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CCM Noninverting Buck—Boost Converter With Fast
Duty-Cycle Calculation Control for Line
Transient Improvement

Pang-Jung Liu

Abstract—A continuous-conduction mode (CCM) noninverting
buck-boost (NBB) converter with a fast duty-cycle calculation
(FDCC) control and duty-cycle locking strategy is proposed in this
paper. Utilizing auxiliary and adjustable slopes of the modulation
signal, the FDCC control not only rapidly determines an accurate
duty cycle but also keeps the compensator output constant when
the input voltage changes. The theoretical dc value of the numer-
ator of the closed-loop line-to-output voltage transfer function is
equal to zero whether the CCM NBB converter operates in boost
or buck mode. It indicates that adopting the FDCC control can
achieve ideal feedforward compensation for CCM buck and boost
operations. Consequently, the output transient ripple of the CCM
NBB converter with FDCC control can be eliminated significantly
regardless of the unit-gain bandwidth of the NBB converter. To al-
leviate pulse skipping and to avoid changing buck and boost modes
frequently, a duty-cycle locking method is adopted in the transi-
tion region of the buck and the boost. Hence, the duty-cycle lock-
ing method enhances power conversion and maintains the output
voltage. The experimental results demonstrate that the proposed
control schemes not only effectively reduce the line transient ripple
but also obtain high efficiency in a wide range of input voltage.

Index Terms—Boost converter, buck converter, buck—boost con-
verter, efficiency, line transient response.

1. INTRODUCTION

UE to a wide range of operating input voltage, the

buck-boost topology is an appropriate choice for battery-
powered power supplies, telecommunication systems, power
factor correction (PFC) applications, and fuel-cell power sys-
tems [1]-[3]. Several basic converters are capable of perform-
ing both buck and boost operations, depending on the output
and input voltage relationship, such as inverting buck—boost,
single-ended primary-inductance (SEPIC), Cuk, and noninvert-
ing buck—boost (NBB) converters [4]-[6]. The NBB converter
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Fig. 1. NBB converter.

shown in Fig. 1 is widely used because of the positive out-
put voltage, lower voltage stress of the components, and single
inductor and output capacitor [7]-[10].

Two active switches ), and Q) are employed in the NBB
converter, which provide flexible control methods. For instance,
when @, and @)} are turned on and off concurrently, the NBB
converter works in the buck—boost mode. If Q, remains off and
Q. is sequentially turned on and off, the NBB converter operates
in buck mode. The NBB converter performs in boost mode when
@, remains on and @, is sequentially switched on and off.

If the continuous-conduction mode (CCM) NBB converter
operates in buck—boost mode when the input voltage Vi, ap-
proaches the output voltage V,,, based on the inductor volt-
second balance method, the average inductor current iy, 5., can
be expressed as I, /(1 — d), where the duty cycle d is about 0.5.
Hence, the value of iy, ., is around twice as large as that of the
output current. For the same conditions of the input and output
voltage, if the NBB converter works in boost mode, iy ave 1S
equal to I,/(1 — d), but the duty cycle in this case is close to
zero. Therefore, the values of i, .., and I, are the same when
d = 0. When the NBB converter operates in buck mode, i1, avg
is always equal to I,. The relationships of the average induc-
tor current and the output current in three operation modes are
given in Fig. 2. When the NBB converter works in buck—boost
mode, the value of average inductor current is larger than that
when operating in buck and boost modes, resulting in larger
power losses and output voltage ripples. Thus, it is essential to
prevent the NBB converter from operating in buck—boost mode
to achieve high efficiency in a wide range of input voltage.

In the battery-powered system or PFC applications, the
input voltage varies with battery status or sinusoidal in-
put voltage. Moreover, to increase reliability, flexibility, and

See http://www.1ieee.org/publications_standards/publications/rights/index.html tor more imntormation.


https://orcid.org/0000-0001-7069-6339

5098

iL,avg/Io

3 0 L | | | | | | |
| I e

25—+ =

2.0

1.5

1.0
0.5

0 > g
0.6 0.7 0.8 09 1.0 1.1 1.2 13 Vo/ Vi

Fig. 2. Relationships of the average inductor current and output current in
three operation modes.

utilization, multiple input sources are allowed in application
systems such as laptop computers, smartphones, and telecom-
munication power systems [11], [12]. The different sources such
as batteries, power grids, photovoltaic cells, and fuel cells have
different voltage and current characteristics. Thus, when users
switch to different input sources, the power converters would
suffer from sudden input voltage change. Hence, the NBB con-
verter also requires adequate line transient response to prevent
large output transient ripples when the input voltage varies.
Many studies had presented different approaches to enhance the
line transient response of a converter [13]-[25]. Peak current
mode control and average current mode control are adopted to
enhance the bandwidth of the NBB converter [13]-[18]. The
output transient ripple caused by input voltage change can be
diminished, but current sensing mechanism is required, which
causes additional power losses. Combination of buck and boost
modes of the NBB converter is employed to distribute the output
voltage transients [19], but the output transient ripples cannot
be fully eliminated with this control scheme. To improve the
line transient response of a dc—dc converter, a sampling signal
of the input voltage connected to the inverting pin of an error
amplifier is proposed in [21], [22]. However, this simple control
method doesn’t include a path of output voltage feedback, so
the output voltage is only determined by the amplitude of the
modulation signal. The valley and peak values of the sawtooth
signal vary with the input voltage in boost and buck modes, re-
spectively. Then, smooth transition of the NBB converter can be
implemented [24], [25]. However, the sawtooth generator needs
careful design; additional control blocks and a mode detector
increase the complexity of the control design.

In this paper, a CCM NBB converter with a fast duty-cycle
calculation (FDCC) control algorithm is presented. The FDCC
control includes auxiliary slopes that are related to the input and
output voltages. When the input voltage changes, utilizing the
modulation signal and auxiliary slopes can rapidly determine an
expected duty cycle. Therefore, fast-line transient response of
the NBB converter is achieved. The NBB converter avoids op-
erating in buck—boost modes to keep high conversion efficiency
in a wide range of input voltage. In Section II, the proposed
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Fig. 3. Block diagram of the proposed NBB converter.

NBB converter with the FDCC control is addressed. Section III
introduces the frequency response of the proposed NBB con-
verter. Finally, experimental results and conclusions are drawn
in Sections IV and V, respectively.

II. CCM NBB CONVERTER WITH PROPOSED CONTROL
SCHEMES

A CCM NBB converter with the proposed control schemes
is shown in Fig. 3. To enhance power conversion efficiency, the
NBB converter operates in buck or boost mode only. In buck
mode, the switch @), is controlled to adjust the output voltage
V, and the switch @, is always turned off when the input
voltage Vi, is equal to or larger than the output voltage. In boost
mode, @), is always turned on and @), is controlled to adjust V,,
when Vi, is smaller than V,,. Hence, the output voltage of NBB
converter in two operating modes is formulated as

V. — dyVin, dp = 0 for buck mode
’ X‘Z}b , d, =1 for boost mode

e))

where d, and dj, are the duty cycles of switches @, and Q,
respectively. To achieve fast-line transient, FDCC control
adopts auxiliary slopes, which include the input voltage, output
voltage and output of the compensator. Utilizing the modulation
signal and auxiliary slopes can quickly determine an accurate
duty cycle when the input voltage changes. Therefore, an
adjustment amount of the compensator output can be elimi-
nated effectively, and thus fast-line transient response of the
CCM NBB converter is accomplished. The FDCC control and
duty-locking strategy are described in the following sections.

A. Compensator Response With PWM Control

Before the FDCC control is introduced, the compensator re-
sponse with PWM control is reviewed for the case where the
input voltage varies, as shown in Fig. 4. V; and V, represent
the maximum and the minimum values of the sawthooth signal,
respectively. When the input voltage drops, the output voltage
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Fig. 4. Compensator response with PWM control when the input voltage

(a) drops and (b) rises.

also decreases. Through the voltage-mode PWM feedback path,
the compensator output slowly rises from V_; to V.., to approach
the expected duty cycle. However, owing to large compensation
capacitance at the output node of the compensator and a large
adjustment amount AV, it takes a long time for a converter to
adjust the output voltage back to the nominal value. Similarly,
when the input voltage rises, it takes a long time to regulate the
compensator output to be V.o, as shown in Fig. 4(b). Hence, the
FDCC control is required to immediately adjust the duty cycle
to minimize the adjustment amount of the compensator output.
Based on Fig. 4, the relationship between the modulation signal
and the compensator output V. can be calculated in buck and
boost modes as

Ve buck = “// Vi + Vi
V;t.,boost = (1 - “//.nl) VJ\J + VL

in

where VM = VH — VL. (2)

When the input voltage changes from V;,; to Viyo, AV, in
both modes can be expressed as

A‘/c,buck = VMVo (ﬁ - ‘/ilnl) ' (3)
A‘/(:,looost = % (‘/inl - ‘/1112)
After the changes of the input voltage are known, the corre-
sponding adjustment amount of the compensator output will be
determined.
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Fig. 5. Compensator response with FDCC control in (a) buck and (b) boost

modes when the input voltage rises.

B. Compensator Response With FDCC Control

To perform FDCC control in buck mode, the sawtooth signal
Viaw Wwith variable slope my,,, and an auxiliary slope m, is
added, as shown in Fig. 5(a). The slope my,, is proportional
to the difference between the input and output voltages, while
the slope m, is proportional to the output voltage. Since the
slope myg,y varies with the input voltage, subscripts 1 and 2
represent the different values of mg,,, when the input voltage
is equal to Vi, and Vi,e, respectively. d,; represents the duty
cycle of switch @, when the input voltage is Vi,;. The steady-
state duty cycle can be calculated with the sawtooth signal and
auxiliary slope. Since the sawtooth signal and auxiliary slope
m, intersects at V1, the corresponding duty cycle is d, ;. When
the input voltage rises, the slope of the sawtooth signal instantly
becomes msaywo, and then the new intersection voltage Vo can
be quickly calculated with the auxiliary slope. Hence, the new
duty cycle d,o is determined immediately and accurately to
keep a regulated output voltage. Since the compensator output
V. is kept constant, the fast-line transient response of the NBB
converter operating in buck mode can be realized. The more
detailed analysis and equations are described in the next section.

For operating in boost mode with FDCC control, the sawtooth
signal Vj,, with variable slope mg,y, and two auxiliary slopes
m, and m; are added, as shown in Fig. 5(b). Since the output
voltage of the NBB converter in boost mode is a nonlinear
function of the duty cycle, two auxiliary slopes are required
to obtain an accurate duty cycle and minimize the variation
of the compensator output. The slopes Mmgayw, M4, and my, are
proportional to the input voltage, the output voltage, and the
difference between the output and input voltages, respectively.
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Fig. 6. CCM NBB converter with FDCC control in (a) buck mode and
(b) boost mode at steady state.

Since the slopes mg,,, and my vary with the input voltage,
subscripts 1 and 2 represent the different values of my,,, and m;
when the input voltage is equal to Vi, 1 and Vi, o, respectively. djy
represents the duty cycle of switch Q;, when the input voltage is
Vin1. First, the value of the voltage V110, can be obtained from
the compensator output V., the slope m,, and the switching
period 7. Then, the intersection voltage V;;; and steady-state
duty cycle dj; can be calculated from the slopes of mg,y1 and
myp1. When the input voltage rises from Vi, to Viye, Ve is not
changed, and the slopes my,, , m,, and m;, are increased, fixed,
and decreased, respectively. Thus, the duty cycle d;» can be
calculated rapidly and accurately with mg,y2 and mys. Since V,
is maintained at the same value, the fast-line transient response
of the NBB converter in boost mode can be realized.

C. Analysis of FDCC Control

For the CCM NBB converter with FDCC control in buck
mode, as shown in Fig. 6(a), the auxiliary slope m, and the
slope msay Of sawtooth signal are set as

m, = — aV, 4)

where o and (3 are constant values per unit time. The compen-
sator output V. and intersection voltage V; can be expressed
as

Ve = V;/alley +aV, T, (6)
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By substituting (4) to (6) into (7), the duty cycle can be derived
as
1
V) +aVol T, -

da - [Vvvallcy + CEV;;TJ X (8)

[ﬁ (Vvin -
At steady state, the duty cycle with FDCC control should be
equal to that of the conventional voltage conversion with PWM
control, and Vi, 11ey is set to zero for the inductor voltage-second
balance. Hence, a conditional equation can be obtained as

(o= B)ViuV, = (a - B) V,”. )

In order for (9) to hold, o and 3 should be identical. If Vi ,i1ey
is not zero, Via11ey can be substituted using (6) and then (8) can
be rewritten as

Vo ', Vo —aV T

d, = =+

1
V. T AT, 1o

For the buck mode at steady state, d,, is equal to V,, /Vi,, so
the second term on the right-hand side of (10) should be zero
because of inductor voltage—second balance. It is noted that V.
will change to compensate the voltage drops in the components
of the power stage under different load currents. To minimize
the V, variation, « can be set as

‘/c buck
= = 11
=T an

where V. 1,ck 1s the middle value of the compensator output re-
gion when the NBB converter operates in buck mode. Similarly,
for the CCM NBB converter with FDCC control in the boost
mode, as shown in Fig. 6(b), the slope m,,, of sawtooth signal
and two auxiliary slopes m, and m;, are set as

Myaw = ﬁ‘/{n (]2)
me = —aV, (13)
my =5 (Vin — Vo) (14)

where «, (3, and ~y are per unit time values. The valley and inter-
section voltages Vianey and V;; can be expressed, respectively,
as

V;/allcy =V, —aV, T
V:i = V;Ialley — my (1 - db) Ts =0+ msawdeS~

15)
(16)

By substituting (12) to (15) into (16), the duty cycle can be
derived as

1

(Bun - P)/V;n + "Y‘/o) T9 .

(17)

The duty cycle with FDCC control in steady state should

be equal to that of the conventional voltage conversion with

PWM control, and Viapey is zero when the inductor voltage-

second balance is satisfied. Hence, a conditional equation can
be obtained as

db = [Vvvalley - (‘/in - V;)) Ts] X

VoV (B=7) = Vi (B—7). (18)
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In order for (18) to hold, 3 and y should be identical. If Viiiey
is not zero, (17) can be rewritten as
V;) - ‘/in ‘/c - O“/oﬂ
d =
'Y T
For the boost mode in steady state, d;, is equal to (V,, —
Vin)/V,, so the second term on the right-hand side of (19) should

be zero because of inductor voltage-second balance. To mini-
mize the V. variation, « can be set as

19)

ch.boost

A .
where V. 1,005t 18 the middle value of the compensator output
region when the NBB converter operates in boost mode. The
numerator (V. — aV,Ty) of the second term in (10) and (19)
can be treated as an adjustment amount AV, of the compensator
output. Compared with (3), the AV, with FDCC control is much
smaller than that with PWM control. Hence, the FDCC control
improves the line transient response of the NBB converter on
the disturbance of the input voltage.

D. Duty-Cycle Locking Method

When the input voltage approaches the output voltage, the
NBB converter will suffer pulse skipping phenomenon due to
a time delay between the controller’s output and the power
transistor’s gate [1], [7], [26]. For analog PWM scheme, the
major time delay results from propagation delay of the PWM
comparator and rising/falling time of the gate driver for switches
[1], [26]. Due to the time delay, the duty cycles of switches @,
and @, have jumps from maximum and minimum effective
duty cycles dy,.x and dpj, to 100% and 0%. Hence, a dead
zone is formed around the transitions between the buck and the
boost modes. The dead zone causes uncontrolled pulse skipping,
leading to increased output voltage ripple and additional power
losses.

Since digital PWM scheme is employed in this work, the
major time delay is constrained by the rising/falling time of
the gate driver only. Therefore, the range of dead zone can be

diminished. To alleviate pulse skipping and to avoid changing
the buck and the boost modes frequently, a duty-cycle locking
method is adopted in the transition region of the buck and the
boost, as shown in Fig. 7. When the input voltage V;, is between
the voltages V4 and Vg, the NBB converter operates in the
duty-cycle locking mode. On the other hand, the NBB converter
operates in the buck or boost mode based on the Vj, value. In
the duty-cycle locking region, the switches @), and @), are kept
on and off, respectively, which represents input power directly
transfers to load. While considering the turn-on resistance of
the switch (), , the equivalent series resistance of the inductor,
and the forward voltage of the diode Dy, the voltage V4 and
Vi are set as 20.6 and 19.9 V, respectively. Although the output
voltage has a slight offset, which is less than 2%, the simple
control method enhances the power conversion and maintains
the output voltage.

III. FDCC CONTROL SCHEME FOR THE CCM NBB
CONVERTER

A. Derivation of Small-Signal Model of the NBB Converter

According to the averaged switch modeling method, the
small-signal model of the power stage is shown in Fig. 8 [27],
[28], where D); = (1 — Dp). In Fig. 8, the upper-case letters
represent dc terms, and the lower-case letters with hat represents
small-signal ac terms. As shown in (1), by setting Dp = 0 and
(Zb = 0 in the small-signal model of the NBB converter, the
small-signal model in buck mode is obtained. Then, the transfer
functions of the line-to-output voltage Gin buck (s) and duty
cycle-to-output voltage G, huck ($) can be calculated as [29]

v,
G?;in.buck(s) == AO
Uin g, =0
— D ]‘ + SCOResr
T TASLC, (1 + Res/R1) + 5 (CoResr + L/Ry) + 1

2n
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Vo
Gvd.buck(s) - =
a 10, =0
. E 1+ SCoResr
" Dy $2LC, (14 Regi/RL) + 5 (CoRese + L/Rp) +1°
(22)
Similarly, as shown in (1), by setting D4 = 1 and cza =0in

the small-signal model of the NBB converter, the small-signal
model in boost mode is derived. The transfer functions of the
line-to-output voltage Glyin boost(s) and duty cycle-to-output
voltage G4 boost ($) can be formulated as

Vo 1 (14 8/wesr)
Gvin.boost (S) - . = D /1 ) 2 2
Vin dy=0 B + gs/WO +s /u)o
D’
where D'p =1 — Dp,wy = b )
\/LCO (1 + Resr/RL)
L+ C,Res Ry D'’ 1

(23)

= , wesr =

2D/B \/LOO (RL2 + ResrRL)

CO Resr

Gud,boost(8) = f}—(’ _ Yo (1 — s/wrupz) (1 + 5/wWesr)
o dyls. o D'p 1+28s/wy+ s /wp?
D/BQRL

where WRHPZ — (24)

L

B. Derivation of Small-Signal Model of the FDCC Control

According to the averaged switch modeling approach, the
average values of duty cycle and voltage include dc and ac
terms, so V; shown in Fig. 6(a) can be written as

Va="Vp +q
= Vo + o —a(Vo +i,) (Da+d) T,

=B(Vix + 0 —Vo =) (Da+d.) T @5

Since the ac variations are much smaller than the dc values,
the nonlinear ac terms can be neglected. Thus, the small signal
of the compensator output in (25) can be derived as

e = d, (BVinTs — BVo Ts + aVoT,)

+ﬁ@inDATs _@o (6DATs +aDATs)- (26)

Based on Section II-C for operating in buck mode, « is equal
to (3, so the transfer functions of modulation gain Gy,0d buck (S)
and feedforward gain G ¢ puck (s) can be formulated as

dq 1
Gmod,buck(s) - a - ﬂ‘/INTq (27)
0in=0,0,=0
Cza, DA
fo.,buck(s) = = = — 55 - (28)
Yin 5 0.5, 20 Vin
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Fig. 9. General small-signal block diagram of the NBB converter with FDCC
control.

Likewise, V; shown in Fig. 6(b) can be expressed as
Vi="Vp + g
=Vo + 0, —a(VO —‘y—ﬁo)Ts

+79(Vo + @ = Vix — i) (1= D5 —dy) T,

= B(Vix + i) (DB + ch) T,. (29)

By neglecting the nonlinear ac terms, the small signal of the
compensator output in (29) can be obtained as

b = dy (v (Vo — Vix) Ts + BVixTy)
+1A)in (’7 (]- - DB)T; +6DBT5)
— 0, (—aTy +v(1 = Dp)Ty). (30)

Based on Section II-C for operating in boost mode, /3 is equal
to 7, so the transfer functions of modulation gain G4 boost (S)
and feedforward gain G 00st () can be formulated as

dy 1
Gm S = = = 31
od,l)oo.t(S) B | ) 'YVOTS 31
Vin=0,0,=0
d 1
fo,boost (S) = Ab = —=. (32)
R PR Vo

C. Line-to-Output Voltage Transfer Function of the CCM NBB
Converter with FDCC Control

The general small-signal block diagram of the NBB con-
verter with FDCC control is shown in Fig. 9. The block diagram
includes the feedback network H(s), the compensator G.(s),
the modulation gain Gp,oq(s), the feedforward gain Gy (s),
the line-to-output voltage G, (), and the duty cycle-to-output
voltage G (5). Gyin (), Gua(s), Gmoa(s), and G (s) are de-
rived in (21)—(24), (27), (28), (31), and (32), respectively, when
the NBB converter operates in buck mode and boost mode.
Based on Fig. 9, the loop gain of the NBB converter can be
written

(33)
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TABLE I
DESIGN PARAMETERS OF THE NBB CONVERTER

Input dc voltage, Vi, 12-30V
Output voltage, V, 19V
Rated output current, [, 5A
Switching frequency, f 100 kHz
Switches, Q, and @, IRFZ34NL
Diodes, D, and Dy, MBR1645
Output inductor, L 76 nH
Output capacitor, C,, 200 pF
Feedback network, H 0.1112
Modulation gain, G, 04 buck 0.2932
Modulation gain, Gy, 0d,boost 0.3858

[ Uncompensated T
H Compensated T(s)

Magnitude (dB)

Phase (deg)

AR beccnsiinnided i st iblesssssdhasie i, Fiver e e e O] HEFEH T R R K

w0 10 10 )
Frequency (Hz)

Magnitude (dB)

Phase (deg)

Ldiii i A i

10 10 1w 1w ' n* 10°

Frequency (Hz)
(b)
Fig. 10. Bode plots of the loop gain for (a) buck mode (Vi, = 30 V) and

(b) boost mode (Vi, = 12 V).

By setting G.(s) = 1 and substituting G,4(s) and G4 (s)
into (33), the uncompensated loop gains 7}, poost(s) and
T buck (s) in boost and buck modes can be obtained, respec-
tively. Based on the parameters of the prototype listed in Table I,
the bode plots of the uncompensated loop gain in buck and boost
modes are given with dashed lines in Fig. 10. Compared with
T buck (8), T boost (s) has an additional right-half-plan (RHP)

5103
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Fig. 11.  Bode plots of the closed-loop line-to-output voltage transfer function

for boost mode (Vi, = 12 V).
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Fig. 12.  Experimental prototype.

zero wrppy, described in (24). For T), poost (s) with the mini-
mum input voltage and rated load current, the ratios of wrypyz
to the complex poles wy and ESR zero wes, to wrppy are 3.9
and 25.2, respectively. In other words, wrpy is closer to wy and
Wesy 18 far away from wg ppz. Hence, the PID and dominant pole
compensations are used for buck and boost modes, respectively,
and the bode plot of the compensated loop gain are shown with
solid lines in Fig. 10.

Based on Fig. 9, the disturbance 7y, influences the output volt-
age through two paths. One is G, (s) generated from the power
stage, and the other is G (s) produced from the FDCC control,
so the closed-loop line-to-output voltage transfer function can
be expressed as

b _ (Guinl8) + Gy (5)Gua(s))

Tom(5) = Bin 1+1(s)

> closed—loop

(34)
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Fig. 13. Line transient responses in boost mode (a) and (b) without and

(c¢) and (d) with the FDCC control.

Gy s (s) is set to zero for an NBB converter without the FDCC
control. When Gy, (5), Gf ¢ (s), and G, 4(s) are substituted into
(34), the theoretical dc value of the numerator in (34) is equal
to zero whether the NBB converter operates in boost or buck
mode. It indicates that adopting the FDCC control can realize
ideal feedforward compensation for buck and boost operations.
Hence, the magnitudes of T, (s) at low frequencies are very
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Fig. 14. Line transient responses in buck mode (a) and (b) without and (c)
and (d) with the FDCC control.

tiny for both modes. The FDCC control through Gy (s) can
effectively eliminate the input-voltage-induced variations that
propagate through G, (s). However, in boost mode, the RHP
zero alleviates the effect of the FDCC control. Therefore, the
contribution of FDCC control in buck mode is more prominent
than that in boost mode. The magnitudes of 7, (s) with and
without the FDCC control in boost mode are shown in Fig. 11.
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Fig. 15. Line transient responses of the NBB converter with the FDCC control
(a) from boost mode to buck mode and (b) from buck mode to boost mode.

IV. EXPERIMENTAL RESULTS

To verify the feasibility of the FDCC control, a
100-W laboratory NBB converter was implemented with a
DSP TMS320F28035. The design parameters of the NBB con-
verter are listed in Table I. The photograph of the experimental
prototype is shown in Fig. 12. Figs. 13 and 14 show the line
transient response without and with the FDCC control, when
the NBB converter operates in different modes with a load cur-
rent of 3 A, and the input voltage steps between 12 and 19
V and between 21 and 30 V, respectively. The signals from
top to bottom are the input voltage Vi,, output voltage ripple
AV,, and duty cycles d, and d,. The reaction of the NBB con-
verter without FDCC control depends on the voltage feedback
loop, so V, induces a large transient ripple, which is larger than
0.58 V, during the line transient period. Because the unit-gain
bandwidth of the NBB converter in boost mode is much smaller
than that in buck mode as shown in Fig. 10, the output transient
ripple without FDCC control in boost mode is much bigger than
that in buck mode. On the other hand, the output voltage can
be kept at its nominal value due to the feedforward path of the
FDCC control. Thus, regardless of the unit-gain bandwidth of
the NBB converter, the FDCC control can eliminate the output
transient ripple during line transient period. In Fig. 15, when the
input voltage changes between 18 and 23 V and load current is 3
A, the NBB converter switches between the buck and the boost
modes. Owing to FDCC, the output transient ripple is less than
04 V.

Fig. 16 shows the waveforms of the NBB converter with-
out and with the duty-cycle locking method when the input

3

V,, S RE ;A_V,\w,= 500 mV

Pulse Skipping
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Fig. 16.  Waveforms for (a) without and (b) with the duty cycle locking method

when the input voltage approaches the output voltage.
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Load transient responses in buck mode for (a) step-down and (b)
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Fig. 19. Power conversion efficiency of the NBB converter with FDCC con-

trol.

voltage is 20 V. The pulse skipping issue increases output ripple
when the input voltage is close to the output voltage. With the
duty-cycle locking method, the output voltage is kept constant.
Figs. 17 and 18 show the measured waveforms of the NBB con-
verter in buck and boost modes, respectively, for the load current
change between 1 and 5 A. Fig. 10 shows the unit-gain band-
width of the NBB converter in buck mode is much larger than
that in boost mode. It results in much better transient response
of the NBB converter operating in buck mode than that in boost
mode. Fig. 19 shows the power conversion efficiency of the
NBB converter with different load currents and input voltages
under the proposed control scheme. The maximum and aver-
age efficiencies with 3-A load current are 96.2% and 95.4%,
respectively. The NBB converter accomplishes high efficiency
in a wide range of input voltage.
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V. CONCLUSION

A CCM NBB converter with the FDCC control and duty-
locking strategy is proposed in this paper. When the input volt-
age changes, the FDCC control adopts auxiliary slopes and
variable slope of the modulation signal to rapidly determine an
accurate duty cycle and effectively keep the compensator output
in the buck and the boost modes. It is shown that the theoreti-
cal dc value of the numerator of the closed-loop line-to-output
voltage transfer function is zero when the CCM NBB converter
operates in boost and buck mode. It represents that employing
the FDCC control in the NBB converter can achieve ideal feed-
forward compensation. Hence, the output transient ripple of the
NBB converter with FDCC control can be reduced dramatically
regardless of the unit-gain bandwidth of the NBB converter. To
reduce power losses of the switches and diodes and to alleviate
pulse skipping, the duty-cycle locking method is used in the
transition region of the buck and boost. Thus, power conversion
is enhanced and the output voltage can be maintained. Exper-
imental results demonstrate that the output transient ripple is
eliminated significantly during line transient period. The maxi-
mum and average efficiencies with 3-A load current are 96.2%
and 95.4%, respectively.
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