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ABSTRACT The conventional buck-boost converter has the advantages of simple structure, low cost, and the
capability to achieve both voltage step-up and down. However, due to the negative impacts of the parasitic
parameters of the device, the voltage conversion gain of the conventional buck-boost converter is greatly
limited. A low-voltage stress buck-boost converter with a high voltage conversion gain based on a coat circuit
is proposed in this paper to address the problem. Similar to a coat that can enhance human’s resistance to cold
weather, by adding the proposed coat circuit to the conventional buck-boost converter, not only the range
for the voltage conversion can be extended, but also the voltage stresses of the semiconductor components
are effectively reduced. In this work, comprehensive analysis on the working principles and performance
characteristics of the coat converter are provided. Experimental results are obtained and analyzed to validate
of the theoretical analysis based on a 300W closed-loop prototype platform.

INDEX TERMS Buck-boost, coat circuits, high voltage conversion gain, voltage stress.

I. INTRODUCTION

Renewable energy generation systems based on wind, solar,
and biomass have been rapidly developed around the world
in recent years [1], and it leads to increasing research interest
in DC/DC converters with high voltage conversion [2]-[4].
Coupled inductors have been commonly used to increase the
voltage conversion gain of DC/DC converters [S]—[7], but the
existence of leakage inductance can cause unwanted voltage
spikes. Additional auxiliary circuit is needed to solve this
issue while such a method requires more complex design [8].
Alternatively, many high step-up DC/DC converters based
on the switched-inductor or switched-capacitor have been
proposed [9]-[11]. However, these converters require a large
number of switches and driving circuits [12], [13]. Cas-
caded structures can be used to increase the step-up voltage
gain [14]-[16], but some issues will be introduced. On the one
hand, multiple stages are needed and the number of devices
is large. On the other hand, the system efficiency is low
due to the energy needs to undergo multi-stage conversion.

The associate editor coordinating the review of this manuscript and
approving it for publication was Canbing Li.
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Many different voltage multipliers (VMs) have been used
to improve the voltage conversion ratio of boost converters
in [17]-[20], not only the voltage conversion ratio of these
converters can be improved but also the voltage stresses on
components can be decreased.

However, most of the above-mentioned high step-up
DC/DC converters are developed based on the boost convert-
ers for voltage step-up. It is impossible to use such converters
in the applications that require voltage step-down, such as
portable devices, LED drivers, light-emitting diode products,
and car electronic devices [21], [22]. Recently, researchers
have proposed a few converters that have high voltage conver-
sion ratio ability and they can also achieve voltage step-down.
For example, a step-up/down converter based on the Zeta con-
verter has been proposed in [23], whose voltage conversion
ratio is twice as that of the traditional buck-boost converter.
References [24] and [25] have proposed two high-voltage-
conversion-gain converters based on the buck-boost converter
and the SEPIC converter, respectively, and their voltage ratios
are three times as that of the conventional ones. A quadratic
buck-boost converter is proposed in [26]. This converter is
cascaded with two conventional buck-boost converters, and
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FIGURE 1. Topology of the proposed converter: (a) the general topology;
(b) the topology with one basic cell.

it can realize the square of the voltage conversion ratio of
the conventional buck-boost converter, but the semiconductor
devices suffer from high voltage stress.

Different kinds of coat circuits for basic DC/DC converters
have been proposed in [27], and the Cuk converter has been
taken as an example to discuss in detail, the boost converter
with the coat circuit has been analyzed in detail in [28].

In this paper, the working principles and the performance
characteristics of a buck-boost converter with the coat circuit
have been analyzed in detail in Sections II and III, respec-
tively. The static and dynamic experimental results of the
prototype are given in Sections IV and V, respectively.

Il. OPERATING PRINCIPLE OF THE
PROPOSED CONVERTER
The topology of the proposed converter is shown in Fig. 1(a).
It consists of a basic buck-boost converter and the proposed
coat circuit of which the number of basic units is adjustable.
Each basic unit contains two capacitors, an inductor, and a
diode. In order to simplify the analysis process, this paper
takes the converter with one basic unit as an example to
analyze its working principle, as shown in Fig. 1(b). The
following assumptions are considered:

(1) All devices are ideal, ignoring the influence of circuit
and devices parasitic parameters;

(2) The capacitance value is large enough to ignore the
effect of voltage ripple on the capacitors.
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FIGURE 2. Key waveforms of the converter within one period.
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FIGURE 3. Equivalent circuits: (a) mode 1; (b) mode 2.

The converter can be worked in two modes: continu-
ous conduction mode (CCM) and discontinuous conduction
mode (DCM). There are two operation modes when work-
ing in CCM mode. Fig. 2 shows the key waveforms of the
converter in one switching period under rated operating con-
ditions. The detailed working process is as follows:

Mode 1 [#9-t1]: The equivalent circuit is shown in Fig. 3(a).
During this mode, the switch S; is turned ON and the diode
D; and Dy are reverse blocking. The current of the inductor
L; and L increase linearly under the excitation of the input
voltage source u;y, the capacitor C is charged and the capac-
itor C| is discharged, the capacitor C1, supplies power to the
load. The equations of inductance voltages can be obtained
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as follows:

{ UL1 = Uin (1)

UL11 = Uin + UC1 — UC11
Mode 2 [t1-t2]: During this period, the switch S; is turned
OFF and the diode D; and Dj; are turned ON, as shown
in Fig. 3(b). The L and L1 are demagnetized. The capacitor
C1 and Cqy are charged by the inductor L. The capacitor
Cq; is discharged. The relevant equations can be written as
follows:

@)

ULl = —uci
UL11 = UCl — Up = —UCI1

Ill. PERFORMANCE CHARACTERISTICS

A. VOLTAGE CONVERSION RATIO

By applying volt-second balance on the inductors L and L1
which are shown in (1) and (2), equations (3) and (4) can be
derived:

Duin = (1 — D)uc
uin + uc1 — uci1 = (1 = D) (uo — uc1) = (1 — D)uciy
3)
Uin - D
U =
Cl -
mn
ucn = 1o 4
Uin - 2D
U = U, =
o=uc2 =T

Based on (4), the voltage conversion ratio (M) can be found
as follows:

Uo 2D
M=—=—— 5)
Uin 1—-D
Extending to the proposed converter with n basic cells:
Uin - D
UC] = UC]1 = UC2] = ... = UCnl =
Cl Cl1 (.+Ci; i o™l =7"p
uin - (i .
uip = = ©)
ot (4 1)-D
o = UCn2 = 1-D
1)-D
yoth-D )
1-D

B. VOLTAGE AND CURRENT STRESSES OF COMPONENTS
As shown in Fig. 1(b), the voltage stresses of the switch Sy,
the diode Dy and Dq; can be denoted as usi, up; and upii,
respectively. According to (4), equation (8) can be obtained:
Uin
bap @®)
1-D
Based on equation (6), the voltage stresses of switch and
diodes can be found as follows when extending to the pro-
posed converter with n basic cells:
Uin
-b tin ©)
UDIL = UD21 = - = UDnl = T

Us] = Upl = Uijn + UCl1 =

Up11 = Uo — UC11 + Uin =

usy = up1 =

—_—
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To simplify the current stress analysis, ignoring the small
ripple term, the currents of inductor Ly, L1; and the output
current are denoted as I 1, I1.11, and I, respectively. Accord-
ing to the ampere-second balance of the capacitors Ci, C1;
and C, the following equations are derived as follows:

=D -I.;1 =0 -D) (L1 —Ip1)

D-Iuiy =1 —-=D)-Up11 —IL11) (10)
=D -1, =(1—-D)-U, —Ip11)
Ipy =Ipi1 =1L =1, (1D

If the converter loss is ignored and the input power is equal
to the output power, the input-output current relationship can
be obtained through equation (5):

2D
1-D

From Fig. 3 (a), the average current of the switch S; can

be obtained as follows:

Isi =1 - (12)

Isi =D- (L1 +1L11) (13)
From (11)-(13), equation (14) can be obtained:
14+D
hy=1I- 1T-D (14)

The above current stress analysis is extended to the pro-
posed converter with n basic cells, we have:

Ipt =Ibi1=Ip21 =...=Ipn1 =1
Lun=hxn=..=Im=1I

14+n-D
Ii=1 . "= (15)
L1 o 1-D

(n+1)-D
Joi =1, — 2 7
S1 0 1—-D

C. DISCONTINUES CONDUCTION MODE

When the input voltage and the output voltage remain
unchanged while the load power decreases (the dc load cur-
rent decreases), it can be seen from (11) and (14) that the
average currents of inductors Lj and L1 will decrease, but the
ripple magnitude of inductors L and L are kept constant,
as shown in Fig. 2. When the load current drops to a specific
value, in each switching cycle, there will be a part of time
that the switch and the diodes are not conducted, that is,
the converter will work in Discontinues conduction mode
(DCM). The converter can be divided into four modes during
each switching period.

In order to simplify the analysis process, it is assumed that
L1 = L11 = L. Due to the fact that the peak-to-peak current
ripples of inductor L; and Lj; are equal to the product of
the slope (the applied inductor voltage divided by L) and the
length of mode 1, (16) can be obtained based on (1)-(3). The
key waveforms of the proposed converter under the condition
of DCM during one switching period are shown in Fig. 4. The
mode 1 (#p-t1) and mode 2 (¢1-1;) in DCM are same as that
of CCM. When the current if 11 of the inductor Lj; drops to
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FIGURE 4. Key waveforms of the proposed converter at DCM operation.
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FIGURE 5. Equivalent circuits of the proposed converter at DCM
operation: (a) mode 3; (b) mode 4.

zero at time t, and then reverses, the converter enters mode 3,
the equivalent circuit is shown in Fig. 5(a). During the period
from 1, to 13, i decreases and i 1| increases in the opposite
direction, and the amplitudes of /. and i; 1] are equal at 3,
which is denoted as Iy;. In mode 4(#3-74), the diodes D; and
Dy are turned off, ir; and ip1; remain unchanged in this
mode, and the equivalent circuit is shown in Fig. 5(b).

Ui - DT

) _ pj = a6

L

Aipp = AiLyy =
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(17) and (18) can be obtained by using volt-second balance
on inductors L and L.

D
UCc| = Uin - —
Cl1 in DM
D
UCHl = Uin + — (17)
Dy
2D
Uo = UC12 = Uin * D_M
2D
= — (18)
Dy

where Dy is the duty cycle in mode 2 and mode 3 at DCM,
as shown in Fig. 4. The duty cycle D is the control signal
of the converter, which can be considered known, but Dy
is unknown. Therefore, another equation must be found to
eliminate Dy to obtain the voltage conversion ratio M.

The currents through the diodes D and D1 during diodes
conduction can be expressed as follows:

Ipy =11 — Icii
Ipii = Ici1 + 11
Ipt +Ipi1 =11 + L (20)

(19)

According to (11), the average currents of the diodes Dy,
and Dy are equal to the average output current /,. The sum
of the average currents of the diodes D; and Dj; can be
achieved:

2u,
Ip =Ip1 +Ip11 = — 2D
Ry

According to Fig. 4 and equation (20), it can be obtained
that the sum of the peak currents ip_peax Of the diodes
D1 and D1 1-

. . . . uin - D - Ts
ID-peak = IL-peak = IL1-peak T+ IL11-peak = mL— (22)
cq
1 _ 1 + 1 _ 2 23)
Lg Ly Ly L
L
Leqg = — 24)
172

According to Fig. 4, the sum of the average currents of
the diodes D; and Dy during one switching period can be

obtained as follows:
1 . uin - Dv - D - Ts
I =1 I = — X DM X ip- = —
D = Ip1 + Ip11 > M X ID-peak 2eg
(25)

According to (18)-(25), the voltage conversion ratio of the
converter in discontinues conduction mode can be earned as

follows:
D2R.T.
M=t _ [ZTELIS (26)
Uin L

When the proposed converter is working in the boundary
condition mode (BCM), the voltage conversion ratio in CCM
is consistent with DCM. The boundary factor («) can be
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TABLE 1. Comparison of the proposed converter with other topologies.

Tonolo Proposed Converter in Converter ~ Converter Converter Traditional
pology Converter [23] in [26] in[17] in [21] buck-boost
Number of switches 1 2 1 2 2 1
Number of diodes 1+n 2 5 2n 1+2n 1
Number of inductors 1+n 3 3 2 1+n 1
Number of capacitors 1+2n 4 3 2n 1+n 1
) . (n+1)-D 2D D n n D
Voltage conversion ratio — —=
£ a-D a-n —p I-D DU-D  U-D
u u u u u
Switch voltage stress — —2 2 - - U,
& (n+1)-D 2D D? 2n n
obtained by combing (5) and (26), as shown in (27). When 20T i
« is less than 1, the converter works in CCM and when « is 180 Traditional buck-boot converter S
larger than 1, the converter operates in DCM. 16 ! A
R \ Proposed converter when n=1 : / I
(1 _ D)2 . TS . RL '§ 14r :
0=—— 27 =
4, g 12
Extending to the proposed converter with n basic cells: ; 1or
(n+ 1)D2RLT: | 1
u n LS = oF
M==2=|"T"""">3 (28) s 6
Uin 2L 4r
(1—-D)*-Ts- Ry o
0= —— (29)
2n+1)-L 0 -
0 01 02 03 04 05 06 07 08 09 1

D. COMPARISON OF THE PROPOSED CONVERTER WITH
OTHER TOPOLOGIES

Table 1 shows the performance comparison of several other
high-gain DC/DC converters, traditional buck-boost con-
verter, and the converter proposed in this paper. Fig. 6 shows
the comparison of the voltage conversion ratio of the pro-
posed converter with one basic cell, the traditional buck-boost
converter, and the converters proposed in [21], [26]. Com-
pared with the traditional buck-boost converter, the proposed
converter can decrease the voltage stresses on devices, and
increase the voltage gain by introducing the proposed coat
circuit. The converters proposed in [17], [21] can also change
the voltage gain by changing the number of VMs, but they use
two switches and have no step-down voltage capacity. The
voltage gain of the converter proposed in [26] is significantly
higher than that of the converter proposed with one VM, and
the voltage gain of the converter proposed in [23] is equal to
that of the proposed converter with one basic cell, but their
topology is fixed and their voltage gain is not adjustable.

IV. EXPERIMENTAL RESULTS

In order to verify the accuracy of the above theoretical analy-
sis, an experimental prototype containing two basic cells was
established. The specifications of the experimental prototype
are shown in Table 2.

The experimental waveforms are shown in Fig. 7. Fig. 7(a)
illustrates the waveforms of ugs, uin, usy and u,. When the
voltage conversion ratio is 8.33, the duty cycle is near 0.735,
which is consistent with (7). The voltage waveforms of diodes
D1, Dy1 and Dj; are given in Fig. 7(b), and the voltage

95192
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FIGURE 6. Voltage conversion ratio comparison between the proposed
converter and other converters at CCM operation.

TABLE 2. Specifications of the experimental prototype.

Parameter Values

Input voltage(u;,) 48V

Output voltage(u,) 400 V

Output power(p,) 300 W

Switching frequency(f;) 100 kHz

Switch(S;) IRFB4332

Diodes IDT12S60C

Capacitors Civ Civ Coy Cipy Cpy Gy 4uF
Inductors

L[I 300 LlH, Lz\ L”\ L21Z 950 uH

Load resistance R;:5333Q

stresses of diodes and switch is around 181 V, which is
consistent with equation (9). Fig. 7(c) and Fig. 7(d) show
the voltage waveforms of each capacitor, in which uc; is
about 133 V, ucjz is about 266V, ucys is about 400 V, ucy
and ucp; are about 133 V. The above results are consistent
with equation (6). Fig. 7(e) shows the current waveforms of
each inductor, in which the average current of the inductor L;
is about 6.99 A, and the average currents of the remaining
inductors is about 0.75 A, which is consistent with equa-
tion (15).

The efficiency of the converter was tested under different
output voltages and output power, and the results are shown

VOLUME 8, 2020
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FIGURE 7. Experimental waveforms when the input voltage is 48V:
(a) duty cycle, input voltage, output voltage and switch S; voltage;

(b) diodes voltage; (c) and (d) capacitors voltage; (e) inductor current.
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FIGURE 8. Efficiency waveforms of the proposed converter: (a) the output
voltage varies from 40 V to 400 V; (b) the output power varies between
30-360 W.
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0.11W
0.60%

FIGURE 9. Experimental prototype loss distribution.

in Fig. 8. Fig. 8(a) shows the prototype efficiency curve with
different output voltages when the input voltage is 48 V.
Obviously, the prototype efficiency increases first and then
decreases with the increase of duty cycle. When the duty
cycle is 0.661 and the output voltage is 280 V, the maximum
efficiency is close to 94.8%. By changing the load resis-
tance, the prototype efficiency changes with the output power,
as shown in Fig. 8(b). When the output power is 240 W,
the maximum efficiency is about 94.3%.

The calculated loss distribution of the experimental proto-
type is shown in Fig. 9. The main losses are on the switch,
inductors and the diodes, which are about 6.91 W, 6.4 W and
3.38 W, respectively.
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FIGURE 11. Experimental circuit under double-loop control.

V. MATHEMATICAL MODEL AND CLOSED LOOP TEST

By using the circuit averaging technique proposed in [29]
to replace the converter switches with voltage and current
sources, and the averaged switch model of the proposed
converter is obtained, as shown in Fig. 10. The symbol (A)
represents the dynamic changes of the parameter, as shown
in (30) and (31). T}, represents the primary winding of the
transformer, Tsy, Ts2, ..., Tsp are transformer secondary

windings.
(d(®)7s = D+d(1)
(Uin(®)) s = Uin + ttin(t)
(o) 75 = Uo + fio(t)
(uci())rs = Uci + uci(t)
(iLi(®O)y, = Iy +iLj(®) (30)

whereiis 1, 11,12,...,nl orn2,andjis 1, 11, 21, ...nl.
Uin
D-D (31)

1o

D-D

The voltage-current double-loop control scheme is
designed, as shown in Fig. 11, where Gvy(s) and Gj(s) are the
compensation functions of the voltage and current controllers

up =d(1) -

h=bh=...=Ipt1 =d(@)-
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FIGURE 12. The experimental waveforms: (a) the input voltage jumps
from 58 V to 48 V; (b) the input voltage jumps from 48 V to 58 V; (c) the
output power jumps from 300 W to 400 W; (d) The output power jumps
from 400 W to 300 W.

respectively. 1/Vy is the transfer function of the PWM mod-
ulator. In addition, Hi(s) and H»(s) are voltage and current
measurement gains, respectively.

The experimental results are shown in Fig. 12. Fig. 12(a)
and Fig. 12(b) show the output voltage response when the
input voltage changes from 58 V to 48 V and from 48 V to
58V, respectively. The DC and AC quantities of the output

VOLUME 8, 2020
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voltage response are shown in Fig. 12(c) and (d) when the
output power changes from 300 W to 400 W and from 400 W
to 300 W. Obviously, due to the input voltage changes slowly,
the output voltage hardly fluctuates when the input voltage
changes. The output voltage changes nearly to 10 V when the
load jumps, and it returns to the steady-state in 3 ms.

VI. CONCLUSION

In this paper, the application of the coat circuits in the buck-
boost converter has been discussed in detail. Theoretical anal-
ysis and experimental results show that the converter has the
following advantages: only one switch is needed, the con-
trol and driving circuit are simple which are similar to the
conventional buck-boost converter; voltage conversion gain
of the buck-boost converter has been improved effectively,
and a wide range input/output voltage conversion can be
realized; the number of basic cells in the coat circuit can be
adjusted according to the needs of the application so that it
can be used in many occasions. The above characteristics
make the converter suitable for wide input/output voltages
applications, like photovoltaic, fuel cell power generation
systems.
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