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Abstract: A new, optimal thermal-based adaptive frequency control (OTC) for a bidirectional DC-DC
converter with full-range zero-voltage switching (ZVS) is presented in this paper. The proposed
OTC achieves ZVS for a bidirectional DC-DC converter without any zero-crossing detection (ZCD)
circuit or current sensor. In order to ensure a ZVS over a wide voltage and load range, the optimal
switching frequency was adjusted by detecting and tracking the lowest junction temperature of the
semiconductor device. Because the proposed OTC does not need a ZCD circuit, the complexity of
the circuit and the susceptibility of the sampling noise are reduced. Additionally, compared with
the expensive current sensor, the proposed method of temperature detection by the NTC thermistor
decreases the cost. In addition, the proposed OTC does not need accurate circuit parameters and
voltage or current sampling results, so the dependence on the parameters is reduced. Moreover, the
temperature of the switch is directly monitored in the proposed OTC, which can effectively protect
the device. A prototype with 16-32 V input and 48 V output was built, and the experiment results
prove the effectiveness and feasibility of it.

Keywords: bidirectional DC-DC converter; adaptive frequency control; digital control; optimal
temperature control; zero-voltage switching

1. Introduction

With the great challenges of energy shortages and greenhouse effects, there has been
a rapid growth in the demand of renewable energy and fuel-cell electric vehicles. In
order to compensate the power mismatch in these applications, the bidirectional DC-DC
converters are widely used between the energy storage device and the energy consumption
device [1-3]. A bidirectional DC-DC converter which can store and dispatch electrical
energy efficiently is the vital component for an energy storage system [4]. The typical
directional DC-DC converter (synchronous boost converter) is shown in Figure 1.
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Figure 1. Topology of bidirectional converter.

In order to achieve high efficiency for the DC-DC converter, zero-voltage switching
(ZVS) techniques are commonly used. In [5,6], an auxiliary resonant network was added
and the ZVS of the MOSFETs was realized by the resonant current. However, the additional
resonant network will increase the volume, and the parameter design of the resonant
components is relatively complex. The additional auxiliary switches or clamp circuits
were used in [7,8], but the circuit operation mode and control became more complex. In
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addition to the improvement of the circuit structure, variable frequency modulation (VFM)
is a simple and practical method. As for the bidirectional DC-DC converter, besides the
continuous conduction mode (CCM), there also is a boundary conduction mode (BCM)
which is achieved by VEM [9-11]. In the BCM, the direction of inductor current changes
every cycle, which can realize the ZVS of all of the switches.

In order to make the converter work in the BCM under a wide voltage and load
range, the switching frequency needs to be adjusted according to the working conditions.
In [12-16], the external analog zero crossing detection circuit was used. The classical analog
ZCD measures the current zero-crossing point by comparing the drain source voltage and
the threshold voltage. However, the error of the voltage sampling and the inherent bias of
the comparator will seriously affect the accuracy of the detection results. In order to improve
the accuracy of the ZCD, some circuits which were developed with the voltage comparator
compensation method were proposed to reduce the bias [17-19]. However, the additional
circuits will increase the complexity of the circuit. The improved correction method was
proposed to improve the detection accuracy and the efficiency of the ZCD [20-22]. However,
it will cause switching delays in the semiconductor devices. In [23], a delay lock loop (DLL)-
based ZCD was proposed for solving the delay problem by locking the pre-opening time of
the comparator. Although some improved ZCD detection circuits can effectively improve
the performance when they are compared to the traditional ZCD detection methods, the
circuit structure becomes more complex, and the circuit cost increases.

In order to simplify the hardware circuit, a digital frequency control method with a
simpler hardware structure is proposed. In [24,25], a digital adaptive frequency modulation
with inductor current sensor was proposed and the switching frequency can be determined
by a mathematical calculation based on the specific time inductor current sampling. It relies
on inductor current sampling at a specific point. However, the value of the inductance
changes with the current which will affect the calculation results. An alternative way to
avoid the loading effects with the current measurements is the use of clamp-on current
probes [26-28], but these generally have a limited accuracy [29] and require accurately
selected values of the reversed current, the power inductor’s inductance, and timing
parameters to adjust the converter switching frequency and the dead times without using a
duty ratio, which may cause the ZVS to become invalid. The method in [30] dynamically
adjusts the switching frequency in a feed-forward manner sensed-inductor current to set
the peak turn-off current, which can achieve a high efficiency in a wide operating range.
However, it is not the best choice for its direct implementation on a controller platform
since there are too many computations of the timing parameters. In [31], a simple analog
control was presented to decrease the switching losses. However, it required an additional
voltage conditioner and a high bandwidth and a highly linear current sensor. In a few
words, these methods are highly dependent on the circuit parameters and the current
sampling result, which will challenge the accuracy of the detection. To solve the problem,
an empirical lookup table-based method that changed the switching frequency using
the operating condition was proposed in [32]. For the applications with wide input and
output voltages, there being a larger dimension of the table results in the storage capacity
and computational complexity increasing. A complex calculation is somewhat difficult
to implement. In addition, all of the methods in [24-32] require the high-precision and
high-bandwidth current sensors. Thus, some researchers have studied current sensor-less
control schemes [33,34], which can also reduce the sensitivity of the current sampling noise.
Although expensive current sensors are not required, their calculation accuracy is low and
they are not suitable for wide voltage and load applications.

In this paper, an optimal thermal-based adaptive frequency control (OTC) for a bidi-
rectional DC-DC converter with full-range ZVS is proposed. The proposed solutions only
need to detect the temperature of the semiconductor device and track the minimum tem-
perature by adjusting the switching frequency. Since no additional zero-crossing detection
circuit or current sensor is required, the proposed OTC is simpler, and its cost is lower. It
should be noted, here, that the proposed OTC is not intended only for its implementation
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in converters with light voltage-application variable switching frequency DCM operation.
It can be used in high-voltage situations. Because the different voltage is related to the
different optimal frequency. The OTC can also be used to adjust to the optimal frequency
under different voltages. The detailed advantages are as follows:

1. The full-range ZVS can be achieved by the use of the proposed OTC, and there is no
need for any expensive current sensors or complex ZCD circuits. Only the low-cost
NTC resistors are required to detect the temperature which is much cheaper than the
traditional methods are.

2. The proposed OTC to achieve full-range ZVS does not depend on accurate circuit
parameters and voltage or current sampling values. Hence, the susceptibility of
the parameters is reduced, and the control method is simple without the need for
complicated calculations.

3. The temperature of the semiconductor device is directly monitored, which can effec-
tively protect the device.

This paper is organized as follows. Section 2 discusses the power loss effects on the
temperature and the analyses of the thermal simulation using the proposed algorithm.
The proposed digital adaptive frequency modulation of the OTC with a full-range ZVS
is described in Section 3. In Section 4, the implementation of the bidirectional DC-DC
converter prototype with the proposed algorithm is described, and the proposed algorithm
is verified with the experimental results, whereas the conclusion is given in Section 5. To
achieve the experimental verification, a bidirectional boost converter with 16-32 V input
voltage and 48 V output voltage was implemented.

2. Theory of Operation
2.1. Operation of Bidirectional Converter with BCM

The bidirectional circuit is extensively used in different kinds of energy storage system
as a DC/DC foundation topology. Because S1 and S, work in complementary conduction,
the inductive current is always continuous. It can be divided into two cases according to
whether the minimum current on the inductor has, respectively, a continuous conduction
mode (CCM) with I i > 0 and I nin, < 0. The waveform of a bidirectional DC-DC converter
is shown in Figure 2.
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Figure 2. Waveforms of bidirectional converter with two conditions (a) Ij,in, < 0 (with ZVS) and
(b) Ipin > 0 (without ZVS).

The output-side voltage Vyy and the input-side voltage V1, are managed by the
high-side switch S and the low-side switch Sy, respectively. There is a dead time due to
the charges or discharges of the inductor current between the on-times of the two switches.
For example, from t5 to t7, the voltage across C; is reduced, while the voltage across Cp
rises. The drain—source voltage v, is approximated linearly decreased to zero. After the
drain-source voltage v;51 drops to zero. The D; is turned on by clamping the drain—source
voltage vy441 at zero, which by creating the basis of 51, turns on with the ZVS. As for a
bidirectional DC-DC converter with the BCM, the inductor is chosen to perform the energy
storage to achieve ZVS. During the dead time, the inductor current can be regarded as a
constant current source to charge the capacitor C; and discharge C;. The stored energy of
inductor L is large enough for it to be relative to that of the capacitor. The inductor current
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at t4 is Imin. The dead time needs to be longer than the charge time of C;. To obtain the
ZVS, the inductor current Iyin at fg must be sufficiently negative, as follows:

~2-Cy-Vuy
Tdead

Imin (1)

The value of inductor L decide whether the inductor current direction can achieve

the ZVS. Considering the extreme operate conditions, the inductor needs to be sized as
following so that the current always crosses through zero.

As for the inductor, the induced voltage during the S; at this time can be expressed as:

diL 2. Pmax . fsfmin

Viy=L"E =1L

dt D-Viy @

The minimum value of L should be satisfied:
(Vay = Vi) - V2,

L < 3
2'Pmax'fsfmin'VHV ( )

D is the duty ratio of S1. Pmax is the full-load power. f; pin is the minimum frequency.
V1v is the low-side voltage, and Vpy is the high-side voltage. i} is the inductor current.

Figure 3 shows the required inductance values of the BCM over the whole load range.
The condition of Vyy = 48 V is plotted a as red line in Figure 3. For the different output
voltage cases with a full load, the maximum allowable inductances are plotted in Figure 4.
It can be seen that when the input voltage is low, the boost inductance values are at their
lowest because the operating current is high. Therefore, the appropriate boost inductance
value needs to be designed at a full load and at the lowest input voltage.
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Figure 3. Critical inductance to operate in BCM with full load. The red line is the value of inductor
Viy =48 V.
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Figure 4. Critical inductance to operate in BCM with three different output voltage cases.
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2.2. The Relationship between Switching Frequency and Switch Temperature

It can be deduced from the above analysis that there exists a high correlation between
the switching frequency and the thermal factor. Thus, it is necessary to study the tradeoff
between the switching frequency and the switching temperature. This part of the paper
focuses on the corresponding temperature responses with the frequency of the semicon-
ductor device in the bidirectional DC-DC converter using the OTC by introducing on an
equivalent electro-thermal model of the power MOSFET.

The junction temperature of the MOSFET is customarily calculated using thermal
resistance—capacitance (RC) networks that represent an equivalent of the heat transfer
process from the chips to the heatsink, which can be described by the Fourier heat
conduction equation:

x = —KAa 4)

where K—thermal conductivity; A—heat conduction area of the materials; g,—the heat
produced or transmitted.

The Fourier heat conduction equation is a typical linear partial differential equation.
The Cauer or Foster network can be used to model the heat conduction process. The Cauer
network is more complex to use, which needs an scanning electron microscope (SEM) to
analyze the material properties. However, the junction temperature is more important
than the internal thermal distribution of the MOSFET chip is in this research. The Foster
network was selected to fit the transient thermal resistance curve, as were four thermal
resistance network layers of the model accuracy to achieve the rapid and accurate transient
thermal resistance of the MOSFET.

4 ot
Zy(t) = Y Ryi(1 — e FoniConi ) ®)
i=1

The parameters of the Foster RC thermal model can be derived from a cooling curve
and a curve fitting technique. The junction temperature of MOSFET can be expressed as:

Tj = Ploss X (ch +Zep + Zha) + T, (6)

where Pj,;c—the total loss power. The detailed derivation of the total loss is given in the
Appendix A. Zj—the thermal impedance of the junction to the case. Z;,—the thermal
impedance between the case and the heat sink. Z;,—the thermal impedance of the heat
sink to the ambient environment.

An extra negative current Iy, requires a higher Imax to produce the same average
current which will increase the conduction losses. Thus, the switching frequency must
be properly chosen to obtain an ZVS with a minimum I,;,. Figure 5 shows the junction
temperature of the power device under a range of switching frequencies which were
swapped at various loads. The dynamic nature of generating different power values
and voltages according to the load conditions is the challenging factor in the field of
DC/DC converters. The MOSFET in the boost circuit can operate at different switching
frequencies, but only at certain switching frequencies can the MOSFET remain at the lowest
operating junction temperature. The junction temperature versus switching frequency
curves obtained from three fixed load condition is shown in Figure 6. For each load
condition, the optimal switching frequency is not same.
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Figure 5. Operating junction temperature of power device.

T;(°C)

58
561
547

52F
50t P=90w |

48

P=80w
461

x10°
fi(Hz)

408 09 1 11 12 13 14

Figure 6. Ti~; curve with different load power.

3. Optimal Thermal-Based Adaptive Frequency Control
3.1. Optimal Temperature Control (OTC) Algorithm

The OTC for a bidirectional DC-DC converter with BCM can achieve a minimum
junction temperature using the MOSFET by tracking the temperature of the power device
under various conditions. In order to get the driver signal from the OTC, the turn-on and
turn-off time of the MOSFET are figured out by a digital processor using the proposed
algorithm. The switching frequency will be updated at a certain intervals based on the
temperature feedback. This method operates without a current sensor or auxiliary ZCD
circuits and instead, by directly measuring the junction temperature.

In this paper, the perturb and observe technique is used in the OTC algorithm since
its offers simplicity and effectiveness. This algorithm perturbs the switching frequency
to ensure that there is an optimal temperature. To make the MOSFET operate near the
minimum temperature, the controlling methodology first detects the temperature using a
temperature sensor. At an operating point on the T;~f; curve, if the switching frequency is
adjusted in a given direction and AT; <0, it is known that the perturbation will move the
MOSFET’s operating point toward the optimal temperature point. AT} is the temperature
difference of the previous step and the new step. Af; is the switching frequency difference
of the previous step and the new step. Operating on the left of the optimal temperature
point, it is obvious that incrementing (or decrementing) the switching frequency allows
one to decrease (or increase) the temperature and increase (or decrease) the temperature
when it is on the other side, while if the AT; = 0, the switching frequency remains at the
previous step. The detailed steps are as follows, as shown in Figure 7.
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Figure 7. Flowchart of the proposed control algorithm.

Step 1: The temperature of the power device at the present time T} (k) is detected.

Step 2: Compare the temperature Tj(k) with the previous moment and calculate the
difference between them, which is defined as AT]-.

Step 3: Then, enter the part of judgement. The AT; is checked to determine if it is
positive or negative.

Step 4: In addition, it is necessary to judge the variable in the frequency.

Step 5: If AT; is positive and the f;(k) > fs(k — 1), then the frequency at k + 1 time should
be reduced; if AT} is positive, but the fs(k) > fs(k — 1) is not satisfied, then the frequency at
k+1 time should be increased; if AT; is negative and the f;(k) > fs(k — 1), then the frequency
at k+1 time should be increased. On the contrary, if AT; is negative and the fslk) > fs(k — 1)
is not satisfied, then the frequency at k + 1 time should be reduced.

Step 6: Once the switching period is calculated, the f;(k) must be checked to determine
if it is in the available frequency range.

Step 7: The new switching frequency of MOSFET should be updated.

3.2. Simulation of Proposed Method

To verify the above analysis, the proposed controller design was initially implemented
in PLECS. The power device under the test junction temperature is S because S, always
works with ZVS. The simulation parameters were the same as they are in the experimental
design, which are listed in Table 1.
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Table 1. Parameters of the experimental prototype and simulation.

Designed Parameters Value
Input voltage (Viy) 16-32V
Output voltage (Vgy) 48V
Rated power (P) 100 W
Inductance (L) 10 uH
Core type Kool Mp
Capacitance (C) 100 uF
PI controller Kp =0.28,K;=2
MOSFET IPP200N15N3G
Switching frequency 75-150 kHz

Figure 8 depicts a control block diagram of the proposed structure. The output voltage
needed to be sampled. Then, the error value which next became a proportional integral was
obtained by subtracting the output voltage from the reference voltage. The output of Pl is
the duty ratio D. On the other hand, the junction temperature had to be sampled and sent
to the controller using the OTC. Thus, the optimal frequency based on the thermal factor
can be calculated. Lastly, according to the duty ratio and optimal switching frequency, the
driving signals of S; and S, were generated.

L Sy

[ ™ T

Figure 8. The proposed control block diagram.

Figures 9 and 10 show a comparison between the junction temperature ameliorations
caused by the fixed switching frequency versus the proposed OTC algorithm, respectively;
as it can be shown in the waveform, the OTC algorithm obtains a significant temperature
reduction when it is compared with the fixed frequency method. From the full-load to
half-load conditions, in Figure 9, the red line is operating without the OTC, and the blue line
is operating with the OTC. As the curves show, a lower junction temperature was needed
for it to operate with the OTC at the load condition change. On the other hand, Figure 9
shows that the junction temperature variation with the OTC is less than it is without the
OTC between the half-load condition and the full-load condition. Figure 11 at Vi, =24V,
at full load, the optimum switching frequency was at 138 kHz with the OTC. Compared to
the temperature that was achieved without the OTC, it was significantly reduced by the
OTC. The simulation results show that the OTC achieves the lowest temperature according
to the direct feedback of the temperature at different loads.
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Figure 9. Simulation waveforms of 24 V input voltage to 48 V output voltage for a load current step
from 2 A to 1 A with 100 W rated power.
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Figure 10. Simulation waveforms of 24 V input voltage to 48 V output voltage for a load current step
from 1 A to 2 A with 100 W rated power.
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Figure 11. Simulation waveforms of the case that is being studied (24 V input voltage to 48 V output
voltage with full load 100 W for fixed switching frequency convert to adaptive switching frequency).

3.3. Conparison of ZVS Methods

A comparison of the different ZVS topologies and BCM control methods proposed
for the DC-DC converter are shown in Tables 2 and 3, respectively. The comparison of
the topologies are made in terms of the number of switches, the passive components,
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soft switching, switching frequency, efficiency, and output range. It can be seen that the
proposed variable switching frequency modulation can achieve a high efficiency without
any auxiliary device being used. In Table 3, the four aspects of cost, complexity, accuracy,
and response speed are compared. The accuracy of the ZCD circuit is higher than those of
the others, while the cost is the same among them. The sensor-less method cost low, but it
has a complex circuit. The digital control one and the proposed OTC seem to have more
advantages. It can be seen that the proposed OTC has a simple structure and a low cost.
However, it should be noted that the ZVS will be temporarily lost when the working state
changes rapidly. The proposed OTC is suitable for cases such as a battery energy storage
system, for which its operation is relatively stable.

Table 2. The comparison with previous works.

Traditional Boost

Active Clamping Boost Quasi Resonant Boost Bidirectional Converter in

Topologies Converter [35] Converter [36] Converter [37] This Paper
Number of switches 1 MQSFET 2 MQSFET 1 MQSFET 2 MQSFET
1 Diode 1 Diode 1 Diode 0 Diode
Passive component 3 3 4 2
Soft switching CCM/DCM CCM/DCM CCM/DCM BCM
Switching frequency Fixed frequency Fixed frequency Fixed frequency Variable frequency
Efficiency Low High High High
Output range Wide Medium Medium Wide
Table 3. The comparison of BCM controls.
Method ZCD [12-16] Digi[tzai_(;(z);\trol Sensorless [33,34] Proposed OTC
Cost High Medium Low Low
Complexity High Medium High Low
Accuracy High Low Low Medium
Response speed High Medium Medium Low

4. Experiment

The performance of the proposed method was tested and evaluated on a 100 W
bidirectional boost converter, as shown in Figure 12 with the parameters that are listed in
Table 1. The digital microcontroller DSP was implemented to achieve both the proposed
OTC method and the output voltage PI control.

Figure 12. Experimental prototype of a bidirectional boost converter.

The indicator of the OTC is the temperature of the heat sink which was sensed by an
NTC thermistor. To track the optimum temperature, the NTC thermistor feeds its measure-
ment to the digital controller. Then, a new value of switching frequency is calculated.
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The steady-state operation waveforms with a full load are shown in Figure 13. It can
be seen that under different input voltages (16, 24, and 32 V), the switching frequency was
adjusted adaptively by the proposed OTC, and the minimum inductor current I i, was
less than zero. In addition, the voltage V1 reached zero before the gate pulse Vg1 was
applicable to S1. Hence, 51 and S, can both achieve the ZVS. In addition, according to the
ZVS analysis, the full load is the worst case for the ZVS. It can be concluded that the full
operation range ZVS can be achieved with the proposed control algorithm.
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Figure 13. Experimental ZVS waveforms of the S1. (a) Vry =16 V, full load; (b) Viy =24V, full
load; (¢) Vry =32V, full load. Experimental ZVS waveforms of the S,. (d) Viy = 16 V, half load;
(e) Viy =24V, half load; (f) Viy = 32V, half load.

The dynamic waveforms of the OTC are shown in Figures 14-16. The contrast wave-
forms of the proposed OTC are shown in Figures 14 and 15. It can be seen that the inductor
current ripple was reduced with the proposed OTC method. Additionally, the I,y was
kept at less than zero. The case of the temperature of S; with an optimal frequency is lower
than the fixed frequency is, as shown in the thermal images. Figure 16 shows the dynamic
response of the proposed OTC. In order to achieve a ZVS at a full load, the inductor current
ripple is large, and the switching frequency is low. When the step to a half load state is
taken, the switching frequency is increased, and the inductor current ripple is reduced by
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the proposed OTC. In addition, Figure 17 shows that when the input voltage changed, the
frequency changed depending on the temperature. In Figure 18, the efficiency curves of
the OTC and traditional method according to the load are shown, which presents the high
efficiency that was achieved in the proposed OTC. Thus, the optimal frequency for the
temperature can be tracked with various voltages and load conditions.
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Figure 14. Experimental waveforms in Viy = 24V, half load.
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Figure 16. Cont.
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Figure 16. Experimental ZVS waveforms with (a) full-load step to half-load step in Viy =24 V;
(b) half-load step to full-load step in Vi, =24 V.
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Figure 18. Experimental efficiency at different load comparison between OTC and traditional methods.
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5. Conclusions

An optimal thermal-based adaptive frequency control (OTC) for bidirectional DC-DC
converters has been proposed in this paper. This method directly adjusts the switching
frequency by measuring the temperature. In addition, it can track the minimum tempera-
ture by adapting the optimal switching frequency which achieves a ZVS over a wide load
variation. Additionally, the cost has been largely reduced by using the NTC thermistor
without a ZCD or a current sensor. The effect on the thermal factor caused by switching the
frequency and the feasibility of the optimal temperature digital controller under variable
load conditions is analyzed in this paper. The proposed method is capable of significantly
reducing the thermal of the power device and increasing the efficiency at any load value in
the simulation and the experiment. It can protect the power module from failures resulting
from having sustained operation temperatures. This new technology will be widely used
in DC-DC converters to control the temperature effectively.
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Appendix A

In the boost topology, MOSFET, as the main power device, will experience a consid-
erable power losses. The MOSFET power losses mainly include conduction losses and
switching losses. In forward power transmission, the device under analysis is S; since
S, always turns on with zero voltages. S; with a ZVS and without a ZVS will cause the
differences in switching losses, and the switching losses depend on the switching frequency.
Conduction losses are a function of the load current, and they are junction temperature
dependent. Thus, a mathematical, temperature-dependent MOSFET power losses model of
two conditions is proposed in this part.

1.  Loss analysis of Iiin > 0 (without ZVS)

D is duty ratio of the 5;:
Tl)l’l
D=—+—"—+— Al
Ton + T, ff ( )
The ripple current of the input signal:
Aip = Imax — Imin (AZ)
The average current of power device 57 is:
1 Ton
L= /0 Is, (t) dt (A3)

The integral part of the (A3) represents the area of the image that is enclosed by the
input current I and the t-axis during the opening time.

When the current flowing through the MOSFET in the CCM mode is trapezoidal wave,
as shown in the figure, the expression of current of Sy is:
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T T >
| Ts : t
Figure A1. The current waveform of Sp for Iy > 0 (without ZVS).
Ig_%_‘_%'t (O<t<Tgn)
I s = on (A4)
0 (Ton < t<T)

According to the definition of root-mean-square:

1 Ton 1 Ton Aip,  Aig / Air2
rms \/T/O sl(t) dt \/T/O ( a 5 + T t) dt ( s+ T ) (A5)

The conduction loss of the MOSFET refers to the loss that is generated by the current
in the switching resistance during the conduction time. Conduction power losses are a
function of the RMS currents’ squared values. The calculation formula of the conduction
loss is as follows:

Air?
Pcon?CCM = I%msts_on = D(Ig + Té) ' Rds_on (A6)
Rds_on = Rds_on25(1 + de(Tj - 25)) (A7)

In the power loss estimation, the MOSFET on-state resistance Ry; ,, is the main pa-
rameter that is temperature dependent. Ry ,,25 is the on-resistance at junction temperature
of 25, which can be obtained from datasheet. We used an on-resistance vs. junction
temperature curve to get an approximate ratio Ky,.

Unlike the conduction loss, there is little temperature influence on the switching loss.
The MOSFET switching losses include the turn on loss and the turn off loss. When the
MOSFET is turned on, the drain-source voltage gradually decreases, and the drain current
gradually increases. In this process, the overlapping parts are generated, which are the
switching losses of the MOSFET. The switching power losses are a function of the switching
frequency of the switches, the voltage across the switches, and current through the switches.

The drain-source voltage is:

0as(t) = Vuv — Vzv ot (A8)
The drain current is:
igs(t) = If;‘:“ -t (A9)
The turn on loss is:
Por = £ [ st 00 = Sy~ B g (A10)

The turn off loss, as shown in the figure above, refers to the loss that is caused by
the overlap of drain-source voltage rise and the drain current drop during the MOSFET
turn off.

The drain—source voltage can be expressed as:

Ogs(t) = —— -t (A11)
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The drain current is determined as:

I
ids(t) = Imax — % -t (A12)

Hence, the turn off loss can be calculated as:

b . 1 Air
Pogs = fs/O ias (t)0as ()t = ZViy - (I + =) -ty - fs (A13)
The reverse-recovery loss P, is as:
Porr = Q- Vv« fs (A14)

Qyr is the reverse recovery charge.
The total loss of the MOSFET in the I,,;, > 0 condition is:

Ploss:PCon+Pon+ngf+Per (A15)

2. Loss analysis of Ijyin < 0 (with ZVS)

When Iin <0, a ZVS operation mode is usually preferred, which allows a nearly
lossless turn on, but as a consequence, there are losses during the turn off event. As long as
the ZVS is reached, the current waveform on the inductor is different. The current flowing
through the MOSFET is a triangular wave, as shown in Figure A2.
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Aig | |
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Figure A2. The current waveform of Sy for I, <0.

When I iy < 0, the turn-on loss is:

1

b
Pop = fs/0 ias (t)0as ()t = =Viy - bnin -ty - f5 < 0 (A16)

The conduction loss and the turn-off loss are the same as the first condition:

Aip?

Pcon_CCM = I%msts_on = D(Ig + ?) ' Rds_on (A17)
1 Ai
Poff: EVHV'(Ia‘f'TL)'tf'fS (A18)

The total loss of MOSFET in I, < 0 condition is:

PIOSS:PCOH+Poff+Per (A19)
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