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Automatic Mode-Shifting Control Strategy With
Input Voltage Feed-Forward for Full-Bridge-Boost
DC-DC Converter Suitable for Wide Input
Voltage Range
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Abstract—Full-bridge (FB)-boost converter is suitable for ap-
plications with wide input voltage range and galvanic isolation
requirement, and a two-mode phase-shift (PS)-two-edge modula-
tion (TEM) control scheme based on two modulation signals and
one carrier can be used to achieve automatic mode shifting and
high efficiency. In order to reduce the influence of the input voltage
disturbance on the output voltage, the small-signal model of FB-
boost converter is built and the input voltage feed-forward (IVFF)
functions under different operating modes are derived in this pa-
per. In view of the small-signal and large-signal control laws of the
derived IVFF functions, the two-mode PS-TEM control schemes
with small-signal and large-signal IVFF compensations are pro-
posed, respectively. Both of them can realize automatic selection
of operating modes and the corresponding IVFF compensations,
and thus high efficiency and improved input transient response can
be guaranteed. Besides, the IVFF function in boost mode is sim-
plified for easy implementation, and the comparisons among the
two-mode PS-TEM control schemes with small-signal, large-signal,
and without IVFF compensations are presented in this paper. Fi-
nally, a 250-500-V input, 360-V output, and 6-kW-rated power
prototype demonstrates the effectiveness of the proposed control
schemes.

Index Terms—Buck-boost converter, full-bridge (FB) converter,
input voltage feed-forward (IVFF), large-signal, two-mode control.

NOMENCLATURE
FB Full bridge.
PS Phase shift.
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Fig. 1. TSBB converter.
RHP  Right-half-plane.
ZVS  Zero-voltage switching.
TEM  Two-edge modulation.
CCM Continuous current mode.
TSBB Two-switch buck boost.
IVFF Input voltage feed forward.

I. INTRODUCTION

UCK and boost converters are the two basic dc—dc convert-
B ers. Buck converter has the ability of voltage step down,
and its efficiency decreases with the increase of input voltage,
whereas the boost converter has the ability of voltage step up and
its efficiency increases with the increase of input voltage. Thus,
neither of them is flexible in terms of input voltage range, nor
can achieve high efficiency over a wide input voltage range [1].
Fig. 1 shows the two-switch buck—boost (TSBB) converter [2],
where (1 and D; form the buck cell, and ()> and D, form the
boost cell. The TSBB converter is a simplified cascade connec-
tion of the buck and boost converters, and it has the ability of
voltage step up and step down. Compared with the basic convert-
ers, e.g., inverting buck—boost, Cuk, Zeta and SEPIC converters,
the TSBB converter presents lower voltage stress of the power
devices, fewer passive components, and positive output volt-
age [3]-[5], and has been widely used in the applications with
wide input voltage range [6]-[9].

However, the TSBB converter has no ability on galvanic iso-
lation. So, by replacing the buck cell with a full-bridge (FB)
cell, a FB-boost converter is proposed in [10], as shown in
Fig. 2, where switches ()1 ~ 04, transformer 7} with turns ra-
tio k = Ws/W7y, resonant inductor L, (including the leakage
inductor of T;), and diodes Dy ~D, form the FB cell, and )y,
and D), form the boost cell. The FB-boost converter is suit-
able for the applications where the input voltage range is wide
while galvanic isolation is required, such as fuel-cell power
systems. Moreover, in order to achieve high efficiency,
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Fig. 2. FB-boost converter.

a two-mode phase-shift (PS)-two-edge modulation (TEM) con-
trol scheme is proposed for the FB-boost converter. When the
input voltage reflecting to the secondary side of the transformer,
i.e., kviy, is higher than the output voltage, )}, of the boost cell
is always off, and the FB cell is controlled to regulate the output
voltage, and thus the FB-boost converter acts as a FB converter.
This operating mode is defined as the FB mode. On the other
hand, when kv, is lower than the output voltage, the FB cell is
operated with full duty cycle, and @, is controlled to regulate the
output voltage, and thus the FB-boost converter acts as a boost
converter. This operating mode is defined as the boost mode. In
addition, PS control is adopted for the FB cell to realize zero-
voltage switching, and FB and boost cells are leading-edge and
trailing-edge modulated, respectively, to minimize the inductor
current ripple, which is called the PS-TEM modulation. In order
to achieve the two-mode operation over the whole load range,
a third mode, i.e., FB-boost mode, is introduced. However, this
FB-boost mode increases the conduction loss and switching loss
of the converter, makes the mode-selection circuit complicated.
So, this paper will propose an easily implemented automatic
mode-shifting control scheme for the FB-boost converter based
on two modulation signals with one carrier or one modulation
signal with two carriers of the TSBB converter [11], [12]. With
this proposed control scheme, automatic shifting between FB
and boost modes and PS-TEM of the FB-boost converter are
achieved, and the FB-boost mode is eliminated in theory, further
improving the efficiency over the whole input voltage region.

When the FB-boost converter operates in continuous inductor
current boost mode, a right-half-plane zero is presented. This
will limit the bandwidth of the control loop and leads to a
poor transient response, same as the TSBB converter [13], [14].
Especially, in the automatic mode-shifting control scheme, only
one voltage regulator is used for both FB and boost modes, and
it is often designed to have enough phase margin in boost mode
by reducing the bandwidth of the control loop, thus the transient
responses of this converter are deteriorated in the entire input
voltage range, including FB and boost modes.

Input voltage feed-forward (IVFF) compensation [15]-[20]
is an attractive approach for improving the transient response
of a dc—dc converter, as it can eliminate the effect of the input
voltage disturbance on the output voltage. In [21], an automatic
mode-shifting control scheme with IVFF for the TSBB con-
verter has been proposed to achieve high efficiency, automatic
mode shifting, and improved transient response over the whole
input voltage region. It should be noted that the IVFF function
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producing zero audio susceptibility for the TSBB converter de-
rived in [21] is based on the small-signal model [22]-[25]. This
small-signal control law can be easily implemented, but has the
cost of accurate IVFF compensation and smooth mode shifting.
Be different from [21], this paper analyzes a small-signal con-
trol law of the above-mentioned general IVFF method for the
FB-boost converter with external resonant inductor, and a large-
signal control law of the IVFF method, which can achieve more
accurate IVFF compensation and smooth mode shifting will be
derived. Moreover, automatic mode-shifting control schemes
based on the small-signal and large-signal IVFF compensations
are proposed for the FB-boost converter, respectively, achiev-
ing high efficiency, automatic and smooth mode shifting, and
improved transient response over a wide input voltage range.

This paper is organized as follows. Section II introduces the
automatic mode-shifting control scheme of the FB-boost con-
verter, and Section III derives its small-signal models and IVFF
functions under different operating modes. In Sections IV and
V, the automatic mode-shifting control schemes with small-
signal and large-signal IVFF compensations are proposed, re-
spectively, achieving automatic selection of operating mode and
the corresponding IVFF function simultaneously, and smooth
mode shifting. The comparisons among the automatic mode-
shifting control scheme with and without IVFF compensations
are given in Section VI. Section VII presents the experimental
results from a prototype with the proposed control schemes, and
finally, Section VIII concludes this paper.

II. TWO-MODE PS TwWO-EDGE-MODULATION CONTROL
SCHEME WITH AUTOMATIC MODE-SHIFTING ABILITY

A. Two-Mode PS- TEM Control

When the FB-boost converter operates in continuous current
mode (CCM), the output voltage is expressed as [10]

Dvl,eff D 1 — Dloss
‘/o = . kvvin == k‘/in
1- Dy, 1— Dy,
D 4k* L1, f,
= Dy, - Ll (M
1- Dy2 (1 — .DyQ)

where Dy and Dy are the duty cycles of the FB and boost cells,
respectively, Dy1_cr is the effective duty cycle of the FB cell,
Dipss = 4K* L, 1, fs/Vin(1—Dy») is the duty cycle loss resulted
from the resonant inductor L, f; is the switching frequency of
the FB cell, and I, is the load current.

For the FB-boost converter with two-mode control, Dy; and
Dy, are controlled independently, i.e., Dyo = 0, Dy is con-
trolled to regulate the output voltage in the FB mode, and
Dy =1, Dy, is controlled to regulate the output voltage in
the boost mode. Substituting Dy = 1 and Dy, = 0 into (1),
the input voltage at the shifting point of the two modes can
be obtained as kVi, 1, = V, + 4k*L.I, f, = V, + Rql,, where
Ry = 4k* L, f, denotes the influence of L, [26]. Thus, the out-
put voltages of the FB-boost converter with two-mode control
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Fig. 3. Two-mode PS-TEM control scheme with automatic mode-switching
ability. (a) Schematic diagram. (b) Key waveforms.

can be written as

kV; RdIo
- 2’Dy
L =Dy, (1— DyZ)

Dylk‘/in - RdIm DyQ: 0 (k‘/ln > ‘/0 + RdIn) .

1= 1 (k‘/ln S ‘/o +Rdlo)
‘/O =

@)

As explained in Section I, the PS-TEM strategy is adopted

here, i.e., PS control for the FB cell, and FB and boost cells are

leading-edge and trialing-edge modulated, respectively. Overall,

the control method with two-mode control and PS-TEM strategy
is called the two-mode PS-TEM control scheme.

B. Two-Mode PS-TEM Control Scheme With Automatic
Mode-Shifting Ability

By combining the two-mode control, PS-TEM, and the
method with two modulation signals and one carrier together,
the two-mode PS-TEM control scheme having automatic mode-
shifting ability can be obtained. Fig. 3 shows the schematic di-
agram and key waveforms of the FB-boost converter under this
control scheme. Here, PS control is adopted for the FB cell, (),
and Q3 are the leading switches, ()o and (), are the lagging
switches, and @; and Q4 and Qs and Q3 denote the simul-
taneous conduction of the diagonal switches () and @4, and
Q- and Q3, respectively. Moreover, v._pp and ve_100st are the
modulation signals, and vg,y1 (leading edge) and vgaywo (trail-
ing edge) are the carriers of FB and boost cells, respectively. It
should be noted that the two carriers have the same amplitude
and frequency, and their maximum, minimum, and peak-to-peak
values are Vi, V1, and Vi,,, = Vix — V1, respectively.
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In order to achieve the two-mode operation of the FB-boost
converter, v,_rp and ve_p00s¢ in Fig. 3 are constructed as

Ve_FB = Vea + W)ias
(3)

Ve _boost — Vea

where v., is the output signal of the voltage regulator,
and Vjias 1s a dc bias voltage adding to ve_rp. Vhias =
Ve FB — Ve_boost = Vsaw 1S the required condition to achieve
the automatic shifting between FB and boost modes, and
Vhias = Ve FB — Ve_boost = Vsaw 1S the condition for smooth
mode shifting, as explained in [21].

According to (3) with V};as = Viaw, the principle of the con-
trol scheme shown in Fig. 3 can be described as follows: when
kVin > Vo + Rql,,ve_pp will be within [V1,, V4], and it inter-
SEcts Usaw1 and determines Dy ; meanwhile, Ve hoost = Vea =
Ve_FB — Vsaw < V1, and thus Dys = 0. Such case corresponds
to the FB mode. When £V, < Vi, + Ralo, Ve boost = Vea Will
be within [V, V4], and it intersects vg,y2 and determines Dyo;
meanwhile, Ve B = Vea + Viaw > Vi1, and thus Dy = 1. Such
case corresponds to the boost mode. When £V, =V, + Rql,,
which is the shifting point of FB and boost modes, ve_poost =
V1., and thus Dys = 0; meanwhile, v. rg = Vi, and thus
Dy = 1.

III. IVFF oF FB-BOOST CONVERTER WITH TWO-MODE
PS-TEM CONTROL SCHEME

A. Derivation of Small-Signal Model of FB-Boost Converter

Different from the TSBB converter, the FB-boost converter
has aresonant inductor L,, resulting in duty cycle loss and being
equivalent to a resister Ry = 4k L, f. in series with the filter
inductor Ly in the circuit [26]. Hence, an equivalent circuit of
the FB-boost converter can be obtained from the TSBB con-
verter by adding R, in series with the inductor Ly and the input
voltage equaling kv, as illustrated in Fig. 4, where Qpp and
Drp are equivalent to the power switches and rectified diodes
of FB cell, respectively. Referring to [27] and [28], the averaged
switch model of FB-boost converter can be obtained by model-
ing the switch and diodes with a controlled current and voltage
sources, whose values are equal to the average current flowing
through the switch and the average voltages across the diode, re-
spectively. Fig. 5(a) shows the specified averaged switch model
of FB-boost converter, where vy, v,, iLf, dy1, and dyy are the
input voltages, output voltages, inductor currents, and duty cy-
cles of FB and boost cells, respectively. iqrp = dy1irs and
iqn = dy2irs are the average current flowing through switches
Qrp and @y, respectively, and vppp = dy1vin and wvpy, =
dyov, are the average voltages across diodes Dpp and Dy,
respectively.
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Fig. 5. Models of FB-boost converter. (a) Averaged switch model. (b) Small-
signal model.
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Fig.6. Control block diagram with IVFF of a dc—dc converter. (a) Introduction
of IVFF. (b) Equivalent transformation of IVFF.

Moreover, with small-signal assumption, the small-signal
model of FB-boost converter can be obtained as illustrated in
Fig. 5(b), by replacing the average values in Fig. 5(a) with their
corresponding linearized ac terms [2]. In Fig. 5(b), the upper-
case letter denotes the dc value, and the lower-case letter with
cap (") denotes the small-signal perturbation.

According to (2), setting dy» = 0, 1i.e., Dyy =0, (fyg =0, and
dy1 = 1,ie., Dy =1, czyl = 0 in Fig. 5(b), respectively, the
small-signal models in FB and boost modes can be derived.

B. Derivation of IVFF Functions

Fig. 6(a) shows a general control block diagram of a
de—dc converter [2], where Gyq(s), Gyo_vin(8), and Z,(s) are

the transfer functions of duty ratio d, input voltage 9y,, and load
current ¢, to the output voltage ¥,, respectively, Gy, (s) is the
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transfer function of the voltage regulator, Gpw i () is the trans-
fer function of the pulse-width modulation (PWM) modulator,
Uo_rer 18 the output voltage reference, and Hy, (s) is the sense
gain of the output voltage. As seen, the disturbance of input volt-
age 0y, affects the output voltage through the path with transfer
function Gy,_yin (). This effect can be eliminated by introduc-
ing an additional path with transfer function —Gy,_yin ($) from
the input voltage to the output voltage, as illustrated with the
dashed line shown in Fig. 6(a). Moving the output of —G,. in ()
to the output of voltage regulator and the corresponding transfer
function being changed to Gy (s), the control block is equiva-
lently transformed to that shown in Fig. 6(b). The path from o,
to 0 is called the IVFF path, and the IVFF function G (s) is

(s) — @ﬁ' _ Gvo,vin (S)
Gir (5) = 7= = Gpww (5) Gva (s)

Vin

“)

As shown in Fig. 6(b), the output of G (s), i.e., O, is added
to the output signal of the voltage regulator, i.e., U,, forming
the modulation signal ¥,.

By setting Dy, = 0 and dy2 = 0 in Fig. 5(b), the small-signal
model in FB mode can be obtained, and the transfer functions of
duty ratio and input voltage to the output voltage, i.e., Gvq_rp (s)
and Gy,_vin_rB (), can be, respectively, derived as

Do (8
Gyars (s) = = (5)
vl (5) $1, =0
k‘/;n
= L; R ®)
s?LiCr + s+ sRaCr + - + 1
0o (8)
Gvo,vinJB (8) = o (S) .
in dy1=0
_ ! (1 )
$?LiCr + s + sRaCr + 7= + 1 Vi Rra
(6)

where Ry q is the resistor load of the FB-boost converter.

Likewise, by setting Dy; = 1 and dy1 = 0 in Fig. 5(b),
the small-signal model in boost mode can be obtained, and
the transfer functions of duty ratio and input voltage to the
output voltage, i.e., Gyd_poost (8) and Gyo_yin_boost ($), can be,
respectively, derived as

Gvd,boust (S) = =

Vin=0

(1- D)V, - Wt
— J ©  (I-Dy3)Rra %

$?LiCs + s + sRaCr + 2= + (1 — Dya)?
o (5)
Gv _vin_boost (5) = =
° ’ bin (s) dy1=0
k(1—D,
— ( }2) . (8)

$2LiCs + s72= + sRaCr + £ + (1 — Dyy)°
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TABLE I
SPECIFICATIONS OF THE PROTOTYPE
Specifications Symbol Value
Input voltage Vin 250-500 V
Output voltage Vo 360 V
Output power P, 6 kW
Full load current/ resistor Io N/ Rug 16.7 A/21.6 Q
TABLE II
PARAMETERS OF THE PROTOTYPE
Parameter Symbol Value
Filter capactior Cr 4080 uF
Filter inductor Le 320 uH
Turns ratio of 7; k 11: 11
Reasonant inductor L: 5 uH
Switching frequency Jofov 50 kHz, 100 kHz
Switches 01~04, Qv SPW47N60C3
Rectfied diodes Di~Dy DSEI60-06
Boost diode Dy SDP30S120
Sense gain of the input voltage Hyin 1/100
Sense gain of the output voltage Hyo 1/144
Peak-to-peak value of the carrier Viaw 25V

As described in Section II-B, the carriers for the FB and
boost cells have same amplitude and frequency, so the PWM
modulator transfer functions in FB and boost modes are the
same, and its specific expression is

d(s) 1
Ve (5) B Veaw '

By substituting (5), (6) and (9) into (4), the IVFF function in
FB mode, i.e., Gg_rp(s) can be expressed as

‘/0 Rd
= — 1 Viaw
kEV?2 ( * RLd> o

Vo + Ral,

KV

Similarly, by substituting (7)—(9) into (4), the IVFF function
in boost mode, i.e., G _poost ($) can be expressed as

k‘/saw

Grww (s) = &)

Gy v (s)

Viaw - (10)

Gﬁﬂboost (S) = -
4Vol, (Rq + sLy)

(k;Vm + 2V — 4Rdvolo)2

k
= - ‘/ﬁaw
VZ) [Denl - De112 (3)] k

Vo [1-

D

where Doy = 1 — 4V, Ral, / (kViy + /K2V2 — 4RV, 1,)?

and Doy (s) = 4Vo I, Les | (KViy + \/k2V2 — 4RV, 1,)%.
As seen in (11), Deya($) is the function of frequency, whose
coefficient, i.e., 4V,I,L¢ / (kViy +\/k2V2 —4RqV,1,)?,
reaches its maximum value at full load and minimum input
voltage. According to the specifications and parameters of the
prototype listed in Tables I and II given in Section VII, the mag-
nitudes of Dey,1 and Dey2 (s) with full load current [, x = 16.7
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A and minimum input voltage Vi, min = 250 V are depicted
in Fig. 7. It is known that the input voltage of the fuel-cell
power system has a wide variation range, but fluctuates at low
frequency, and thus | Depa(s)] << |Denil, as shown in Fig. 7.
Hence, (11) can be simplified as

L
2V,

kVin

1+ Viaw -
VE2V2 — ARGV, I,
(12)

G _boost (5) = -

As seen from (10) and (12), itis known that the IVFF functions
for the FB and boost modes are different. So, it is important
to ensure that the FB-boost converter can operate in correct
mode with correct IVFF function and shift between the two
modes automatically. Moreover, as explained in [24] and [25],
the derived IVFF function has two control laws, i.e., small-
signal and large-signal control laws. Thus, the following sections
of this paper will discuss the automatic mode-shifting control
schemes with IVFF based on the two control laws, respectively.

IV. Two-MoODE PS-TEM CONTROL SCHEME WITH
SMALL-SIGNAL IVFF COMPENSATION

According to (10) and (12), the IVFF functions in FB and
boost modes depend on the input voltage Vj, and load current
I, at quiescent operation point, and corresponding to different
values in different operating modes. To make a distinction, the
input voltage and load current at quiescent operation point are
defined as Vi, gp and I, yp in Gy _pp(s), and Vi, 5 and I,
in G _poost (8), respectively. Therefore, the IVFF functions of
FB and boost modes can be rewritten as

Vv, + RdIo,FB
G e (s) = ————5 — Vsaw
Wips
k kwnﬁ
G,oos §)=—— |1+ V;‘.a““
i _boost (8) 2, < VIV — 4RanIoJ3>

(13)

Considering the critical output current at the boundary of
CCM is designed to be 10% of full load. Thus, according to Ta-
ble I, the load range of FB-boost converter operated in CCM can
be obtained as [10%1, N, 100%1, x] = [1.67, 16.7 A], whose
middle value is set as the load current at quiescent operation
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point for the IVFF functions, i.e., I, rg = I, 5 = 55%I, n ~
9 A. Based on this, the input voltage at the shifting point of FB
and boost modes with the load current equaling 55%1,_x can be
written as kVi, 1, = Vi, + 55%Rq I, _x, corresponding to Vi,
= 369 V. Meanwhile, the input voltage ranges of FB and boost
mode can be obtained as [369, 500 V] and [250, 369 V], whose
middle values are set as the input voltages of quiescent operation
point in G _pp(s) and G _po0st (), respectively, i.e., Vi, _pp =
(369 + 500)/2 =~ 435 V and Vi, g = (250 + 369)/2 ~ 310 V.

According to (4) and (13), the output signals of the IVFF
functions under different modes can be obtained as

Vo + Ral, FB
kVZ pp

v _FB = G _FBVin — Viaw Vin

Uff _boost = fo,boostvin
k kVin
—— |1+ 5 = V;aw Vin -
2V, VEVZE 5 — ARGV, I, 3
As seen in Fig. 6(b), the modulation signal v, is the sum of the
output signals of the IVFF function and the voltage regulator,
.., Vo = Vg + Ven. Therefore, according to (3) and (14), the
modulation signals of the FB-boost converter under the two-

mode PS-TEM control scheme with IVFF compensation can be
expressed as

(14)

Ve_FB = U _FB + Vea + Vhias

Vo + Ral, rB
_ —Okvqi(ovsawvin + Vea + Vhias
in_FB

Ve_boost = Vff _boost T Vea

k kVin
w \1 T 7 =
2V, VEVE 5 — 4RV, 1,

X Viaw Vin =+ Vea -

5)

As discussed in Section II-B, Ve B — Ve _boost = Vsaw
should be satisfied for the two-mode operation and automatic
mode shifting. Thus, V})i.5 in (15) can be derived as

‘/bias
Z ‘/saw - k‘/sawvin
oL n kVin B Vo + Ral, vp
2Vo 2V /RV2 y — 4R4Volo s KV vp

= ‘/saw - k‘/saw Vin (Al - AQ)

where A; = 1/2V, + kVin,B/2Vo \/kQ‘/iIQlJ_)) —4Rq VoI, B
and AQ = (% + RdIo,FB)/kz‘/anJB'

It is known that kVi, 5 > \/k2V2  — 4RqV, I, 5, which
means that A; in (16) satisfies A; > 1/V, > 1/(V, +

(16)
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Rql, rp), leading to

1 Vo + Ral, vB
A — A —
L T Y Ralors | V2 oy
1 1
= (Vo + Ral, rB -
( ) (Vo + Ralorp)”  K*Vi g

a7

As aforementioned, V, 4+ Rql, rp is the input voltage at
the shifting point of FB and boost modes with the load
current at quiescent operation point of FB-boost converter, i.e.,
the minimum value in the input voltage region of FB mode with
this load current, and yet kVj, _pp is the middle value of this
input voltage region. Consequently, kVi,_pp > V, + Rql,_rp
and A; — Ay > 0 are satisfied, which means that the right-hand
side of (16) decreases with the input voltage v;;,, and it gets its
maximum value at the minimum input voltage V;;, iy . So, here,
Viias 18 set to this maximum value for automatic selection and
nearly smooth shifting between FB and boost modes with the
corresponding IVFF functions, i.e.,

Vi)ias - V;aw - kv;aw Vingnin (Al - AQ) . (18)

By substituting (18) into (15), the final modulation signals of
the FB-boost converter can be expressed as
Ve FB = Uff FB + Vea + Vbias
Vo + Ral, rp
kVi rp
_k‘/;awv;ngnin (Al - A2)

‘/sawvin + Vea + ‘/saw

Ve_boost = Vff _boost T Vea
k kvinﬁ
B 7% <1 + ) ‘/Sawvin + Vea -
(19)

VEVZ 5 — ARV I,

Furthermore, substitution of the input voltage kv, = V, +
R41, into (19) can obtain the value of v. Fp — Ve _boost at the
mode-shifting point, which is the function of I, as depicted in
Fig. 8. As seen, ve_rB — Ve_hoost at the mode-shifting point is
not equal to Vj, , but has maximum value equaling 1.13 Vj,,
which can be treated as nearly smooth shifting between FB and
boost modes.
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Fig.9. Schematic of FB-boost converter under the two-mode PS-TEM control
with IVFFE.

As analyzed before, the modulation signals in (19) can
achieve automatic selection and shifting of the operating mode
and the corresponding IVFF function, simultaneously. It should
be explained that the quiescent operation point of the FB-boost
converter with wide input voltage range is changed timely. How-
ever, the input voltage and load currents of the quiescent opera-
tion point in the IVFF functions, i.e., Vi, r5, I, _rB, Vin_p, and
I, p in (19) are all fixed, so it is also called that the IVFF func-
tions are based on the small-signal control law, and the method
with the modulation signals in (19) is defined as the two-mode
PS-TEM control scheme with small-signal [IVFF compensation,
and the corresponding schematic diagram is shown in Fig. 9.

V. Two-MODE PS-TEM CONTROL SCHEME
WITH LARGE-SIGNAL IVFF COMPENSATION

This section will discuss the implementation of the IVFF
function derived with a large-signal control law and a two-mode
PS-TEM control scheme with large-signal IVFF compensation.

According to Fig. 6, the small-signal duty ratio of the dc—dc
converter with IVFF compensation can be expressed as

’I‘/)Crl
—. (20
Py 0

5 N @f‘f + @ca fo (S) Oin
d = 0.Gpwwu (8) = =
‘ ( ) ‘/Sa\v ‘/;aVV

As seen, the duty ratio with IVFF compensation is provided by
the output signals of the IVFF function and the voltage regulator,
i.e., Ug and U.,, together. Once the input voltage disturbance v,
happens, the duty ratio from vg will be changed in a fast way
to prevent the change of the output voltage, and the duty ratio
from 0., is zero.

By substituting (10) and (12) into (20), the small-signal duty
ratios with IVFF compensation in FB mode and boost mode can
be written as

dA o 7‘/0 + RdI o ﬁca
vyl — kj‘/llzl in V;aw
7 k k‘/in ~ '[)em
dyr = — [ 1+ B + 2
S < VRVE — 4RdVOIO> Viaw

(21

It is known that (20) is also suitable for the steady state of
the dc—dc converter, i.e., the duty ratio at the steady state are
composed of the output signals of the IVFF compensation and
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voltage regulator, corresponding expression is

(22)

where Vg and V,, are the output signals from the IVFF compen-
sation and the voltage regulator at the steady state, respectively.

Referring to (2), the duty ratios for keeping the output voltage
constant at the steady state of FB and boost modes can be
obtained, and both of them are provided by their corresponding
output signals of the IVFF compensation, i.e.,

Viers Vo + Ralo
Viaw kW
(23)
Vﬁ",boost —1_ k‘/in + \/kQVH% - 4Rd‘/010
Veaw 2V,

where Vi _rp and Vi 1,005t are the output signals of the IVFF
compensation at the steady state of FB and boost modes,
respectively.

Substituting (23) into (22), the duty ratios with IVFF com-
pensation at the steady state for different operating modes can
be written as

VH,FB Vea Vo + RdIO Vea
D = =
? ! V;aw + ‘/;‘.aw k‘/ill + ‘/;‘,aw
fo,boost ‘/ea
Dy, = —icboost | Tea
2T Ve Vi @)
B 2V, Viaw

As seen, when the input voltage at the quiescent operation
point, i.e., Vi,, is changed, the duty ratio from the output sig-
nals of the IVFF compensation will be changed timely to keep
the output voltage constant. Likewise, the duty ratio from the
voltage regulator is zero, i.e., Voo /Viaw = 0, in theory.

Furthermore, by adding the duty ratio in same operating mode
between (21) and (24), the large-signal forms of the duty ratios
with IVFF compensation in FB and boost modes can be obtained
as eq. (25) shown at the bottom of the next page.

It can be observed that By, By, and C in (25) all satisfy the
Taylor expansion with dc and linear ac terms, i.e.,

FOC9) = @)y +92LY)

3y (26)

where f(y) is the function requiring Taylor expansion, and Y’
and g are the dc and ac components of the independent variable
y, respectively.
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Referring to (26), the expressions in (25) can be rewritten as

Aot = Vo + Ral, Vea + Dea _% + Ral, Vea
i k (Vin“i’@in) V;aw B kvin V;aw
d 1 k (Vvin""_ﬁin) + \/k2 (wrl+6irl)2 - 4Rd‘/olo
v2 — 4+ 2‘/;)
V;a + ’Oea
+ ‘/Saw
—1_ kvin + kQUiQH - 4Rd%10 + Vea
B 2V, Viaw

27
where vi, = Vi, + ¥j,yis the input voltage, ve, = Vea + Ueals
the output signal of the voltage regulator, (V, + Rql,)/kvin
and 1~ (kv + v/F70F, — ARV, )
provided by the output signals of the IVFF compensation in FB
and boost modes, respectively, all of which are their large-signal
forms, composed of their dc and small-signal ac components.
So, the IVFF compensation in (27) is called the large-signal
IVFF compensation, or the IVFF function based on the large-
signal control law.

As seen in (27), dyo has a

e, VT — ARGV, I, = kv 2 which
requires rather complicated implementation. Let z =
1/ k2 vfn and a =4RyV,1,, the square-root term afore-

mentioned has \/1 — 4RdVOIO/k:2v?n =+/1 —azx, whose
Taylor expansion without nonlinear ac terms at z = 0 is

/ 2V, are the duty ratios

square-root
1 — 4RqV, I, /k?v?

term,

\/1 — ARV, I, /K202, = VT —az~1— %z

2Rq Vo1,
k202

in

=1- (28)

Fig. 10 plots the curves of (28) as the function of input voltage
with and without Taylor expansion in the full load condition. As
seen, the curves are much close to each other, and thus the
expansion in (28) is reasonable.
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Fig. 10. Curves of /1 —4R4V,1, /k2”12n with and without Taylor
expansion.
According to (28), (27) can be simplified as
dor — Vvo + RdIO Vea
71 =
' k”Uin V;aw (29)
d 1 kvin RdIo Vea
by =1— % 4 =0
‘/0 kvin ‘/saw

According to (29), the modulation signals with large-signal
IVFF compensation in FB and boost modes can be derived as

VeFB = dy1 Viaw = (W) Viaw + Vea

= U _FB + Uea

Ve oot = dya Vi, = (1 - o ]ij> Vo + en
= Uff _boost T Vea-

(30)
It can be known from (30) that vg_pp and vg 1005t are depen-
dent on the input voltage and load current. According to Tables I
and II listed in Section VII, vg_pp and vg 1,005t as the function
of input voltage at different load condition are shown in Fig. 11.
As seen, vg_pg and vg poost 10 (30) are insensitive to the load
current. For a compromise solution, /, in (30) is set as a fixed
value, which equals 55%1,_x here.

dy1 e Dy1 + dAyl S

% +Rdlo _ Vo +RdI ~ Ve f}ea

ea
Vin + +

kVi

kV2

in

‘/Si‘LW ‘/;a\v

dyg = DyQ + dAyg

By

C

. 21/2 _ .
_q1_ kVi, + \/kj V;n AR,V 1, _ k 14 kVin i (25)
o, 2, \\ T RVE AR,
Bs
Vea Dea
* Viaw * Veaw
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Fig. 11.  vg_pp and vg 105t as the functions of vy, at different I, .

It also can be observed that v, pp and ve_peost in (30) satisfy

‘/0 + kvin
kvin Vvo

Ve_FB — Ve_boost = ( - 1) Viaw = Viaw. (B1)

Thus, as described in Section I, v,_pg and ve 1,005t in (30) can
achieve automatic selection and shifting of operating modes and
the corresponding IVFF compensation, simultaneously. More-
over, substitution of the input voltage at the mode-shifting
point, i.e., kv, = Vi, + Rql, into (30), Ve_FB — Ve_boost at the
mode-shifting point can be gotten, and its maximum value is
1.002 V,, which can be treated as smooth shifting between FB
and boost modes. The control method with modulation signals
in (30) is defined as the two-mode PS-TEM control scheme with
large-signal IVFF compensation, whose schematic diagram can
also be illustrated with Fig. 9 and V},;,5 = 0.

By using Taylor expansion for vg_pp and vg_peost in (30),
the corresponding linear ac terms are vg_pp and Ug_poost, I€-
spectively. Moreover, according to (4), the IVFF function for
the large-signal IVFF compensation can be derived as

Vo + Ral,
Gﬁ'—FB (S) = 7T2dvtmw
in (32)
k Ral,
Gﬂ,boost (8) = <_V - k‘l/Q ) Viaw -

As seen, the expressions of G _gp (s) in (13) and (32) are the
same, and the difference is that the quiescent operation point
of Gg_pp(s) in (32) is not fixed, but changed timely. Likewise,
the expressions of Gt _poost (s) in (13) and (32) are the same in
theory. However, due to the simplified expression, i.e., (28) is
introduced, the G 1005t ($) in (32) is different from it in (13),
but still has timely changed quiescent operation points.

VI. COMPARISONS BETWEEN THE TWO-MODE PS-TEM
CONTROL SCHEME WITH AND WITHOUT
IVFF COMPENSATIONS

A. Output Signal of the Voltage Regulator

In steady state, the relationship between the modulation signal
and the duty ratio under different operating modes shown in
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mode-shifting point

w/ small-signal IVFF

e -=

250 300

350
Vin (V)

400

Fig. 12.  Comparison of v., between the two-mode PS-TEM control with and
without IVFF compensations.

Fig. 3(b) can be expressed as

e -V Vsaw
Yo FB L = y Ve_boost < VL (kV;H > ‘/0 + RdIo)

Dyln 1;
Ve_boost — VL Vsaw
= e Vi (BVin < Vo + Raly) -
DyZTq T% VetB - H( + d )

(33)
Substituting the duty ratio expressions shown in (2) into (33)
yields
v o ‘/o + Rd Io
e FB — kV]

(k‘/in > ‘/0 + RdIO)

kViw + /R2VZ — ARGV, 1,
Ve_boost — (1 - \/ oV d ) Viaw

) V;‘a‘w + VL7 Ve_boost < VL

+Vi,veFB > Vi
(k‘/in S ‘/o + RdIo) .

(34)
As seen in (34), the modulation signals under the two-mode
PS-TEM control scheme are the functions of input voltage and
load current. After the input voltage and load current being
known, the corresponding modulation signal will be determined,
no matter the IVFF compensation being incorporated or not.
Thus, combining (34) with (3), (19), and (30), respectively,
the output signals of the voltage regulator under the two-mode
PS-TEM control scheme without, with small-signal, and with
large-signal IVFF compensations can be obtained, correspond-
ing to the dot dashed, dashed, and solid lines shown in Fig. 12,
respectively. It can be seen that the variation of v., with IVFF
compensation over the whole input voltage range, especially for
that with large-signal IVFF compensation, is much smaller than
that without IVFF compensation, which implies that the IVFF
mainly regulated the output voltage, extremely alleviating the
task of the voltage regulator, improving the input transient re-
sponse. It should be noted that the v,, with small-signal IVFF
compensation at the mode-shifting point shown in Fig. 12 has
a small leap, leading to nearly smooth shifting between FB and
boost modes, as described in Section IV. However, there is no
leap for the v,, with large-signal IVFF compensation at the
mode-shifting point, and a smooth mode shifting is achieved.
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Fig. 13.  Bode diagrams of the loop gains under different operating modes.
(@) Vin_max = 500V, FB mode. (b) Vi, _min = 250V, boost mode.

B. Input-to-Output Voltage Transfer Function

According to Fig. 6, the loop gain of a dc—dc converter is

T (S) = Gvr (S)GP\VM (S)Gvd(S)Hvo(S). (35)

Referring to the design consideration in [21], the bode dia-
grams of the uncompensated and compensated loop gains for
FB-boost converter under different operating modes can be ob-
tained, as shown in Fig. 13, where (a) gives the bode diagram in
FB mode with the maximum input voltage Vi, _max = 500V, and
(b) gives the bode diagram in boost mode with the minimum
input voltage Vi,_nin = 250 V. Specifically, the dot-dashed
and dashed lines in Fig. 13(a) are the calculated and mea-
sured uncompensated loop-gains in FB mode, i.e., Ty, rp_c($)
and T, _pp_m(s), and the dotted and solid lines are the calcu-
lated and measured compensated loop-gains in this mode, i.e.,
Typ _(s) and Trp_n (), respectively. Similarly, the dot-dashed
and dashed lines in Fig. 13(b) are the calculated and measured
uncompensated loop-gains in boost mode, i.e., Ty _boost_c ()
and T}, _poost_m (), and the dotted and solid lines are the calcu-
lated and measured compensated loop gains in this mode, i.e.,
Thoost_c(8) and Thoost_m (), respectively. As seen, the calcu-
lated and measured loop gains are close to each other.
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Fig. 14. Bode diagrams of the input to output voltage transfer function.
(@) Vin _max = 500V, FB mode. (b) Vi _min = 250 V, boost mode.

It should be emphasized that the FB-boost converter under dif-
ferent operating modes share one regulator, i.e., Gy, (s), which
is considered in boost mode in this paper, and its specific ex-
pression is

30s + 500

5 .
* (500 *+ 1)

It can be seen from Fig. 13 that enough phase margins are
ensured in both FB and boost modes, but the bandwidths of the
two modes are very low, leading to poor dynamic performance
over the entire input voltage range. Hence, it is very necessary
to use the IVFF compensation to improve the input voltage
transient response of the FB-boost converter with the voltage
regulator expressed in (36).

According to Fig. 6, the closed-loop input-to-output voltage
transfer function with IVFF compensation, ®y,_yiy (), can be
expressed as

Gyr (8) = (36)

0o (8)

@in (S)

o Gvo,vin (S) + fo (S) GPWM (S) Gvd (S)
N 14+ T (s) )

(bvo,vin (5) —

(37)

Substituting G (s) expressed in (13) and (32) into (37), the
magnitudes of ®y,_vin(s) with small-signal and large-signal
IVFF compensations can be obtained, as the lines 2 and 4 shown
in Fig. 14, respectively, where lines 1 and 3 are corresponding
to their measured magnitudes, and Fig. 14(a) and (b) are cor-
responding to the converter operated in FB and boost modes,



1678

Inverter &
Driver

Bus Capactior . .
Filter &Sampling

Board

Control Board
of Inverter

Boost cell &
Driver

2 M AC Filter
of FB-boost 8 ' o 4 g Inductor

(O

FB cell &

g Input Voltage
Driver

Sampling

Fig. 15.

Photograph of the prototype for the FB-boost converter.

respectively. In addition, the lines 6 and 5 shown in Fig. 14
are the calculated and measured @, i, (s) without IVFF com-
pensation, i.e., Gg(s) = 0 in (37), respectively. As seen, the
calculated and measured magnitudes of P, i, (s) are in accor-
dance with each other on the whole. It also can be seen from
Fig. 14 that the ability on suppressing the effect of the input volt-
age disturbance on the output voltage for the FB-boost converter
with IVFF compensation is improved obviously, no matter in FB
or boost mode. Moreover, compared with the small-signal IVFF
compensation, the large-signal IVFF compensation, whose qui-
escent operation point is changed timely, has better effectiveness
on IVFF over the entire input voltage region, especially in FB
mode. Besides, it also can be seen that the effectiveness of IVFF
in boost mode is remarkable in the low-frequency range. The
reason is that the IVFF functions in boost mode, including its
small-signal and large-signal control laws, are both based on
(12), which is (11) neglecting the term changed with frequency.
When the frequency is lower, (12) is more close to (11), leading
to more accurate IVFF function and better effectiveness.

C. Implementation

Referring to (19) and (30), it is known that only proportion
operation of input voltage is included in the small-signal IVFF
compensation, yet in the large-signal IVFF compensation, the
division operation of input voltage is involved, requiring rela-
tively complicated realization.

VII. EXPERIMENTAL VERIFICATION

In order to verify the effectiveness of the proposed control
schemes, a power prototype is fabricated, whose specifications
and parameters are listed in Tables I and II, respectively. Please
be noted that the filter capacitor C; is designed when the FB-
boost converter operated as the front-end dc—dc converter in
a two-stage power system, and it needs to provide all of the
pulsating power of the down-stream dc—ac inverter. Fig. 15 gives
a photograph of the prototype for the FB-boost converter, where
its main circuit, controlling circuit, sampling circuit, and driving
circuit are included.

Figs. 16 and 17 show the diagrams of the FB-boost converter
under the two-mode PS-TEM control scheme with small-signal
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and large-signal IVFF compensations, respectively, where one
PS controller UC3895 and one PWM controller UC3525 are
employed for controlling FB and boost cells, and vs,1 and
Usawo are their trailing-edge modulated carriers with same am-
plitude and frequency. In addition, @)1 _sto Q)4 _ are the drive sig-
nals from UC3895, and @)y, _, is the drive signal from UC3525.
Specifically, ¢)1_, and ()3_, are the drive signals for ¢); and
@3, i.e., the leading switches of FB cell, 02_, and (), _ are the
drive signals for Q2 and ()4, i.e., the lagging switches of the FB
cell, and @y, _, is the drive signal for @y,. In order to achieve the
TEM strategy with FB cell being leading-edge modulated and
boost cell being trailing-edge modulated, the drive signals (1
and ()3_, are sent to the NOR gate, i.e., NOR #1, giving a pulse
signal with the pulsewidth equal to the dead time of ();_, and
Q3 _¢. This pulse signal is then sent to the SYNC pin of UC3525
as the synchronous signal for the boost cell, as described in [10].

In Fig. 16, the input voltage is sensed by the resistor Rg3
= 50 kQ, Ryy = 200 €, and the sensor LV25-P with primary
to secondary current ratio k. = 2.5, and through a voltage fol-
lower composed by O/A #2. Then, the sensed input voltage, i.e.,
Vin_s = Vinke Rs4/Rs3 = v1,/100, is connected to inverting pins
of UC3895 E/A #1 through R and UC3525 E/A #2 through
Ry, respectively. In addition, the sensed output voltage v,_s,
which is obtained from the divider resistors R, Ryo, and volt-
age follower O/A #1, is connected to the inverting pin of E/A #3
through R, and the reference voltage v,_,f, Which is obtained
from Vygpo-pin of UC3525 with divider resistors R = Ri3
= 10 k€2, is connected to the noninverting pin of E/A #3. Con-
sequently, E/A #3, Ry = 10 k2, Ry = 300 k2, C; = 100 pF,
and Cy = 200 nF compose the voltage regulator, whose output
signal v,, is connected to the noninverting pins of UC3895 E/A
#1 through R, and UC3525 EA#2 through Rg. For the E/A #1,
a dc bias voltage, which is obtained from the Vygp; pin with
divider resistors R3 and Rjs, is also connected to its noninvert-
ing pin. In Fig. 16, the output signals of E/A #1 and E/A #2 are
the modulation signals of FB and boost cells, and their specific
expressions are

v, = & +1 Fs
FB T\ R RiRs + R3Ry + R3Rs

R
X (RyVegr1 + R3Vea) — R—7Uin_s (38)
6
Ry Ry Ry
(T ) T, - Sl
Ve _boost <R10 + ) Rs + Ry Vea RlOU s

Combining (19), (38), and V., = 2.5V, the values of R3 ~
Ry1 in Fig. 16 can be obtained as Ry = 2.4 k2, Ry = 1 k€2,
R; = 11 kQ, Rg = 10 kQ, Ry = 5Kk, Rg = Ry; = 36 k€2,
Ry = Ryg = 50KkS2.

Referring to Figs. 16 and 17, they have similar config-
uration, and the difference is that the sensed input volt-
age vy,_s and a dc bias voltage from Vggp; pin with
divider resistors Rg and Rg are connected to a Mul-
tiplier&&Divider circuit, whose output signal v, _giy =
(RsVrer1)?/[(Rs + Ry)*viy_s] is connected to the noninvert-
ing pins of E/A #1 through R3, and E/A #2 through R 2, achiev-
ing the required division operation of the large-signal IVFF
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Cma1 ~ Cnas and resistors Ry q1 ~ Ry q4 are used to improve
the stability of this circuit. According to Fig. 17, the modulation
signals for FB and boost cells can be derived as (39), shown
at the bottom of the page. Combining (30) and (39), the val-
ues of Ry ~ Ry5 in Fig. 17 can be obtained as Ry = 1 k€,
Ry =2KkQ, Ris =43 kQ, Ri3 = 5.6k, Ryy 10 k2,
Ry5 = 6.8 k.

Fig. 19 shows the experimental waveforms of the FB-boost
converter under the two-mode PS-TEM control scheme with

Fig. 16. Two-mode PS-TEM control with small-signal IVFF F for FB-boost converter.
i Ry | Ry |
Z Multiplier ’
yz Vin_div R3 RS
S s
x Divider
Fig. 17.  Two-mode PS-TEM control with large-signal IVFF for FB-boost converter.
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Fig. 18.  Circuit of Multiplier&&Divider.

compensation. Fig. 18 is the specific circuit of the Multi-
plier&&Divider, where OA #4 ~ #6 and triodes 7] ~ T3 is
used to achieve logarithm operation, OA #7 and triode T} is
used to achieve the inverse logarithm operation, and capacitors

IVFF compensation at steady state, including the primary volt-
age vz B, rectified voltage vy, primary current 4, of the FB cell,
and drain-to-source voltage of @}, of the boost cell vq45_q1,, from
the top to bottom in each figure. Fig. 19(a) shows the waveforms
at Vi, = 500V, corresponding to FB-boost converter operating
in FB mode, where )y, is always off and vgs_qp equals the
output voltage, and the FB cell is controlled to regulate the

R
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Fig. 19.  Waveforms under the two-mode PS-TEM control scheme with IVFF at the steady state. (a) FB mode. (b) Boost mode.
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Waveforms of step input voltage in FB mode. (a) Without IVFFE. (b) With small-signal IVFF. (c) With large-signal IVFE.
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output voltage. Fig. 19(b) shows the waveforms at V;, =250V,
corresponding to the converter operating in boost mode, where
FB cell operates at full duty cycle and the output voltage is reg-
ulated by controlling @y,. Also, it can be seen from the dashed
cycles of the waveforms v;¢. and vqs_q1, shownin Fig. 19(b) that
Q) is always on when the leading switches ()1 and Q)3 are off,
which means that the PS-TEM strategy mentioned in Section II
is achieved for the FB-boost converter, as explained in [10].
Figs. 20-22 show the experimental waveforms at full load
with and without IVFF compensations when the input volt-
age steps between 400 and 500 V, 250 and 350 V, and 250
and 500 YV, respectively, corresponding to the FB-boost con-
verter operating in FB mode, boost mode, and the shifting be-
tween FB and boost modes. In addition, (a), (b), and (c) in
these figures are corresponding to the two-mode PS-TEM con-

(b)

Cl:vag [S00V/div] 1

Cl:vap [S00V/div]
(&

C4: vy qb [250V/div

Cd: vgs b [250V/div]

C

4
Time:[20ms/div]

(©)

Waveforms of step input voltage in boost mode. (a) Without IVFFE. (b) With small-signal IVFF. (c) With large-signal IVFF.

trol scheme without, with small-signal, and with large-signal
IVFF compensations, respectively. As seen, both the two-mode
PS-TEM control schemes with small-signal and large-signal
IVFF compensations can achieve automatic selections of cor-
rect operating mode and the corresponding IVFF compensation
simultaneously, and then the input voltage transient response
over the entire input voltage range is improved. Moreover, as
seen, the two-mode PS-TEM control scheme with large-signal
IVFF compensation can achieve smoother shifting between FB
mode and boost mode. It should be explained that the stepped
input voltage is from the programmable dc source, Chroma
62150H-600S, with maximum output current 25 A and output
voltage 600 V. Once the required current of the converter is
greater than 25 A, the slew rate of the step input voltage will
be limited. As shown in Figs. 21-22, the slew rate of the input
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Fig. 24. Efficiency of FB-boost converter in the full load condition.

voltage without IVFF compensation is smaller than that with
IVFF compensation, when the stepped input voltage between
250 and 350 V, or 250 and 500 V happens. This reason is that
the input current of the converter without IVFF compensation
is greater than 25 A in these conditions. In order to observe the
transition between FB and boost modes more clearly, Fig. 23
gives a zoom of Fig. 22. Specifically, (a), (b), and (c) are cor-
responding to the two-mode PS-TEM control scheme without,
with small-signal, and with large-signal IVFF compensations,
respectively.

The efficiency of the FB-boost converter under the two-mode
PS-TEM control scheme with IVFF compensation in the full
load condition is measured, as the solid line shown in Fig. 24,
which is the same as the condition without IVFF compensation.
In addition, the dashed line in Fig. 24 shows the efficiency of the
FB-boost converter with the control scheme in [10]. As seen,

C4: vy, o» [250V/div]

‘'l
C4

Time:[Sms/div]

(b) (©

Zoom of step input voltage between FB and boost modes. (a) Without IVFF. (b) With small-signal IVFF. (c) With large-signal IVFFE.

the FB-boost converter under the proposed control schemes
achieves high efficiency over the entire input voltage range,
especially at the mode-shifting point, and the efficiency in this
paper is higher than it in [10] due to the FB-boost mode.

VIII. CONCLUSION

A two-mode PS-TEM control scheme with automatic mode-
shifting ability is adopted to achieve high efficiency and auto-
matic shifting between FB and boost modes for the FB-boost
converter. Furthermore, the small-signal model of this converter
is built and the IVFF functions under different operating modes
are derived. Considering the small-signal and large-signal con-
trol laws of the derived IVFF functions, the two-mode PS-TEM
control schemes with small-signal and large-signal IVFF com-
pensations are then proposed, respectively, both of which can
achieve automatic selection of operating modes and the corre-
sponding IVFF compensations, simultaneously. Especially, for
the control scheme with large-signal IVFF compensation, more
accurate IVFF compensation and smoother mode shifting are
guaranteed. Moreover, reasonable simplification of the large-
signal IVFF compensation in boost mode is discussed for easy
implementation. Besides, the comparisons between the two-
mode PS-TEM control schemes with small-signal, large-signal,
and without IVFF compensations, including the output signals
of the voltage regulator, the input-to-output voltage transfer
functions, and implementations, are presented for clear descrip-
tion. Finally, a 250-500-V input, 360-V output, and 6-kW-rated
power prototype is built and tested, and the experimental re-
sults demonstrate the validity of the proposed control schemes,
with which both high efficiency and improved input transient
response over the whole input voltage range are achieved.
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