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Abstract: A family of isolated dc/dc converters for wide input-voltage range is proposed in this paper, and the full-bridge(FB) boost
converter, being one of the typical topologies, is analyzed. Due to the existence of the resonant inductor (including the leakage inductor), the
FB-boost converter can only adopt the two-edge-modulation (TEM) scheme with the FB cell being leading-edge modulated and the boost
cell being trailing-edge modulated to minimize the inductor current ripple over the input-voltage range, and a phase-shift-control-scheme-
based TEM is proposed which realizes phase-shifted control for the FB cell to achieve zero-voltage switching. In order to improve the
reliability and efficiency of the FB-boost converter, a three-mode dual-frequency control scheme is proposed, in which the FB-boost
converter operates in boost, FB-boost and FB modes in low, medium and high input voltage regions, respectively, and for which the
expression of the inductor current ripple is derived in this paper. A 250-500 V input, 360 V output, and 6 kW rated power prototype is
fabricated to verify the effectiveness of the design and control method.

Keywords: Isolated buck—boost converter, full bridge boost converter,  converter with HF transformer can be used as the front-end
leakage reactance, two-edge modulation(TEM). dc/dc converter.

. INTRODUCTION
The use of renewable energy has recently received worldwide

attention in view of the continuous growth in energy SOUAR pANEL o | o | ]

consumption and the pressing need for reducing carbon

emission to the atmosphere. Photovoltaic (PV) power has been * *
P (PV) P

a promising renewable energy source due to its zero pollution
(both air and noise), ability to operate with much less
restriction on location, and ease of maintenance. Nowadays, the
grid-connected PV system has become an important means of
PV power utilization.

Figure 1: Block diagram of PVEC System.

It is well known that the output voltage of PV arrays
fluctuates with the output current and climate conditions such
as solar radiation and ambient temperature. In other words, the
output voltage of PV arrays has a wide variation range. It is
thus imperative for the front-end dc/dc converter to achieve a
high efficiency over the entire input-voltage range. It is known
that the buck converter has the ability of voltage step down,
and the efficiency decreases with increasing input voltage,
whereas the boost converter has the ability of voltage step up,
and the efficiency increases with increasing input voltage and a
two state buck-boost(TSBB) converter have the ability of
voltage step up and down.

The grid-connected inverter, being an essential part of
the grid-connected PV system, has profound impact on the
overall efficiency and cost of the system. Currently, the most
popular configuration of the two-stage grid-connected inverter
is a cascade configuration consisting of a front-end dc/dc
converter and a downstream inverter. The front-end dc/dc
converter performs two major tasks: 1) to produce voltage at
appropriate level to the downstream inverter; 2) to extract
maximum power from the PV arrays. The downstream inverter
then converts the dc output voltage of the front-end dc/dc
converter into the ac grid connected voltage. An isolated dc/dc
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Buck cell

Boost cell

Figure 2: TSBB converter

I1. DERIVATION OF ISOLATED Dc/Dc CONVERTER

In the TSBB converter shown in Fig. 2, Qi1 and D1 form
the buck cell, and Qz and Dz form the boost cell. Galvanic
isolation can be realized by inserting an HF transformer into
the TSBB converter, either in the buck cell or the boost cell,
leading to the buck-derived isolated cell or the boost-derived
isolated cell, respectively. Fig. 3 shows the isolated dc/dc
converter, which is obtained by replacing the buck cell with the
FB cell. This converter is called FB-boost converter.
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Figure 3: FB-boost converter

In Fig. 3, the body diodes and junction capacitors of power
switches Q1 to Q4 are omitted for brevity, and Lr is the
resonant inductor which includes the leakage inductor of the
transformer to achieve zero voltage switching (ZVS) for the
power switches in the FB cell.

It should be noted that if the resonant inductor is removed
and the leakage inductor of the transformer is zero, the control
strategy for the TSBB converter is effective for the FB boost
converter. However, the leakage of the transformer is inevitable
in the practical circuits, and for the FB converter, an external
resonant inductor is added in series with the primary of the
transformer to achieve ZVS for the power switches generally.

I1l. ComMPARISON OF VOLTAGE CONVERSION IN BUCK-
BoosT AND FB-BOOST CONVERTERS

1) Two State Buck-Boost Converter

If the active switches Q1 and Q2 of the TSBB converter
are switched ON and OFF simultaneously, the operating
principle is the same as the inverting buck—boost converter. In
fact,Q1 and Q2 can be controlled independently. As seen in
Fig. 2, by neglecting the ripple of the inductor current i, the

average inductor current I+ equals to lo /(1- d2 ), where lois

the output current, and d2 is duty cycle of Qz .

Therefore, reducing d2 will reduce I, as a result, the
conduction losses in the inductor and power switches are
reduced. Thus, dz2 should be as small as possible. The voltage

conversion of the TSBB converter is Vo /Vin = d1 /(1-d2 ),
where d1 is duty cycle of Q1 .

2) FB-Boost Converter

Due to the presence of the resonant inductor Lr in the
FB cell, the actual duty cycle of v1 is smaller than the duty
cycle of vag. This is the phenomenon of duty-cycle loss, which
can be expressed as

D1055 = 4kL1-IL-J« _av fs/V;n _______________ (1)

Where I 1, is the average current of inductor Lf |k is
the turns ratio of the secondary to primary windings of the
transformer, and fs is the switching frequency of the FB cell.

As shown in Fig. 3, the inductor current, iLf, flows
into the load through diode Db only when Qb is switched off.
Thus, the average inductor current is

IL!—*“’ = 1— dg ________________ (2)
Where lo is the output current, and d2 is the duty
cycle of Qb. Substitution of (2) into (1) gives

AkL. I,
Dy, = —xbrlol.
T Val-d) A3)

Also, the average voltages at the two terminals of the inductor
Lfare

1 = (dy — Dhoss )kVin = di_eakVin

vy = {1 - d?}v:; ____________________ (5)

Where d1 is the duty cycle of the FB cell, i.e., the duty cycle of
VAB, d1 . = d1-D. is the effective duty cycle of the FB cell,
i.e., the duty cycle of v1.

The pulsating frequency of the voltage v1 is 2fs , and
the pulsating frequency of v2 is the switching frequency of Qb,
which is denoted as fs b . Setting fs b = 2fs would optimize the
design of Lf . In the following discussion, it is assumed that fs
b= 2fs . At steady state, the volt—second product of Lf is zero
in every switching period of Qb, implying that the average
voltage at the two terminals of Lf are equal, i.e.,

vy\=va._______________ (6)

By substituting (3), (4), and (5) into (6), the expression of the
output voltage is derived as

I‘-'Ii»rl r 4kQLrIa fﬁ
kVig —
1—d; (1—dy)?

. di g .,
10_]_—d.2L1I“_

It can be seen from (7) that the output voltage of the FB-boost
converter is not only related to the duty cycles of the FB cell
and boost cell, but also related to the output current, the
resonant inductor and the switching frequency.

Thus, in the TSBB converter, the boundary input voltage
of the buck mode and boost mode is a point but for the FB-
boost converter, due to the existence of the resonant inductor,
the boundary input voltage of the FB mode and boost mode is
not a point any longer, and it is more efficient than TSBB
converter.

IV. PHASE-SHIFT TEM TO MINIMIZE THE INDUCTOR
CURRENT RIPPLE

The FB-boost converter can adopt the TEM scheme with
the FB cell being leading-edge modulated and the boost cell
being trailing-edge modulated. Fig. 4 illustrates the TEM
scheme where the FB cell is leading-edge modulated and the
boost cell is trailing-edge modulated.
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Figure 4: FB cell being leading-edge modulated

and boost cell being trailing-edge modulated.

As the trailing edge of v1 is fixed, the overlapping
conduction time of the diagonal switches of the FB cell and Qb
is kept unchanged even when D)o is nonzero. Thus, the
inductor current ripple does not change with D)., and is only
determined by d1 ..

It can be seen from (2) that in order to reduce the
average inductor current, d2 should be as small as possible.
According to (7), larger d1 ¢ means smaller d2. When kVin <
Vo ,d1 ¢ + d2 > 1. Due to the nonzero D)., the maximum
value of d1 ¢ iS 1—D)gss.
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Figure 5(a): kVin <Vo

Thus, the FB cell is set to work at full duty cycle, i.e.,
dl =1, and the duty cycle of the boost cell, d2, is controlled to
regulate the output voltage, and the FB-boost converter acts as
a boost converter. This operation mode is defined as the boost
mode. Substituting d1 =1 or d1 ¢ = 1-D, into (7) yields

V. = 1- Dlnss KV, = kvln 4k2LrIofs
° (1-d,) ™ (1-d,) (1—-d)?* ______ ®)

When kVi, >Vo , d1 ¢ + d2 <1, i.e., d2 <1 — d1 & Two cases
can be identified for this condition. In the first case, d2 is
greater than 0 even when d1 reaches 1 in order to obtain the
required output voltage. In the second case, d2 can be zero and
d1 is controlled to regulate the output voltage.
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Figure 5(b): kVin > Vo
For the first case, the expression of the output voltage is the
same as that shown in (8). Substituting d2 = 0 into (8), the
boundary input voltage for the two cases is

v, ,
=V, +4K%L_If,

KV, =—°
i 1- Dlnss

When Vo < kVi, < Vo + 4k’Lr lo fs , d2 is greater than 0 with
dl being 1, the FB-boost converter operates in the boost mode,
as discussed above. Thus, the input-voltage range for the boost
mode is expanded from kVin< Vo to kVin< Vo+4k®Lrlo fs.

When kVin > Vo+4K2Lr lo fs ,d2 can be as small as 0.
In this case, Qb of the boost cell is off, and d1 is controlled to
regulate the output voltage, and the FB-boost converter thus
acts as an FB converter. This operating mode is defined as the
FB mode. Substituting d2 = 0 into (7), we get

Vo = dl_aff ka = dlkVin - 4k2£‘r{o};

Since there are two operating modes over the input-
voltage range, this control scheme is called two-mode PS-
TEM. Combining (11) and (13), the voltage conversion for the
FB-boost converter with two-mode PS-TEM is

KV,  4E°LLS, ﬂ
- : KV, SV, + 4k%L,1
VD= (1—d2] [1_d:]2 in o+ '.,.ng

dkv, - 4L LS, K, =V +4k*L Lf,

V. THREE-MODE DUAL-FREQUENCY Ps-TEM CONTROL
SCHEME

In order to solve the problems of two-mode PS-TEM
control, a third region of [Vin_bp,, Vin by is introduced. In
this region, the FB cell works at a fixed maximum duty cycle
d1l e SO that the duty cycle of the boost cell, d2 , is set as
small as possible in order to reduce the average inductor
current, and at the same time d2 is controlled to regulate the
output voltage. This operating mode is defined as the FB-boost
mode. Therefore, the input-voltage range is divided into three
regions, i.e., Vin < Vi, pmin for the boost mode, Vi, pmin< Vin
<Vimomax fOr the FB-boost mode, and Vin > Vi, ymax for the FB
mode.

In order to verify the operating principle of the FB-
boost converter and the effectiveness of the control scheme, a
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250-500 V input, 360 V output, and 6 kW rated power
prototype is fabricated. As mentioned above, in the FB-boost
mode, d1 should be made as large as possible to reduce d2. We
set the minimum value of d2 as 0.05 in this paper. Substituting
Vinbmax = 376V, 1o = 0.10 x16.7 = 1.67 A, and d2 = 0.05 into
(8) yields d1 = 0.92, substituting k = 1 and d1 max= 0.92, the
voltage conversion of the FB-boost converter under three-mode
PS-TEM control is

Vi 4L 1 £,
— - V,, < 362V
1-d, (1-d,)? in
v, ={092V, 4LIf

362V < V.. < 376V

in —

1-d, (1-4d,)

d,V,, —4L_Lf, > 376V

-(12)

V1. CIRcUIT DIAGRAM AND EXPERIMENTAL RESULTS
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Figure 6(a): Simulink model of FB-Boost

Fig 6(a) shows the simulation circuit of FB-Boost
circuit. The values of the components are shown in the
appendices of the thesis. The circuit has a full bridge of four
switches which converts DC to AC and the output is sent
through the transformer then a diode bridge is present to
convert it again to DC and then the boost cell is present.
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Figure 6(b): Selection of mode

The fig 6(b) gives the selection of mode or operation
of the circuit based on the input voltage the selection of mode
is shown in the tabular column below

Table 1: Mode Selection
362<V, <376

V, < 362 V, > 376

Conlislow | Conlishigh Con 1is low

Con2islow | Con2islow Con 2 is high

Con 3is high | Con3is low Con 3 is low

The input voltage, as obtained by the voltage sampling cell, is
sent to the control block, i.e., Vin /H, where H is the sampling
coefficient. Also, Vb 1 and Vb 2 correspond to the minimum
and maximum values of the boundary input voltage divided by
H, respectively, i.e., Vin bmin/H and Vin bmax/H. The
operating mode of the FB-boost converter can be determined
by comparing Vin /H, given Vb 1 and Vb 2 . Furthermore,
CON1, CON2 and CON3 are the operating mode selection
signals corresponding to the FB mode, boost mode, and FB-
boost mode, respectively.
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Figure 6(c): Control circuit for FB-cell and boost cell

Fom24

The above figure 6(c) shows the control circuit for the
FB-Boost converter the upper one in the fig is the control
circuit for FB cell switches i.e. Q1-Q4 switches. The below
circuit is the control circuit for boost cell. Both the circuits are
useful to produce signals for the respective switches the time
period is varied according to the values derived theoretically in
the before chapters. The signals for the switches are produced
by PWM technique.

Q1 and Q3 are the drive signals for the leading switches
of the FB cell, and Q2 and Q4 are the drive signals for the
lagging switches of the FB cell. The drive signals Q1 and Q3
are sent to the NOR gate, giving a pulse signal with the pulse
width equal to the dead time of Q1 and Q3 . This pulse signal is
then sent to the SYNC pin as the synchronization signal for the
boost cell, thus achieving TEM for the FB-boost converter.
There are two separate output voltage regulating circuits for the
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FB cell and the boost cell. In the FB mode, CONL1 is at high
level, and CON2 and CON3 are at low level. The signal switch
S3 is turned on, pulling down the voltage of the non inverting
terminal of the boost-cell regulator to zero. Thus, the output of
the boost-cell regulator is forced to zero, and the duty cycle d2
is zero accordingly.

Moreover, the FB-cell regulator determines the duty cycle
of the FB cell. In the boost mode, CON2 goes high, and CON1
and CON3 goes low. The signal switch makes the control
circuit of the FB-cell regulator to go below Vref . Thus, the FB-
cell regulator is saturated, and the duty cycle of the FB cell
reaches its maximum value of 1. Meanwhile, the boost-cell
regulator determines the duty cycle of the boost cell. In the FB-
boost mode, CON3 is at high level, and CON1 and CON2 are
at low level. Both the control circuits are turned on, and the
FB-cell regulator 1 is saturated and its output voltage is
clamped letting the FB cell operate at the maximum duty cycle
of d1 max.
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Figure 7b): Full bridge-boost mode Vab in volts; Vs g in
volts; I, in amps; Iz in amps).

Figure 7c): Full bridge mde (Va in volts; ds_qb in volts; I,
in amps; i in amps).

The figures of 7 are the experimental waveforms of
FB-Boost converter under three mode dual frequency PS-TEM
control which include the primary voltage Vab of the FB cell,
drain to source voltage of Qb of the boost cell, Vdsgb, and
inductor current 1If (only ac component) from top to bottom in
each figure. Fig. 7(a) shows the waveforms at Vin = 300 V,
with the FB-boost converter operating in the boost mode. It can
be seen that the duty cycle of the FB cell is 1, and Vo is
regulated by controlling the duty cycle of the boost cell. Fig.
7(b) shows the waveforms at Vin = 365 V, with the converter
operating in the FB-boost mode. The FB cell operates at a
fixed maximum duty cycle of 0.92. Since Vin is close to Vo ,
the inductor current ripple is nearly zero. Fig. 7(c) shows the
waveforms at Vin = 450 V. Here, the converter operates in the
FB mode, the boost cell quit working, and Vo is regulated by
controlling the duty cycle of the FB cell. It can be seen that the
primary current of the transformer is symmetrical in every two
switching periods of the boost cell.

VIlI. CONCLUSION

A family of isolated buck—boost converters is
proposed in this project for use in applications where the input-
voltage range is wide and galvanic isolation is required. For
illustration, a FB boost converter version is analyzed. Since the
boundary input voltage of the FB mode and boost mode
changes with the output current due to the resonant inductor, a
three-mode PS-TEM control scheme is proposed to improve
the efficiency and reliability, in which the converter operates in
boost, FB-boost, and FB modes in the lower, medium, and
higher input voltage regions respectively, and for which the
expressions of the voltage conversion are all derived.
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