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DC boost converter with buck buffer
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Abstract: For a conventional high-power active power factor correction (APFC) boost converter, its output capacitor needs to

be precharged, which means that two power switches of the main circuit and the control circuit are needed to be respectively

turned on and turned off in a fixed order. After the main circuit switch is turned on, it is necessary to wait for precharging

before turning on the control circuit power switch. Once an inadvertent operation is performed, an overcurrent phenomenon

from the output capacitor will occur. In this study, the buck circuit is used as the pre-stage snubber circuit, which can directly

supply power to the circuit without precharging the output capacitor. As a result, potential safety hazard caused by the

overcurrent due to the capacitor and the charging maloperation during the start-up stage can be avoided. Theoretical analysis

and simulation experiment show that the DC boost converter with buck buffer can maintain the peak value of the main circuit

within the safe range when the device boot does not precharge the output capacitor, and thus the safety and stable operation of

the DC boost converter are ensured.
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0 Introduction

Active power factor correction (APFC) technology
is an effective method to suppress harmonic current

1) Boost circuit is usually

and improve power factor
used in the conventional high-power APFC boost
converter to increase the inductor current when the
output capacitor is started without precharging.
Controlling the conduct time of the switch transistor
cannot control the size of the input current. In such
case, both inductance stored energy and current
increase constantly. After several cycles of turning on
and turning off the switch, the current turns into a
large shock current. If nothing is done, overcurrent
will happen in the main circuit and worst of all the
equipment is damaged .

because the output

capacitor is not precharged before the device boots'*.

This problem will occur

In response to this problem, the traditional solution
is to first turn on and turn off the two power switches
of the main circuit and the control circuit respectively
in a fixed order, then wait for precharging after
turning on the main circuit switch, and finally turn
off the control circuit switch"™. This method depands

on manual operation. Once maloperation occurrs,
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i. e. the two power switches of the main circuit and
the control circuit are turned on in reverse order, and
the time for the precharging is not enough, the
instantaneous current of the main circuit will be out
of the safe range. In Ref. [8], a single-stage boost
bridge active power correction converter based on
active clamp is proposed. This circuit of the active
clamp circuit can absorb overvoltage produced in the
converter circuit. However, when the voltage of the
circuit to the output capacitance is low, the energy
stored in the inductor is close to saturation after
several cycles of turning on and turning off of the
switch tube. As a result, the released current breaks
through the output capacitance, which causes damage
All of the above methods may
cause a fire and pose a threat to personal and property

to the equipment.

safety. In general, the DC input uses a battery as a
power source. In medium and high voltage battery

applications, electric vehicle power battery is a

common example. And power safety, power

controllability and equipment intelligence are major

[9]

considerations”. Since the switching process of

APFC  boost

requires professional operation, further consideration

traditional professional converter

is needed to increase its versatility and safety, so as
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to avoid the safety hazard that caused by the
operation-'".

To avoid the overcurrent generated by precharging
the output capacitor in the conventional high-power
APFC boost converter, based on the characteristics of
the buck circuit, we design a DC boost converter with
buck buffer, which can boot device at any time.
Overcurrent phenomenon during the whole work
process is avoided and the safety of the device is
improved even though the output capacitor is not
precharged. Theoretical analysis and simulation
experiments show that the designed converter can
greatly reduce the instantaneous current and make the

converter work stably.

1 Hardware structure

The hardware
converters is a cascade connection, so that the output

structure of buck and boost

capacitor voltage can gradually rise from zero to the
target voltage without a precharging process. The
circuit configuration of a DC boost converter with a
buck buffer is shown in Fig. 1. Simultaneous control
of M, and M, can make the front buffer output and
the final output of the circuit rise slowly to achieve
the purpose of protecting the circuit.
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Fig. 1 Circuit structure of DC boost converter with buck buffer

2 Theoretical derivation

The core part of the DC boost converter is the
boost circuit, as shown in Fig. 2.
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Fig. 2 Schematic diagram of boost circuit

When the circuit starts to work and u;,=>u, » it can

be concluded that M is disconnected according to the

[11-12]

proportional integral ( PI) control principle

Before the current is reversed, the equivalent circuit

of Fig. 2 is shown in Fig. 3. The voltage and current

equations in boost circuit are expressed as

Uieqg = UL T+ Uy >
i=C dg,
and the simplified expression of Eq. (1) is given as
we, = 1y - LC d;;;% 2

where u;, is the equivalent input voltage; u; is the
voltage of the equivalent inductance of L; u, is the
output voltage; L is the equivalent inductance; and C
is the equivalent capacitance.
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Fig. 3 Equivalent circuit of initial state of boost circuit

When u;, is the real part of wu,,» assuming that

Uiy 70, we can get

4
Uo = Uieql — Uicql COS = (3
VLC
. C . t
L = Uieql E sin — (4)
VLC
Meanwhile, assuming that wu., is a positive

proportional function of time ¢, and the proportional
coefficient is k£, when w.,=kt, we can obtain

dz 0
kt = u, +LC d;' (5
According to Egs. (2) and (5), we can obtain
u, = k(t — +/LCsin L ), (6)
VLC
i = RC(1 — cos ——). (7
VLC

Combining Egs. (4) and (7), when w,; 70, the
maximum current can be deduced as
l.max - uicq] % 9 (8)

where uiq is the real part of wui,.
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Combining Eqgs. (4) and (7)., when ui, =kt, t<<

% and i =0,

deduced as

the maximum current can be

Z.maxl - kc ’ (9>

where £ is the proportional coefficient.

From Ref.[13], we can obtain that the order of
magnitude of capacitor in the boost circuit is pF, and
the that of inductance is pH.

Egs. (8) and (9) show that the instantaneous
current in.y and iy, and equivalent voltage u, in the
boost circuit are of the same order of magnitude,
while instantaneous current i7,.q 1in the circuit
structure of the DC boost converter with buck buffer
is 107° order of magnitude. By comparing the current
with buck buffer and the current without buck
buffer, the instantaneous current 7, of the DC boost
converter circuit with buck buffer is less than the
boost circuit.
Therefore, the circuit structure of the DC boost
with  buck buffer can

instantaneous current, and the peak current of the

instantaneous current im. of the

converter reduce the

main circuit will not exceed the safe range when the

device boots.

3 System model

3.1 Generation algorithm of switch control
signal

In Fig. 1., the buck circuit serves as the power
structure of the boost circuit and performs PI control
on M, and M,.

Triangle wave

Fig. 4 Algorithm of control signal of M,

The buck circuit provides a power supply to the
boost circuit in Eq. (5) and the boost circuit can use
the power supply to perform a DC boost conversion

The block diagram of the
control signal generation algorithm of M, is shown in

without precharging.

Fig. 4, and the block diagram of the control signal
generation algorithm of M, is shown in Fig.5. In
Fig. 5, s is the output voltage rising slope, u, is the
reference value of steady-state output target voltage,
and i;, is the current flowing through the inductor
L,.

st<u, + PI I—Pl Multiplier

Triangle wave

Fig. 5 Algorithm of control signal of M,

The control signal of M, is generated by the PI
voltage loop. Specifically, the voltage reference value
is needed to be gradually increased from 0 V to the
input voltage. The control signal of M, is generated
by the double loop of PI voltage and current. This
voltage reference value gradually rises from 0 V to
the final target voltage. Since the equivalent input
and output initial states of the boost converter are
both zero as well as there is no abrupt change, the
precharging is actually performed simultaneously in
the working process.  Therefore, no special
precharging process is required, which ensures that
there is no overcurrent in the circuit.
of PID control is

The mathematical model

expressed as

de(t)
dz

w(t) = K, @(zﬁ%]ldr)dﬁn ] ao

where K, is the proportional coefficient, T; is the
integral time constant. and Ty is the differential time
constant.

The transfer function of PID is expressed as

Do =08~k (1+L+1s).  ap

E(s)

In Matlab/Simulink, it is impossible to process the
continuous output signal like analog PID. So, the
analog PID algorithm is needed to be discretized.
This discretization processing is as follows: Taking &
as the sampling serial number, T as the sampling
period, and k2T as the discrete sampling continuous
time, by discretization, the integral is replaced by the
summation and the differential is replaced by the
incremental form, which are expressed as

t =~ kT k:(()’l,zy"'),

+ k 3
\joemdz A~ T;Oe(]ﬂ — T;Oe_,, an

de() ~~ e(FT) —e[ (k—1)T] _ & e
dr T T °

In conclusion, we can obtain

k
Up :Kp|:€k +%2€]‘+%(6}(*(Q~1):|9 (13)

ij=0
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where e, is the simplified e(kT) in Eq. (13).

In this study, as the controlled objects are more
complicated and the mathematical model is difficult to
establish, the PID regulator is designed by Ziegle and
Nichols in the process of system design and debug.
This method is used to achieve the “quarter-decay”
response, that is, the designed regulator makes the
overshoot of the closed loop step response of the
system adjacent to the next cycle decrease to about
25% of the previous cycle. Suitable for low gain,
stable gain and high gain systems, the oscillation is
In the second method of Ziegler-Nichols,

continuous oscillation is used to set the parameters,

divergent.

At the beginning, only the proportional correction is
performed. The system firstly works with a low gain
value and then slowly increases the gain until the

closed-loop  system outputs equal amplitude

oscillation, The oscillation period T, and the

proportional gain K, are recorded, and the PID
parameters are obtained by
_ ~ 1.2K, 0.54K,
K, = 0.45K,, K, = T — T - (14)

3.2 Software control process

The design described in this paper does not require
precharging of the output capacitor, and can turn on
or turn off the main circuit and the control circuit
switches at the same time. A relay is connected
between the switch and M, for program control
protection of the power supply and the circuit. In
order to make the equipment operation normal and
efficient, software control process is shown in Fig. 6,
where u; and u, are the upper and lower limits of the
voltage, respectively, and u, is the reference value of
equivalent input voltage, which is the maximum
allowable error of ui,s and wu. is Au.

To control the program, firstly, system
initialization is performed, making sure that the input
voltage u; is within the upper and lower limits of the
voltage to allow the power supply to successfully
initialize the system. Secondly, turn on the relay and
the program control switch, making sure that the
input voltage u; is within the voltage range during the
charging and discharging process. Finally, perform
PI control on M, and M,. When the difference
between the equivalent input voltage wui, and the
reference value of the equivalent input voltage wu. are
greater than the maximum allowed error Au, turn off

the relay and end the program.

System initialization

| Turn on relay

| Disconnect relay

Fig. 6 Software control process

3.3 DC boost converter circuit model with

buck buffer

The circuit model of the DC boost converter with
buck buffer is built by Matlab/Simulink toolbox, as
shown in Fig. 7.

M,
I’J L, L, D,

] |

Fig. 7 Circuit model of a DC boost converter with buck buffer

In Fig. 7, the PWM waveform is generated by the
program to turn on and turn off the switch tube.
According to the control signal generation algorithm
of the buck circuit shown in Fig. 4, the PWM driving
model of the buck circuit is established, as shown in
Fig. 8. The control signal generation algorithm of the
boost circuit is shown in Fig. 5, the PWM driving
model of the boost circuit is established, as shown in
Fig. 9. According to Eq.(14), the parameters of
discrete PID controller] in Fig. 8 are K, =0. 2 and
K;=2. The parameters of discrete PID controller2 in
Fig.9 are K, = 0. 013 5 and K; = 0. 704. The
parameters of discrete PID controller3 are K,=0. 702
and K;,=1. 46.
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Fig. 8 PWM driving model of buck circuit
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Fig.9 PWM driving model of boost circuit

4 Simulation

In order to verify the designed converter, the
simulation experiments are carried out with Matlab/
Simulink. The power supply is a 240 V battery and
the voltage is boosted to 380 V. The inductance of
the circuit is 750 pH and the capacitance is 4 230 pF.
The thyristor uses G40N60UFD IGBT with rated
voltage of 600 V, rated working current of 40 A,
maximum working current of 60 A and maximum
forward instantaneous current of 160 A. The diode is
DSE160-06, whose rated voltage, rated operating
the
maximum forward instantaneous current are 600 V,
30 A, 60 A and 160 A, respectively. This circuit is
subjected to a simulation experiment with a load of
3000 W, £=1 500, and s =1 700.
illustrate the safety impact of precharging the output

current, maximum operating current and

In order to

capacitor on the circuit in the conventional high-
APFC boost converter, the DC boost
buck buffer is simulated by
Matlab/Simulink, and inputs when precharging is
performed are 0 V, 50 V, 100 V, 150 V and 200 V,
respectively. The current waveform is shown in
Fig. 10.

When the precharging of the DC boost converter
without buck buffer are 0 V., 50 V, 100 V, 150 V
and 200 V, the maximum input current is shown in
Table 1.

power
converter without

700
s Precharge 0V
s Precharge 50 V
600 — Przshaé: 100 V
Precharge 150 V
Precharge 200 V
500}
=
5 400
g
g
= 300}
200}
100+
00 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010

Time (s)
Fig. 10 Waveforms of input currents at precharged 0 V, 50 V,
100 V., 150 V and 200 V., respectively

Table 1 Maximum input current of DC boost converter without
buck buffer

Precharge

100 150
voltage(V)

200

Maximum value

568.2  450.4  332.7 215.1 97. 4

of current (A)

The DC boost converter with buck buffer is
simulated by Matlab/Simulink. If the boost
converter without buck buffer is mistakenly

operated, the output capacitor will not be charged.
The input current waveform is shown in Fig. 11 and
local amplification figure is shown in Fig. 12.
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Fig. 11 Input current waveform
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Fig. 12 A partial enlargement of input current waveform

The buffer current waveform of the DC-boost
converter with buck buffer is shown in Fig. 13,

where the input current waveform in the boost circuit

is shown in Fig. 14.
50,
40 +

30

Input current (A)

0 0.1 0.2 0.3 0.4 0.5
Time (s)

Fig. 13 Buffer current waveform of a DC boost converter with
buck buffer

100
80
60

40

Input current (A)

20

0 0.1 0.2 0.3 0.4 0.5
Time (s)

Fig. 14 Waveform ofinput current in boost circuit

Table 2 shows the data of the maximum input
current and the maximum value of the buffer current
for the DC boost converter without buck buffer and
the DC boost converter with buck buffer.

Table 2 Maximum input current of DC boost converter

DC boost
converter without

buck buffer

DC boost
converter with

buck buffer

Current

value

Input current

i 568. 2 42.3
maximum(A)

Buffer current

. Non-existence 81.8
maximum(A)

In order to verify the stability of the DC boost
converter with buck buffer, the DC power supply
voltage is changed. When the DC power supply
voltage is 100 V, the input current waveform is
shown in Fig. 15. When the power supply voltage is

150 V, the input current waveform is shown in
Fig. 16.

100
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Input current (A)

20

0 0.1 0.2 0.3 0.4 0.5
Time (s)

Fig. 15 Waveform of input current when power supply is 100 V
100
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Input current (A)
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0 0.1 0.2 0.3 04 0.5
Time (s)

Fig. 16 Waveform of input current when power supply is 150 V

From the simulation experiments, when the

precharging of the DC boost converter without buck
buffer is not completed, the maximum input current
is shown in Table 1. It can be concluded that the
current is greater than the maximum operating
current of the thyristor, diode and capacitor, which
makes the circuit

unsafe. The maximum input

current of the DC boost converter without buck
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buffer and the DC boost converter with buck buffer
are compared and the data are shown in Table 2. The
maximum current of the DC boost converter with
buck buffer is 81. 8 A and the maximum input current
is 42. 3 A, which is less than the maximum operating
current of the thyristors, diodes, and capacitors.

5 Conclusions

This paper presents a DC boost converter with
buck buffer is proposed, which provides a buffered
equivalent power supply for the post-stage boost
Theoretical calculations and experimental
that the designed DC boost
converter with buck buffer not only can greatly

the

overcurrent, but also can provide good stability for

circuit.

simulations show

reduce instantaneous current to avoid

different input supply voltages to ensure the safety of
the DC boost circuit.
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