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A current observer-based digital critical conduction mode control of a bidirectional
DC-DC converter with full-range soft switching for battery charging/discharging
applications is proposed in this paper. Under the proposed control method, the
bidirectional DC/DC converter operates in the critical continuous mode (CRM), the
full-range zero-voltage switching (ZVS) can be achieved, and the inductor current ripple
can be optimized. The CRM control is achieved by the proposed current observer, and
the zero-crossing detection (ZCD) analog circuit or current sampling circuit can be
eliminated. Therefore, compared with existing methods, the design complexity of the
hardware circuit can be simplified. In addition, the proposed current observer can
estimate the inductor current over a wide range of load and voltage variations.
Therefore, the proposed control method can be applied to a wide range of
charging and discharging applications. Finally, a prototype with 30-60V input
voltage, 24V output voltage, and 75-150 kHz switching frequency is built. The
experimental data and waveforms prove the correctness and advantages of the
solutions proposed in this paper.

KEYWORDS

bidirectional DC-DC converter, ZVS, critical conduction mode, current observer, soft
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1 Introduction

With the improvement of power electronics technology and energy storage, the DC
microgrid has also been developed rapidly. As one of the cores, the bidirectional DC/DC
converters are widely used in new energy power generation and battery charging and
discharging applications (Premkumar et al, 2019; Chen et al, 2022; Lu et al, 2022; Madhana
and Mani, 2022; Fang et al, 2023; Samad et al, 2023). Due to the simple circuit structure and
control strategy, the bidirectional buck/boost circuit is one of the most popular DC/DC
converters (Lietal., 2023; Lan et al, 2022). In order to reduce the size of the filter and improve
the power density of the system, the converter needs to be operated at a higher switching
frequency (Marxgut et al, 2014; Reusch and Strydom, 2015; Tao et al, 2021; Cai et al, 2022).
However, under the traditional control methods, the bidirectional buck/boost converter
operates in the hard switching state. The increase in switching frequency will lead to a
significant increase in switching losses, and the conversion efficiency will be decreased.
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FIGURE 1
Bidirectional buck/boost converter.

Therefore, the converter topology structure and control method can
be improved to optimize the conversion efficiency of the converter.

The realization of soft switching can effectively reduce switching
loss and electromagnetic interference (EMI), which is helpful in
improving the switching frequency of the converter. Adding an
auxiliary resonant network is an effective method to achieve ZVS
(Pattnaik et al, 2010; Lee, 2014; Basharat et al, 2021; Hajiheidari et al,
2021). The resonant current flows through the body diode of the
MOSFET, which can reduce the drain-source voltage of the
MOSFET to zero before it is turned on. Adding the auxiliary
switches to achieve ZVS for the main switches is another
approach (Chuang and Ke, 2008; Rodrigues et al, 2009; Chuang,
2010; Mohammadi, 2020). Although adding auxiliary devices can
enable the converter to achieve soft switching, the overall complexity
and volume of the circuit are increased.

In addition to the topology improvement, the optimization of
control strategies is also effective. The topology of the bidirectional
buck/boost converter is shown in Figure 1 (Sable et al, 1992; Deng
et al, 20045 Ji et al, 2017; Sha et al, 2022). When the bidirectional
buck/boost converter operates in the critical continuous mode
(CRM), the inductor current will reverse during each switching
cycle, and all switches can achieve ZVS (Ren et al, 2020; Wang et al,
2021). In addition, under CRM, the inductor current ripple can be
minimized. In order to realize CRM control for the bidirectional
buck/boost converter, the switching frequency needs to be adjusted
according to different load and voltage variations. Usually, the zero-
crossing detection analog circuits are used to control the turning-on
and turning-off of the freewheeling MOSFET (Lai and Chen, 1993;
Hu et al, 2014). In addition, there are many dedicated ZCD chips to
achieve CRM control of the converter, which can further improve
the integration of the converter. However, the analog detection
circuits are sensitive to sampling noise, which could lead to the
incorrect operation of MOSFETs. At present, digital power supply is
gaining popularity, and the analog scheme will be limited. Hence,
many digital CRM control strategies (Back et al, 2013; Liu et al,
2020), which are more flexible, are proposed. Usually, in digital
control, the inductor current or input and output currents need to be
sampled to obtain power information, and then the optimal
switching frequency is calculated according to the sampling
value. Due to the simple circuit structure and computational
complexity, the digital CRM control can be achieved more
conveniently and flexibly. However, in the existing digital CRM
control strategies, the high-precision current sensor is necessary,

Frontiers in Energy Research

10.3389/fenrg.2023.1241718

S AYS

—>

>

— <«

Lo ty

Lo | /\ A

L |7 N >
0 DT, T,

FIGURE 2

Working waveforms of the bidirectional buck/boost converter
under the critical continuous mode.

which is relatively expensive, and the overall volume is also
increased.

A current observer-based CRM control is proposed in this
paper. The traditional detection and sampling circuits are
replaced by the proposed current observer. Hence, only the
voltage sampling at the input and output terminals is required.
The proposed solution has the following two main advantages:

1) The proposed CRM control method can achieve full-range ZVS
without any current sensor or ZCD circuit. Hence, the circuit
complexity and the sampling noise sensitivity are reduced.

2) The proposed current observer can accurately estimate the
average value of the inductor current over a wide range of
load and voltage variations, which is suitable for a wide range
of charging and discharging applications.

2 Digital CRM control
2.1 Operation principle

The working principles of forward transmission and reverse
transmission are similar, and the former is analyzed in detail in this
paper. As shown in Figure 1, the MOSFETs S; and S, of the
bidirectional buck/boost converter work in complementary
conduction. The output voltage V, can be controlled by the
MOSFETSs. Dy, is defined as the duty cycle of the upper switch
S;. The bidirectional buck/boost converter operates in the critical
continuous mode. Hence, the inductor current will reverse during
each switching cycle, and both S; and S, can achieve ZVS soft
switching. The working waveforms of the bidirectional buck/boost
converter under the critical continuous mode are shown in Figure 2.

2.2 ZVS analysis

Under CRM, the inductor current could be reversed; hence, the
minimum value of filter inductor current I,,;, is lower than zero.
Before S; conduction, all MOSFETS are turned off due to the dead
time, and the filter inductor current will flow through the body diode
of the MOSFET §;. At time 0, S; can achieve zero-voltage soft
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FIGURE 3

ZVS region. (A) Three-dimensional graph. (B) Two-dimensional graph.
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FIGURE 4
Switching frequency regulation for the critical conduction mode.
(A) fs is too low. (B) f; is too high. (C) fs is appropriate.

switching. During the duration of [0- DTy, the filter inductor
current will rise to its maximum value I,,,,,. After S, is turned off, the
filter inductor current will also flow through the body diode of the
MOSFET S,. Hence, S, can also be turned on with ZVS.

Based on the analysis, at forward transmission, the maximum
value of the filter inductor current I,,,,, must be higher than zero;
hence, the MOSFET S, must realize ZVS. However, the minimum
value of the filter inductor current might be higher than zero, and §;
might lose ZVS. Therefore, the peak-to-peak value of the filter
inductor current should be twice higher than its average value:

2P,
Imax_Imin>21uve = t> (1)
Vo

where P, represents the transmission power.

In order to ensure sufficient energy to complete the charging and
discharging of the MOSFET output capacitor, the valley current
needs to be satisfied:

7Lh12

min

COSSVOZ) (2)

where C,g is the output capacitance of MOSFET.
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Observer block diagram

In addition, because the dead time is relatively short, the
inductor current can be approximately equivalent to a constant
current source within the dead time. The dead time T; also needs to
be long enough to ensure the realization of ZVS, which can be
expressed as

2 Coss Vo

T;> .
|I minl

©)

According to (Eq. 1) and the voltage-second balance principle,
the soft-switching condition for the MOSFET S, can be expressed as
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FIGURE 6
Flow chart of the current observer-based CRM control.
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According to (Eq. 4), it can be seen that when the transmission
power and switching frequency are high, it is difficult to achieve ZVS.
Therefore, the filter inductance needs to be small enough to ensure ZVS.
However, a smaller filter inductance will lead to a higher circulating
current and conduction loss. Therefore, it is necessary to design an
appropriate filter inductance based on the working conditions, as shown
in Figure 3. In order to ensure the full load range of ZV, it is necessary
to design L, under the full load and minimum frequency. In Figure 3A,
below the surface lies the ZVS region. In order to ensure the ZVS and
optimize the circulating current, the inductance value can be designed
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Control block diagram of the proposed method.

as a boundary value. The 2D graph of boundary inductance values
under different input voltages is shown in Figure 3B. It can be seen that
when the input voltage is low, the inductance boundary value is low.

2.3 Control strategy

After designing the filter inductor, it is necessary to adjust the
switching frequency based on the working voltage and power to
achieve CRM, as shown in Figure 4. When the load is light, I,,,;, will
be much lower than zero, and the circulating current will be higher,
so it is necessary to increase the switching frequency. On the other
hand, when I,,;,, is above zero, the ZVS soft switching will be lost, so
the switching frequency needs to be reduced. After adjusting the
switching frequency, I, will be slightly below zero, and the
converter will operate in the critical conduction mode.

Based on the ZVS condition (Eq. 4), the optimal switching
frequency for CRM operation can be derived as

_ Va (Vin - Vo)

fS — 2Lh : Iuve : Vin'

(5)
According to (Eq. 5), it can be seen that in order to adjust the
switching frequency, it is necessary to sample the input and output
voltages and the average value of the filter inductor current.
However, high-precision current sensors and sampling circuits
are usually more expensive. Therefore, this paper proposes a
CRM control method based on the current observer, which can
save current sensors and reduce hardware circuit complexity.

3 Current observer-based method
3.1 Inductor current observer

In order to observe the inductance current in a wide load range, a
load adaptive current observer needs to be designed. The state
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Experimental prototype and design process. (A) Photograph of the prototype. (B) Parameter design process.

TABLE 1 Specific parameters.

Parameter Value

Input (V;,) 30-60 V
Output (V,) 24V
Rated power 100 W
Filter inductance (L;) 10 uH
Output capacitance (C,) 100 uF
Switching frequency (f;) 50-150 kHz
& -90000
&2 20000
& 10000

equation of the switching average model for the bidirectional buck/
boost converter can be expressed as

in,] _[-r/Ly  -1/L ; VL
)Lt s e ) [ o @

where 7y, is the parasitic resistor of the filter inductor.
The designed current observer can be expressed as

-

~ Vi rLs Vo ~
15~ A - Dg; — L—blua - L—b + 91(1’0 - Va),
J ~! _ ?Lb ~~ ~
v, = C.” 0v, + gz(vo - vo), (7)
-~ 1
0=—,
L R,C,

where g,(,-1,2,3) is the observer coefficient.
The error of the observed variables can be expressed as
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iy =ipp — i
Vo = Vo — Vo» (8)

9=0-6.

Substituting formula (6) and Eq. 8 into formula (8), the
state equation of the observation variables error can be
expressed as

e rLT 170 + ~
igE ——ip = =+ g1V
L, L, g1Vo,
- )
o 155 - ~ -
v, == — 0V, — Ov, — ga¥,.

o

The Lyapunov function for observed variable errors can be
written as

1~ 1 1 -
V=i + ot —0 (10)
2 2% " 2g;
The derivative of function (Eq. 10) can be derived as
1 1 o~ rp+ 2 - -
V= <C_o - L_b ~— g >V01Lh - C—LolLb - 07, - ngoZ
15, -\
+{ —0" -v,v, |6. (11)
gs

In order to stabilize the observer, formula (11) must converge
to zero. Therefore, the designed observer coefficients can be
derived as

11
TC, L,
g>>0,

g1
(12)

-~ L
0 = —gsV,V,.

Finally, the designed filter inductor current observer can be
expressed as

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1241718

Wan et al.

AO Output voltage v, (V)

20

I | I
Filter inductor current i;;(A) Current observed value iy ,; (A)

ST T T T T T T |

| l{ard swlitching]
1 1.5 2 2.5 3 35 4 4.5 5 (ms)

B Output voltage v, (V)

20

1 | | |
Filter inductor current iz, (A) Current observed value i, ,; (A)
T T

30

1 1.5 2 2.5 3 3.5 4 4.5

5 (ms)

c Output voltage v, (V)
40 I

20

| | | |
Filter inductor current iz, (A) Current observed value i;_,; (A)

1 1.5 2 2.5 3 3.5 4 4.5 5 (ms)
FIGURE 9

Comparison of simulation waveforms. (A) Fixed frequency

control. (B) Proposed CRM control (half load to full load). (C) Proposed
CRM control (full load to half load).

! Vm YL~ Vo
.D iy ==
L= L s1 LblLb I3
1 1 ~
<C__ L—>(Vo Vo)a
4 ° b (13)

v, = t v, + gz(vu - va),
0 = —g3(vo - 30)50.

According to (14), the observer block diagram can be drawn as
shown in Figure 5. Only the input voltage and output voltage need to
be sampled. g1, ¢, and g5 are parameters of the observer, which can
be designed according to (Eq. 12). In the proposed observer, besides
the observation equations of output capacitor voltage v, and
inductance current iy, there is also the observation equation of
load 6. The proposed observer can adaptively observe the filter
inductor current average value when the load varies in a wide range.
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3.2 Proposed control strategy

After the filter inductor current is observed, according to the
CRM working conditions, the optimal inductor current ripple can be
calculated, which is approximately equal to 2I,,. Therefore, the
optimal switching frequency can also be calculated.

The flow chart of the proposed CRM control is shown in
Figure 6, which mainly includes the following three steps:

1) Vi, and V, are obtained through the voltage sensor.
2) Based on the designed current observer, I,,, can be obtained.
3) The switch frequency is adjusted according to formula (5).

The proposed CRM control method does not require a current
sensor. The method proposed in this paper is cost-effective and easy
to achieve because of the absence of ZCD or a current sensor.

The control block diagram is depicted in Figure 7. The converter
adopts the traditional single-voltage loop PI control to control the
output voltage constant. The proposed observer is applied to
estimate the filter inductor current. Finally, f; can be derived
from the proposed CRM control strategy. Under the proposed
control strategy, the full range ZVS and the lowest current ripple
can be realized.

4 Simulation and experimental results

To prove the availability and practicability of the proposed
method, a simulation model and experimental prototype with
30V-60V  input voltage, 24V output voltage, and
75 kHz-150 kHz switching frequency is established, as shown in
Figure 8A. The parameter design process is shown in Figure 8B.
First, the basic circuit parameters, such as P;, V,, V;, range, and fs
range, need to be determined. Then, based on the ZVS condition, the
filter inductance value can be determined. Furthermore, based on
the output voltage ripple coefficient, the output capacitance can be
determined. Finally, the observer coefficients can be calculated. The
specific parameters are shown in Table 1.

A comparison of the simulation waveforms of fixed frequency
control and the proposed control strategy is shown in Figure 9. Tt
follows that the designed current observer can accurately estimate
the average inductance current during load switching. Under
traditional fixed switching frequency control, the filter inductor
current average value increases as the load increases. Due to the fixed
switching frequency, the inductor current ripple is also constant.
When the minimum value of the filter inductor current is greater
than zero, the converter will operate in a hard switching state, so the
switching loss increases and the conversion efficiency decreases.
Under the proposed CRM control, the switching frequency will be
adaptively modified in accordance with the operating conditions,
ensuring the implementation of ZVS soft switching and achieving
the lowest current ripple.

The steady-state experimental waveforms under half- and full-
load are depicted in Figure 10. When the input voltage changes, the
duty cycle will change accordingly to control the constant output
voltage. In addition, under the proposed CRM control, when the
load and working voltage change, the switching frequency will be
adaptively adjusted, which is the basis of the implementation of ZVS
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FIGURE 10

Steady-state waveforms. (A) Input 30 V, half load. (B) Input 30 V, full load. (C) Input 48 V, half load. (D) Input 48 V, full load. (E) Input 60 V, half load. (F)

Input 60V, full load.

and optimization of the current ripple. Because S, is the
synchronous rectifier MOSFET and can certainly achieve ZVS,
only the ZVS waveforms of S; are shown. These waveforms set
forth the important fact that the drain-source voltage of MOSFET
has been decreased to zero before it is turned on. According to the
ZVS analysis, ZVS is difficult to achieve under full load and easy to
achieve under light load. Therefore, according to the experimental
results, we can conclude that the proposed control method can
achieve full-range ZVS.

The load-changing dynamic experimental waveforms are
shown in Figures 11A, B. If the load steps from full to half
load, the switching frequency increases rapidly to achieve ZVS
and minimize the current ripple. Similarly, if the load steps from
half to full load, the switching frequency decreases rapidly and

Frontiers in Energy Research

soft switching is always ensured. The dynamic experimental
waveforms of input voltage change are displayed in Figures
11C, D. When the input voltage changes, the output voltage
can always be clamped at 24 V. Therefore, under the proposed
CRM control, the bidirectional buck/boost converter has good
dynamic performance. The experimental results demonstrated
the proposed CRM control to be effective.

The measurement efficiency comparison between the traditional
fixed frequency (FF) control and the proposed CRM control is
shown in Figure 12. Under the fixed frequency control, the switching
frequency is always equal to 100 kHz. It can be seen that under the
same operating conditions, the conversion efficiency of the proposed
CRM control strategy is higher than that of the traditional fixed
frequency control.
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5 Conclusion

A current observer-based digital critical conduction mode control
of a bidirectional DC-DC converter with full-range soft switching is

Frontiers in Energy Research

08

explored in this paper. The bidirectional DC/DC converter works in
the CRM mode, and full-range ZVS and optimal current ripple can be
achieved. The proposed CRM control is achieved by the designed
current observer without any ZCD circuit or current sensors. In
addition, the proposed current observer can estimate the inductor
current over a wide range of load and voltage variations. Therefore,
the proposed control method can be applied to a wide range of
charging and discharging applications. Finally, a prototype is built,
and the simulation and experimental results prove the correctness and
advantages of the proposed method.
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