-buck and extend-boost
modes can be applied to implement the elimination of the dead
zone and smooth transition between the buck mode and boost
mode.

The relationship between the duty cycles d; and ds when the
voltage conversion ratio is in the range [M_iq1, M _mia2] under
this modulation scheme can be expressed as

Vin
dy = difix,dy = 1 — leﬁx

o

M e [M,midla 1]

dlﬁx = dlmax(l - d?min)
)

Vo
dy = F(l — dafix), do = dasx M € [1, M ia2]

d?ﬁx =1- dlmax(l - d?min)

IV. STUDY OF THE INDUCTOR CURRENT PERFORMANCE
UNDER DIFFERENT MODULATION SCHEMES

It is known that the amount of the power loss determines the
efficiency of the converter. For the noninverting synchronous
buck—boost converter, the core loss of the inductor and the
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conduction loss contribute most of the total power loss [22].
It is investigated that the inductor core loss is related to the in-
ductor current ripple [22], while the conduction loss is related
to the inductor current root-mean-square value, which is simi-
lar to the average value when the current ripple is small [12].
Therefore, this section is to study the inductor current ripple
and average value of the converter under the proposed different
modulation schemes.

When the converter operates under one-mode modulation
scheme, the inductor current ripple I, 1mode and the average
value I,vs 1mode Can be expressed, respectively, over the entire
input voltage range:

‘/ill ‘/;)

Iri _1m = T v 1N 8

p-lmode Lfs(V;;"‘Vin) ( )
Vo + Vin

Iavg,lmode = TIO 9

where V;, is the input voltage, V, is the output voltage, L is the
inductance of the inductor, fs is the switching frequency, and
1, is the output current.

‘When the converter operates under the two-mode modulation
scheme, the inductor current ripple I, 2mode and the average
value I,vg 2mode €an be expressed as

V;u(% - V;n)

n <
, Lfg‘/:) Vin < ‘/0 (10)
rip-2mode — V;,(VI _ V;)) Vo
Lfsvin in o
v,
I, Vin <V
Iavgjmode = in . (1)
I, Vin >V,

When the converter operates under the three-mode modula-
tion scheme I, the inductor current ripple ;i 3moder and the
average value I,ys 3moder can be expressed as

Ynl¥o — Vin) (va_vv) Vi < Vi

Lip 3model = Lﬂ,(VIZf/—T—V},) Vit < Vin < Vixe (12)
V(Zf;v) Vi > Vi
L Vi< Vi

Livg 3model = Vo; Vin I, Via < Vi < Vi (13)
I, Vin > Vixe

where Vix1 = Vi /Mmuiaz and Vo = V, / Myia-
When the converter operates under the three-mode modula-
tion scheme II, the inductor current ripple I;ij, smoderr and the
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average value I,y¢ 3moderr Can be expressed as

‘/in(‘/o - ‘/in)
— Vin < Vix
LIV, i
Vvind X
= Vi < Via <V,
Irip,BmodeH = ;
‘/0(‘/111 - ‘/0(1 - d2ﬁx))
Vo < Vin < Vix
Lf. Vi - 2
Vo(Vin = V0)
— Vin > Viixo
L.fs‘/;n
(14)
V,
Io V;n S V'x
Vi o
1
710 Vﬁxl < ‘/in S ‘/o
Iavg,‘SmodeH = 1- dQﬁX (]5)
1
71{) V;J Vin S Vx
1- d2ﬁx = 2
Ia Vin > VﬁxZ

When the converter operates under the three-mode modula-
tion scheme 111, the inductor current ripple Iyip, 3moderrr and the
average value I,ys 3modert can be expressed as

Vin(‘/o - ‘/In)
~ r i V;n S V'x

LIV, o
Vin( o Vgndlﬁx)

Vixi <Vin <V,
; LfV, s
rip-3modelll =
Vo (1 — disix)
MCASe .t 2274 <
Lfs ‘/0 < ‘/111 =~ Vﬁx?

Vo(Vin = V0)
— Vin > Viix

LfVin e

(16)

Vo

Io V;n S V'X
Vi o

V,

Io thl < V;n S V:)
Iavg,SmochH = ‘/indlﬁx (17)
V,
o Vo <Vin < Vi

‘/indlﬁx fix2
I(, ‘/in > VﬁxQ

When the converter operates under the four-mode modulation
scheme I, the inductor current ripple I;ip 4moder and the average
value J,ve 4moder can be expressed as

W Vin < Viix1

Vi (Vo = Vindimax) Vieg < Viy <V,
Lip 4moder = v, (Vi L_f;/V[El — domin)) o

o(Vin LfOSVm 2min V, < Vin < Vixo

W Vin > Viixo

(18)
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Normalized inductor current ripples under different modulation

710 ‘/in S Vﬁxl
Vo

7-[0 Vﬁxl < VIn S ‘/o

Iavg,zlmodel - ‘/indlmax . (19)

1

71’0 V;) < Vin S V'x

1- dein fix2

Io Vin > W‘ixZ

When the converter operates under the four-mode modula-
tion scheme II, the inductor current ripple /i, 4moderr and the
average value I,,s amoder1 can be expressed as

‘/in(‘/;) - ‘/in)
- T rxs Vin S Vx
LfV, et
Vindosix
TQﬁ V}ixl < Vgn S Vvo
Iri), modell = ’ 20
P Vel = dia) V, < Vin < Vi =
Lfs o in > Vfix2
‘/o(‘/in - ‘/0)
— v Vin > Vix
Lf.Vin ” e
Vo
EIO ‘/in S ‘/ﬁxl
1
710 thl < Vgn S V;)
]angmodeH = 1 — dasix . 21
Vo
710 ‘/;J < Vgn S Vx
V;ndlﬁx fixz
Io V;n > Vvﬁx?

In order to clearly show the comparison among the induc-
tor current ripples of the converter under different modulation
schemes, the normalized current ripples are sketched in Fig. 10
by taking the maximum value of the current ripple under the
one-mode modulation scheme I;ip, mode_max> Which can be ob-
tained when the input voltage is at the highest value as shown

3503

in the following equation, as the base:

‘/in,max‘/a
Lfs (V:) + V;n,max) .

(22)

Irip,lmode,max =

The parameters used to plot the figures are set as Vi, =
930V, V,=165V, L=10pH, P,=36W, and f, =
200 kHz. Since it has been reported that the maximum and min-
imum limitations of the duty cycles are around 0.9 and 0.1, re-
spectively [10], [17], [20], the limitations of the duty cycles used
in this study are assumed as d;,,x = 0.9 and dy;, = 0.1, then
difx and dog canbe calculated as di 5 = 0.81 and dog, ~ 0.19
according to (4) and (5).

Fig. 10 shows that the inductor current ripple under the one-
mode modulation scheme is the largest while the one under
the two-mode modulation scheme is the smallest. The inductor
current ripples under all three-mode and four-mode modulation
schemes are the same as those under the two-mode modulation
scheme when the input voltage is sufficiently higher or lower
than the output voltage. When the voltage is slightly higher than
the output voltage, the inductor current ripple under the four-
mode modulation scheme I is smaller than the ones under other
three/four-mode modulation schemes while the one under the
three-mode modulation scheme I is larger than the ones under
other three/four-mode modulation schemes. The inductor cur-
rent ripples under the three-mode modulation scheme II and the
four-mode modulation scheme II are the same, which is lower
than the one under the three-mode modulation scheme III and
higher than the one under the four-mode modulation scheme I.
When the voltage is slightly lower than the output voltage, the in-
ductor current ripple under the four-mode modulation scheme I
is still the smallest and the one under the three-mode modulation
scheme I is still the largest among the ones under all three/four-
mode modulation schemes. The inductor current ripples under
the three-mode modulation scheme III and the four-mode mod-
ulation scheme II are the same, which is lower than the one
under the three-mode modulation scheme II and higher than the
one under the four-mode modulation scheme 1.

The comparison among the normalized average values of the
inductor current of the converter under different modulation
schemes is depicted in Fig. 11 by taking the maximum value of
the inductor current average value under the one-mode modula-
tion scheme /,ve 1mode.max as the base. Iyve 1mode.max can be
expressed as

‘/o + V;n,min

Iavg,lmodcmax = Io-
‘/En,min

(23)

Fig. 11 shows that the average value of the inductor current
under different modulation schemes has the same trend as the
inductor current ripples over the entire input voltage range.

V. IMPLEMENTATION OF FOUR-MODE MODULATION I

As discussed in Section II1, the dead zone can be mitigated by
inserting an extend-buck mode or/and an extend-boost mode.

In the extend-buck mode, the duty cycle ds is clamped at
a constant value that is its minimum value or a value slightly
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higher than its minimum value, which means that the active
switch S5 will be turned-ON for a fixed time interval in a switch-
ing period. The turned-ON time of the switch S can be at the
beginning, in the middle, or the end of a switching period. In
other words, this operating mode can be viewed as that the input
voltage is boosted to a fixed relatively higher value before it is
bucked to the desired output voltage to ensure the duty cycle d;
being in the reachable range.

When the converter shifts to operate in extend-boost mode, the
duty cycle d; is clamped at a constant value that is its maximum
value or a value slightly lower than its maximum value, which
means that the active switch S; will be turned-OFF for a fixed
time interval in a switching period. The switch .S; can be turned
OFF at the beginning, in the middle, or the end of a switching
period. In other words, this operating mode can be viewed as
that the input voltage is bucked to a fixed relatively lower value
before it is boosted to the desired output voltage to ensure the
duty cycle dy being in the reachable range.

Depending on the turned-ON time of the switch Sy in the
extend-buck mode and the turned-OFF time of the switch S} in
the extend-boost operating mode, several control methods can
be applied to implement the multimode modulation schemes.

As two examples, two implementations of the four-mode
modulation scheme I will be presented in this section. Similar
approaches can be applied to implement previously analyzed
other three/four-mode modulation schemes.

A. Turning ON the Switch S in the Extend-Buck Mode and
Turning OFF the Switch Sy in the Extend-Boost Mode in the
Middle of a Switching Period

In this implementation, the converter can operate in four
modes, which are buck mode, boost mode, extend-buck mode,
and extend-boost mode. Some key waveforms of the compo-
nents are shown in Fig. 12. When the converter operates in the
buck mode and the boost mode, the waveforms are shown in
Fig. 12(a) and (d), which are the same as the buck converter and
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Fig. 12.  Some key waveforms of the converter in different operating modes

of the implementation example A, (a) buck mode, (b) extend-buck mode,
(c) extend-boost mode, and (d) boost mode.
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Fig. 13.  Equivalent circuits of the converter in different operating stages.

the boost converter, respectively; therefore, the detailed operat-
ing processes will not be analyzed in this paper.

When the converter operates in extend-buck mode, there are
four operating stages. The waveforms in the four operating
stages are shown in Fig. 12(b). In operating stage 1, the equiv-
alent circuit of the converter is shown in Fig. 13(a). The switch
S1 (Sis) is turned OFF (ON) and the switch Sy (S2g) is turned
OFF (ON) as well, and the inductor current is decreasing. The
equivalent circuit of the converter in operating stage 2 is shown
in Fig. 13(b). In this operating stage, the switch S; (S1s) is
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Fig. 14. Some main key waveforms of the converter in different operating

modes of the implementation example B, (a) buck mode, (b) extend-buck mode,
(c) extend-boost mode, and (d) boost mode.
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Fig. 15.  Simplified block diagram of the experimental environment.

turned ON (OFF) and the switch S5 (Ss¢) is still turned OFF (ON)
till the middle of the switching period. Then, the converter shifts
to operate in operating stage 3, the equivalent circuit is shown in
Fig. 13(c). The switches S; and S5 are both turned ON while the
switches Sy g and Ssg are turned OFF, and the inductor current is
increasing. Operating stage 3 ends at the time (0.5 + domin )T
(T is the switching period), which is the start of the operating
stage 4. The operation principle in the operating stage 4 is the
same as that in the operating stage 2. This operating stage will
last until the end of the switching period.

When the converter operates in the extend-boost mode, there
are also four operating stages. The waveforms in the four oper-
ating stages are shown in Fig. 12(c). During the operating stage
1, the equivalent circuit of the converter is shown in Fig. 13(c).
The switch S (S;s) is turned ON (OFF) and the switch Sy (Sag)
is turned ON (OFF) as well, and the inductor current is increas-
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TABLE I
PARAMETERS OF THE COMPONENTS AND SPECIFICATIONS OF THE PROTOTYPES

Components Type

MOSFETs S, S1s, 52, S25
Inductor L
Input filter capacitor C'j,,

SIR882DP-T1-GE3

10 nH

2 % 47 pF Aluminum Electrolytic capacitors and

2 % 4.7 uF ceramic capacitors connected in parallel
2 % 220 pF Aluminum electrolytic capacitors and
2 % 4.7 uF ceramic capacitors connected in parallel

Output capacitor C|,

Input voltage Vi, 9-30V
Output voltage V, 16.5V
Rated power 36 W
Switching frequency f 200 kHz

Vin(10 !/ div

-— )

REcSigan

Time:4us/div [ Time:4us/div
(a) (b)
f v (10V/div)
e \(/(}I/(/n)
o vi(10V/div) | | N | i,(2A/div)
p i(2A/d; 4 N Pt
Etiiiatle Reiiaiiis § AVAYAYAYAYAYAYAY
omezsam | ey |
(©) (d)
Fig. 16. Waveforms of the inductor current, the input voltage, and the output

voltage of the implementation example A, (a) boost mode, (b) extend-boost
mode, (c) extend-buck mode, and (d) buck mode.

ing. The equivalent circuit of the converter in operating stage
2 is shown in Fig. 13(b). In this operating stage, the switch
S1 (S1g) is turned ON (OFF) and the switch S (Syg) is turned
OFF (ON) till the middle of the switching period. Then, the con-
verter shifts to operate in the operating stage 3, the equivalent
circuit is shown in Fig. 13(a). The switch S (S1¢) is turned
OFF (ON) and the switch S5 (S25) is turned OFF (ON), and the
inductor current is decreasing. This operating stage ends at the
time (1.5 — dymax)7Ts, which is the beginning of the operating
stage 4. The operation principle in the operating stage 4 is the
same as that in the operating stage 2. This operating stage will
last till the end of the switching period.

B. Turning ON the Switch Sy in the Extend-Buck Mode at the
Beginning and Turning OFF the Switch S in the Extend-Boost
Mode Both at the End of a Switching Period

The converter will operate in four modes including buck
mode, boost mode, extend-buck mode, and extend-boost mode
in this implementation according to the relationship between
the input voltage and the output voltage. Some key waveforms
of the components are shown in Fig. 14. When the converter
operates in the buck mode and the boost mode, the waveforms
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Fig. 17.  Waveforms of the driving signals of the implementation example A,

(a) boost mode, (b) extend-boost mode, (c¢) extend-buck mode, and (d) buck
mode.
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Fig. 18.  Waveforms of the inductor current, the input voltage, and the output
voltage of the implementation example B, (a) boost mode, (b) extend-boost
mode, (c) extend-buck mode, and (d) buck mode.

are shown in Fig. 14(a) and (d), which are the same as buck and
boost converters, respectively; therefore, the detailed operating
processes will not be analyzed in this paper.

When the converter operates in the extend-buck mode, there
are three operating stages. The waveforms in the three operating
stages are shown in Fig. 14(b). In operating stage 1, the equiv-
alent circuit of the converter is shown in Fig. 13(c). The switch
S1 and switch Sy are both turned ON while the switch S;¢ and
Sy are turned OFF and the inductor current is increasing. Oper-
ating stage 1 ends at the time ds,,;, T, which is the start of the
operating stage 2. In operating stage 2, the equivalent circuit of
the converter is shown in Fig. 13(b). The switch S; (S1¢) is still
turned ON (OFF) while the switch Sy (S29) is turned OFF (ON)

- 007

A | vi(10V/div) 4
Vo rip (0.5V/div)

s = —
e e %‘#
\[Time: Is/div \Time: Ts/div
() (d)

Fig.20. Waveforms of load change under different operating modes, (a) Vi, =
10V, (b) Vi, =16V, (c) Vi, = 17.5V,and (d) Vj,, =24 V.

in this stage. In operating stage 3, both of the switches S; and
S, are turned OFF and the inductor current is decreasing till the
end of the switching period.

When the converter operates in the extend-boost mode, there
are also three operating stages. The waveform in the three op-
erating stages is shown in Fig. 14(c). In operating stage 1, the
equivalent circuit of the converter is shown in Fig. 13(c). The
switches S7 and S5 are both turned ON and the inductor current
is increasing. In operating stage 2, the equivalent circuit of the
converter is shown in Fig. 13(b). The switch S is still turned
ON while the switch .S is turned OFF. This operating stage ends
at the time dj,,,,x 7, which is the shifting time from stage 2 to
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Fig. 21.
(c) input voltage experiences sudden change.

stage 3. In operating stage 3, both of the switches S; and Ss are
turned OFF and the inductor current is decreasing till the end of
the switching period.

VI. EXPERIMENTAL RESULTS

To show the applicability of the proposed strategies under
different conditions, two prototypes have been built and tested
to verify the effectiveness of the two implementations presented
in Section V accordingly. The experimental environment of the
two prototypes is the same and a simplified block diagram of
the experimental environment is shown in Fig. 15. It should
be claimed that different control methods such as voltage
mode control methods and current mode control methods
can all be used as the control algorithm to implement the
proposed modulation schemes in practical applications and
some control algorithm concepts have been studied in the
literature [7], [12]-[14], [17], [18]. With the benefits of
improved transient response, satisfied output immunity to the
input variance, self-protection against over current, and easiness
for parallel operating of several converters, the current pro-
grammed control method investigated in [18] is adopted in this
study. The components used in the two prototypes are listed in
Table I. A reconfigurable battery pack using the NCR18650PF
Li-ion batteries is used to test the dynamical performance of the
converter when the input voltage experiences sudden changes
and a dc power supply is used for other tests. The waveforms
are recorded by the oscilloscope Tektronix MDO3024.

Fig. 16 shows the waveforms of the input voltage, the out-
put voltage, and the inductor current while Fig. 17 shows the
switching sequences of the four switches of the implementation
example A. The waveforms of the input voltage, the output volt-
age, and the inductor current of the implementation example B
are shown in Fig. 18 while the switching sequences of the four
switches are shown in Fig. 19. It can be seen that the wave-
forms of the two prototypes are all corresponding well with the
theoretical analysis.

In order to demonstrate the dynamical performance of the
converter with the proposed modulation strategies, some tests
with variation of the input voltage and load condition have been
worked out for the two prototypes. The measured results from
the implementation example A are shown in Figs. 20 and 21.
Fig. 20 shows the waveforms of the output voltage when the load
suddenly changes under different input voltage conditions. It

(b) (©)

Waveforms of input voltage change under different load conditions, (a) input voltage increases smoothly, (b) input voltage decreases smoothly, and
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Fig. 22. Efficiency of the implementation example A.

can be seen that the output voltage remains highly stable during
the change of the load condition and the output voltage ripple
increases slightly with the increase of the output power under
all input voltage conditions. Note that the input voltage sees a
slight change according to the change of the load condition; this
is the effect caused by the internal resistance of the input source.
The waveforms indicate that the load transient response of the
converter with the proposed four-mode modulation scheme I is
satisfactory.

Fig. 21 shows the waveforms of the output voltage and output
voltage ripples when the input voltage experiences smooth
and sudden changes. It can be seen that the output voltage
is stable during the transient period under all input voltage
changing conditions. Hence, the satisfied input voltage transient
response of the converter is verified. As similar transient per-
formance has been obtained for the implementation example B,
hence they are not presented in this paper. The experimental
results well demonstrate the effectiveness of the four-mode
modulation scheme I.

Fig. 22 shows the power conversion efficiency of the im-
plementation example A versus the input voltage under three
different load conditions. It can be seen that the converter with
the four-mode control method can obtain over 97% efficiency
in the entire input voltage range under all load conditions. The
power conversion efficiency of the implementation example B
reaches over 96% in the experiment. The results demonstrate
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that the noninverting buck—boost converter can obtain satisfied
efficiency with the proposed dead-zone elimination strategies.

VII. CONCLUSION

The origin of the dead zone hidden in the high-efficiency
two-mode modulation scheme of the noninverting synchronous
buck-boost converter is analyzed in this paper. Based on this,
a series of three-mode and four-mode modulation schemes are
derived systematically to eliminate the dead zone. The inductor
performance under different modulation schemes is analyzed
and compared as an evaluation for these modulation methods.
Two implementation examples of the four-mode modulation
scheme I proposed in this paper are presented and verified by
experimental results in this paper. This paper can be an appropri-
ate guidance for developing new control methods to implement
smooth mode transition and high efficiency operation of the
noninverting synchronous buck—boost converter in practical ap-
plications that require a fixed output voltage while in the face of
the input voltage varying in a wide range.
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