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ABSTRACT

This paper proposes a zero-voltage switching (ZVS) control strategy for a four-switch Buck-Boost (FSBB) converter that
is easy to calculate and minimizes the peak value of the inductor current. Different from the complex calculation formula
used in related studies to calculate the Root-Mean-Square (RMS) value of the inductor current, the proposed control
method can equivalently achieve the control goal of minimizing the RMS value of the inductor current by calculating a
simple expression for the peak value of the inductor current. At the same time, since no complex calculation is required,
the computing power requirements for the microcontroller can be reduced, and the controller can complete real-time
calculations at a higher frequency to achieve a more realistic and accurate control effect. In addition, the control strategy
proposed in this paper only needs to store a small number of boundary limit curves. Since there is no need to store key
calculation results, the requirements for the microcontroller FLASH space can be reduced. A 400 W FSBB converter
simulation is performed to verify this method.
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1. INTRODUCTION

As orbiting satellites enter and exit the Earth’s shadow, environmental factors change dramatically, and the operating
point of photovoltaic cells varies widely, which puts forward the demand for electric energy conversion with a wide
voltage range for primary power supplies for aerospace. Wide input voltage range, high efficiency, and high-power
density are the core indicators. For primary power supplies for aerospace, non-isolated DC/DC topology is often used.
Figure 1 is a basic schematic diagram of the FSBB converter applied in a photovoltaic system. The four-switch Buck-
Boost converter has the advantages of low voltage stress, step-up and step-down, high energy efficiency, small size, and
wide input voltage range. At the same time, it can easily realize ZVS of the switches, reduce switching loss and noise,
and improve electromagnetic compatibility performance. This converter is widely used in primary power products for
aerospace and is an attractive research object.

Figure 1. Four-switch buck-boost converter topology scheme used in PV system.

Figure 2 shows the driving waveform, inductor voltage waveform and inductor current waveform of the FSBB converter
in the two working modes of DCM and CRM respectively under the quadrilateral inductor current modulation mode
when the input voltage is greater than the output voltage. In many designs, the FSBB converter operates in the
quadrilateral inductor current modulation (QCM) mode with buck-boost capability, and adopts the inductor current RMS
value optimization strategy'. Under the quadrilateral inductor current modulation mode, the converter has two working
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waveforms, namely discontinuous conduction mode (DCM) and critical continuous mode (CRM). It works in CRM
mode when fully loaded and in DCM mode when lightly loaded. The inductor current waveform of the converter is a
quadrilateral with multiple degrees of freedom for optimization. The RMS value of the inductor current can be reduced
through analytical algorithms to improve working efficiency.
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Figure 2. The driver waveform, inductor voltage and inductor current waveform of the converter in the DCM or CRM working modes
respectively under quadrilateral inductor current modulation. (When Vin>Vout)

In recent years, there are three strategies for optimizing the RMS value of inductor current. This article summarizes these
strategies as follows. The first control strategy>® determines the conduction time of each switch by directly performing
analytical solutions to the RMS value of the inductor current or the output power value, which can obtain direct and
effective optimization effects and can adapt to different voltage, current and power ranges. However, due to the
complexity of the expression, the microcontroller needs to use a look-up table and linear interpolation method to perform
key operations, which requires the microcontroller to have a considerable amount of FLASH space. In addition,
depending on the dimensionality of the look-up table, as well as the requirements for the input and output voltage range
and output current range and the control accuracy requirements, the size of the look-up table may increase further, and
the linear interpolation algorithm will become more complicated. This will impose a high computational burden on the
microcontroller, and the consumed FLASH capacity will reach an unacceptable level. In general, this control strategy has
high requirements on the storage space and computing power of the microcontroller.

The second control strategy is a strategy that aims to reduce the inductor current peak value in critical continuous mode®.
This strategy is designed to be applied to the control method of variable frequency regulation in CRM mode, and does
not extend the control method in DCM mode.

The third control strategy is a simplified real-time control strategy'®!!. By setting the initial current value of the

trapezoidal corner point (i.e., point t; in Figure 2) to the minimum current value that satisfies the ZVS condition, the PI
controller is used to adjust the energy transfer time (i.e., time T, in Figure 2) to adjust the inductor current, thereby
adjusting other variables. This algorithm is also a method of equivalently reducing the RMS value of the inductor current
by reducing the inductor current peak value. This method is a simplified method that requires the PI controller to
participate in the regulation of the inductor current peak value, which makes the PI parameter design not only highly
coupled with the change of the inductor current peak value, but also deeply coupled with the change of the input and
output voltages.

The control strategy given in this article is also a method of reducing the RMS value of the inductor current by reducing
the peak value of the inductor current, thereby reducing the converter loss and improving the conversion efficiency. This
article gives the analytical formula of the key switching time and the input, output voltage and output current, which has
a certain degree of decoupling and is not too complicated. Since no complex calculations are required, the computing
power requirements of the microcontroller can be reduced. Since there is no need to store key calculation results, the
requirements for the microcontroller FLASH space can be reduced. This strategy can cover all operating conditions in
DCM mode and equivalently minimize the RMS value of the inductor current.
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2. PROPOSED ZVS CONTROL WITH MINIMIZED PEAK INDUCTOR CURRENT

2.1 Introduction of some basic variables and equations

This section summarizes the key current waveform expressions of the FSBB converter under QCM modulation,
explicitly gives the relationship between circuit variables and multiple control variables, and finally gives equations to
hold the ZVS condition. These expressions serve the derivation of the key equations in the next section.

Figure 3 shows the waveform of the inductor current when the input voltage is greater than, equal to, or less than the
output voltage. /o represents the minimum value of the inductor current. After 7i, the inductor current reaches the first
corner point /;. After 7>, the inductor current reaches the second corner point /». After T3, the inductor current drops to
the minimum value /y. The inductor current remains approximately unchanged during the 74 period. During the fo~#
phase, S; is turned on and S, is kept off; Ss is kept on and Ss is kept off. The inductor current rises rapidly in the positive
direction, from a negative current to a positive current. The inductor charges and stores energy under the action of the
input voltage Vi,. Since Sy is in the off state, no energy is transferred to the output side. During the #,~#, phase, Si is kept
on and S; is kept off; Ss is kept off and Sy is turned on. The positive inductor current continues to change with a smaller
slope (|Vin-Vo|/L). While Vi, charges and stores energy in the inductor, it also directly transfers energy to the output side.
During the #,~t3 phase, S; is kept off and S, is turned on; Ss3 is kept off and S4 is kept on. The inductor current drops
rapidly in the negative direction, from a positive current to a negative current, and the energy stored in the inductor is
completely transferred to the output side. Since S; is in the off state, no energy is input to the converter. In the £3~#4 stage,
S is kept off and S, is kept on; S3 is turned on and Sy is kept off. The inductor current is negative and circulates in the
loop S»-S3-L. The energy stored in the inductor will be consumed in the switches and the line impedance. The converter
has no energy transmission to the outside. This mode exists in DCM mode and does not exist in CRM mode.
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Figure 3. Inductor current waveforms when input voltage is (a) greater than, (b) equal to, and (c) less than output voltage.

According to the basic volt-ampere relationship, the inductor current waveform expression corresponding to the current
curve shown in Figure 3 can be obtained as shown in equation (1)°.
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where /p represents the minimum inductor current, Vj, is the input voltage, and ¥, is the output voltage. #;-#4 are the
switching time points, which can be seen in Figure 3.

The parameter relationship within a cycle is as shown in equations (2)-(4)3,

Vi
li+1,= I T (2)
Vill_V
12_11: L T2 (3)
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V(L+TL)=V, (T +T,) )

in which, /o, I;, and > represent the current values of each corner point of the inductor current, and T3, 7>, and T3
represent the duration of each stage in which the slope of the inductor current remains unchanged.

The output power is provided by the inductor current of the 7> and 73 stages. By integrating this current, the output
current /,,, expression can be obtained as shown in equation (5).

1

T T.
Iout:F|:?2(11+12)+53(_10+12):l ®)

s
where T represents the switching period.

Substituting equations (2)-(4) into equation (5), we can obtain the relationship between 7' and 7> in equation (6),

- WL-TV, +Lr+21,,
_
V.

in

TV,L+V, VT

(6)

In order to determine the minimum negative and positive ZVS current values, according to the traditional design method,
it is assumed that the inductor current remains unchanged during the four dead time instants of ¢, ¢, £, and #. Figure 4
shows the equivalent circuit of the ZVS process of the switches during the dead time. Considering the input and output
voltages, the dead time tq, and the equivalent output capacitance C,g of the switches, a simple expression for the ZVS
current value during each dead time can be given.

D 1 D 1
L i (0)=-I L
Vin A oA
A © A
2CWoss —E* VC(O):O 2Coss - vc= Vin
(a) Discharging process (b) Finish of the discharging process

Figure 4. Equivalent circuit example of the ZVS process at the dead time instant of t0.
The ZVS current value Izys 0,2 at t, t> is shown in equation (7).

I/in ) 2C[)SS
IZVSJO,t2 = Z— (7
d

The ZVS current value Izys 1,3 at #1, t3 is shown in equation (8).
V()ll .2C()§'Y
Lyys s === (®)
Ly
2.2 Proposed ZVS control with minimum peak inductor current

Substituting the result of equation (6) into equation (1), we can get the expression of the peak current with respect to 7>
in equation (9), which represents the peak inductor current 7; .1 when V;,>V,.

L +2] TV.L+V.VT} V
Ikal :\/ 0 out”s’ o in" 0”2 __(,Tvz (9)
’ L L
Equation (10) represents the peak inductor current /7 o when V<V,
L +21, TV.L+V,V.T} V
IL’pkz :\/ 0 uuti 0 in” 0”2 _f]ﬂz (10)
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The minimum inductor peak current is equivalent to the minimum RMS current, and the calculation of 7> with the
minimum peak current is simpler, so the current control with the minimum RMS value can be achieved according to this
T». For equation (9), take the derivative of I ,x1 with respect to 7> and set the derivative to zero, and the time 7> when
11 pr1 is minimum can be obtained as shown in equation (11).

I’I*+21 TV L
]"2 — 0 > out”s" o (11)
ViV V

in in" o

From equation (11), it can be seen that since the output voltage V,, negative current o, inductance value L and switching
period T are all constant values, 7> increases as I, increases, and as Vj, approaches V,, 7> increases. In the process of Vi,
going from the maximum value to V,, 7> will rise to a large value, and then the sum of the calculated 71, 7>, and 73 times
will exceed the switching period, making the control ineffective.

For equation (10), take the derivative of /1, with respect to 7> and set the derivative to zero, and the time 7> when /; i
is the smallest can be obtained as shown in equation (12).

T — I(?LZ + 21(»1[]—;1/:7[’ (12)
’ Vi =v,

It can be seen from equation (12) that 75 also increases with the increase of /., and as Vj, approaches V,, 7> increases.
The characteristics shown in equation (12) are similar to those of equation (11). When ¥V, goes from the minimum value
to Vo, T>» will be too large and the control will fail.

The curve shown in Figure 5 can be drawn from equations (11) and (12), which shows the transformation curve of the
normalized optimal 75 time that can achieve the minimum RMS value of the inductor current under the input voltage Vi,
range and different output current conditions. The change trend of this value is the same as the above analysis.

For the optimal 7> time mentioned above, its maximum value needs to be restricted. For simplicity, this paper
implements this condition by limiting the sum of 71, 7, and 73 time and the non-negative value of each time of 71, 7>,
and 73. Solving the constraint condition expressed by equation (13), the 7> time boundary range that ensures the effective
implementation of the control strategy can be obtained, as shown in Figure 6a. For simplicity, the influence of PWM
dead time #4 is ignored here.
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Figure 5. Normalized optimal T2 time curve with respect to input voltage Vin (without considering boundary limits).
{ﬂﬂLE>0

13
T+T,+T,<T, =

By adding the restriction of Figure 6a to the curve shown in Figure 5, the restricted optimal 7> time curve shown in
Figure 6b can be obtained.
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Figure 6. T2 time boundary range curve to ensure effective implementation of the control strategy and the optimal T2 time curve after
restriction.

The software closed-loop control process of the algorithm described in this paper is shown in Figure 7. In each control
cycle, the microcontroller samples the output current /,,, input voltage Vi, output voltage V,, and negative current /o.
After sampling, the output current is compared with the reference current signal, and the digital PI controller outputs the
Louser value. This value is used to perform the calculation of the decoupled calculation formula, that is, according to the
relationship between the input and output voltages, equation (11) or (12) is selected for calculation to obtain the optimal
T, value. Then, the optimal 75 value is limited by a small amount of pre-stored limit data. After that, the 7' value is
calculated by a fixed functional relationship. Then T3, 7> and /o determine the output PWM waveform. The role of [ is to
limit the negative current to a preset value to ensure the ZVS condition.

It is worth noting that 7 can be solved directly through 75, but the reverse is extremely difficult. The advantage of the
proposed algorithm in this paper is that the expression of 75 is concise and each control variable is easy to derive in
sequence. It does not generate much calculation and does not require much FLASH space, and has a decoupling effect.
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Figure 7. Closed-loop control diagram of the proposed minimum peak inductor current control strategy.

3. EXPERIMENTAL VERIFICATIONS

This paper follows the control strategy and process described in the previous chapter, designs a 400 W FSBB converter
hardware with an input voltage range of 30-60 V, an output voltage range of 38-42 V, a maximum output current of 10 A,
an inductance of 660 nH, and a switching frequency of 500 kHz. The switches used are GS61008P, of which the Cog
capacitance is 250 pF and the Ry on) resistance is 7 mQ. Figure 8 is the simulation schematic. The control method
described in this paper has been verified on this simulation platform.
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Figure 8. The FSBB hardware simulation scheme.

As shown in Figure 9, the amplitudes of the negative and positive currents are consistent with the design values,
achieving zero-voltage turn-on of the switches, which can greatly reduce switching losses, increase the operating
frequency, and achieve miniaturization and lightweight of the converter.
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Figure 9. The ZVS waveform of Sz and S3(@ 1,=10 A) and closed-loop current control verification.

In terms of efficiency, at the 42~42 V operating point, the peak efficiency is 99.5% and the power is about 400 W. In
addition, when the output voltage is close to the input voltage, such as 42~42 V, the proposed control method makes the
volt-second value in the inductor very small, and the 7> interval is the main interval, which is directly conducted from the
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input to the output, achieving high efficiency. When the input voltage rises to 30 or 60 V, the RMS value and peak value
of the inductor current are lower than the traditional buck-boost control, and the peak efficiency remains at 98.5%. This
simulation experiment achieves the purpose of verifying the control scheme and proves that the control strategy is
feasible.

4. CONCLUSION

In this paper, a ZVS control strategy for minimizing the inductor peak current is proposed. The strategy reduces the RMS
value of the inductor current of the FSBB converter under ZVS control by mathematical decoupling. In the proposed
control method, the calculation is successfully simplified by equivalent the RMS value calculation to the peak value
calculation. In addition, the proposed method also greatly reduces the FLASH usage of the MCU. Therefore, the
application of this strategy in high-frequency real-time computing systems will bring more practicality and convenience
to mainstream MCUs, and enable the FSBB topology to have better power density and higher application efficiency.
Verified by the FSBB simulation circuit, the peak conversion efficiency can reach over 98.5%.
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