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ABSTRACT High temperatures in unconventional oil and gas reservoir present a challenge to DC-DC
converter design for downhole drilling equipment. In response to the high-temperature challenge, a design
methodology consisting of controlling-junction temperature rise, derating component electrical parameters
for more design margin and selecting high-temperature components was proposed. Based on the methodol-
ogy, a converter board with a nominal input of 42-54V and output of three low voltages (+15V, —15V, and
+5V), was designed for the 150°C application. The maximum temperature rise of the components in the
converter prototype under a temperature environment of 22°C is 11.9°C. The performance of the converter
was verified at the ambient temperature from 30°C to 150°C. With a 42~54V input voltage, the output
voltages have less than 0.2V fluctuation; the three output voltages can achieve a ripple suppression ratio
of approximately 40dB, and the average conversion efficiency was around 75% at 150°C, which meets the

design specification.

INDEX TERMS DC-DC converter, high-temperature design, flyback topology, derating design.

I. INTRODUCTION

The exploration and development of unconventional oil and
gas reservoirs have developed rapidly globally [1]. Uncon-
ventional oil and gas have become an essential part of the
oil and gas supply system [2]. As a crucial technology for
the development of unconventional oil and gas fields, rotary
steerable system (RSS) has attracted growing attention and
research efforts from scientific institutions and oilfield ser-
vice companies [3]. The most widely used power supply
system in the RSS is the turbine mud generator system.
After the AC power output of the generator is converted into
electric energy of AC-DC through rectification technology,
the DC-DC converter is needed to provide electric energy to
the electronic warehouse and other electronic devices in the
downhole of the system [4], [5]. The operating temperature of
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RSS is usually between 150°C and 170°C, with a geothermal
temperature gradient of 3°C/100m. For oil and gas wells
with depths ranging from 6,000 to 7,000 meters, the high-
est temperature at the bottom of the well is approximately
180°C-210°C or even higher [6], [7], [8]. In the work of
the underground power supply, it is difficult for the circuit
board to exchange heat with the surrounding environment,
so the designed high-temperature converter circuit is required
to overcome the challenges brought by the underground
high-temperature environment [9], [10], [11].

According to the statistics of electronic equipment failure
caused by environmental factors from national aeronautics
and space administration (NASA), the failure rate of elec-
tronic systems caused by ecological temperature is as high
as 55% [12]. In the downhole high-temperature environment,
the semiconductor components of the average temperature
converter and their circuits are challenging to work reli-
ably [13], [14]. High temperatures lead to changes in the
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TABLE 1. Converter design specification.

Parameter Value
Input voltage(V) 42~54
Vol: +15(5W)
Output voltage Vg (V) Voo -15(4W)
Vo3: +5(3W)
Efficiency (%) >75
Frequency (kHz) 95
Maximum operating Temperature (°C) 150

performance of electronic devices and even damage to the
devices. Therefore, during the component selection process,
it is imperative to consider the maximum operating tem-
perature provided in the datasheet to ensure the optimal
performance and normal operation of electronic devices [15].
The most important thing is the electrical parameter changes
of semiconductor devices, among which the electrical per-
formance specifications such as breakdown voltage, leakage
current, amplification factor, and allowable power are posi-
tively or negatively correlated functions of temperature [16].
Other factors include decreased carrier mobility, increased
electron migration in metal interconnects, and decreased
dielectric breakdown strength [17], [18]. In addition to the
high temperature brought by the downhole environment, inte-
grated circuits, switching devices, and other components in
the circuit also generate heat during operation, resulting in a
further temperature rise. Under the combined effect of down-
hole environment temperature and temperature rise, the losses
of electronic components in the circuit are further increased
[19]. If the high temperature in the working environment of
the converter is not considered during the initial design, the
converter circuit in the equipment will suffer from reduced
performance and shortened lifespan. In addition, the increase
in temperature will lead to increased internal losses in the
components, which may eventually result in circuit malfunc-
tion [20]. Therefore, studying the high-temperature design of
DC-DC converter is significant.

This paper is organized as follows. The technical
specifications and architecture of high temperature con-
verter are presented in Section II. Section III presents the
design methodology of high-temperature converter. The test
environment built, and the normal temperature function
and high temperature performance are verified presented in
Section IV. The conclusion is given in Section V.

Il. DESIGN SPECIFICATIONS AND STRUCTURE OF
HIGH-TEMPERATURE CONVERTER

In the design of high-temperature power supplies, a thorough
understanding of various converter performance specifica-
tions is required as a starting point to select a design solution
that meets the design requirements. As shown in Table 1,
multiple technical specifications are listed for the conditions
of the design converter.
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According to the design specifications, the converter needs
to have the anti-interference ability, as well as the ability to
isolate the electrical connection between the input and output
terminals, presenting a high impedance state at both ends
to block the current loop and prevent interference with the
output of the subsequent converter. The converter demand
of electronic instruments in RSS is diversified, requiring
multi-terminal output capacity to avoid the complexity of
converter system design, and the design specification requires
a small power. According to the above statement, flyback
topology is selected as the design basis of the system [21],
[22], [23], [24]. According to the design requirements in
Table 1, the schematic diagram of the designed flyback topol-
ogy is shown in Fig. 1.
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FIGURE 1. Block diagram of flyback converter.

This converter is designed in detail in six parts, including
the input filter circuit module, the peak absorbing circuit
(RCD) buffer circuit module, the flyback transformer mod-
ule, the central controller and its peripheral circuit module,
and the output filter and low dropout regulator (LDO) circuit
module. The design of each circuit section was completed to
realize the high-temperature converter prototype, which can
meet the design requirements under both room temperature
and high temperature.

Ill. HIGH-TEMPERATURE DESIGN METHOD OF
CONVERTER
According to data from the U.S. Naval Electronic Laboratory,
the probability of electronic equipment becoming unreliable
due to circuit design is 40%, while device usage accounts
for 30% of the causes [25]. Due to the complexity of the
coexistence of drilling equipment and the downhole environ-
ment, it is difficult to carry out active and passive cooling
measures. Theoretically, the operating temperature of the
downhole high-temperature converter does not differ much
from the temperature variation of the formation [26], [27],
[28]. Therefore, to improve the temperature resistance of
the overall circuit of the high-temperature converter, high-
temperature reliability design should be considered from
three aspects:

Such as the design of controlling temperature rise of com-
ponents, derating use of electronic devices, and packaging of
devices, as shown in Fig. 2.
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FIGURE 2. High-temperature circuit design factors.

A. TEMPERATURE RISE CONTROL

Due to the influence of parasitic parameters, semiconductor
devices will result in some power loss, which causes the
temperature of the device to be higher than the ambient
temperature. As shown in Fig. 3, the TO-220 package of
the switch MOSFET is taken as an example. T represents
the ambient temperature, Ty represents the semiconductor
junction temperature, and Tc represents the case temperature.
There is thermal resistance between T and Tj thermal resis-
tance Tc between Ty and Ryyjc. Therefore, under different
thermal resistance conditions, the device will experience a
temperature rise higher than the ambient temperature, which
can cause significant performance degradation and even dam-
age the device when operating at or near the maximum
operating temperature.

Ta
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FIGURE 3. MOSFET thermal resistance model.

By employing techniques such as component layout, cop-
per coverage, windowing, and heat dissipation holes on the
PCB, rational and efficient channels with low thermal resis-
tance can be established. Designing heat dissipation holes
and blind holes around the heating element can effectively
increase the heat dissipation area, reduce thermal resistance,
and enhance the power density of the circuit board [29].
Significant heat-generating or high-current elements should
be avoided from being placed at the corners and edges of the
printed circuit board. A proper layout of circuit components
and increased copper coverage can accelerate heat conduc-
tion. To enhance the heat dissipation capability of the TO-220
package, thermally conductive silicone grease is used to fill
the gap between the heat sink of the MOSFET, the ceramic
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thermal pad and the metal lower frame to assist heat transfer.
The installation is illustrated in Fig. 4.
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FIGURE 4. Schematic diagram of MOSFET installation.

To reduce the temperature rise and prevent deformation of
the circuit board under high temperature, a metal upper and
lower frame was used for reinforcement and auxiliary heat
dissipation around the power devices. The structure of the
metal frame is shown in the Fig. 5.

FIGURE 5. Design effect of high-temperature converter prototype.

In addition to protecting the device, different packaging
forms correspond to power and application scenarios. Due
to the limited ability of high-temperature power supplies
to exchange heat with the environment, MOSFET pack-
ages with large heat sinks such as TO-220 are selected to
dissipate the heat generated by the device to the entire cir-
cuit, reducing the temperature rise of the MOSFET and its
surroundings. All power devices in the converter prototype
are selected with TO-220 packaging, and the carrier of the
devices is a printed circuit board (PCB) with a maximum
operating temperature of 200°C. From the component selec-
tion and design perspective, this circuit can improve the
overall temperature resistance performance [31], ensuring
that semiconductor devices can generally operate under long-
term high-temperature conditions.

B. THE DERATING USE OF HIGH-TEMPERATURE
ELECTRONIC COMPONENTS

In high-temperature power supplies, the issue of component
derating must be fully considered to reduce the probability
of electronic component failure mechanisms. Therefore, the
derating criteria were based on the ‘“Technology specification
for derating of electronic components of converter ” [30], and
the derating levels are shown in Table 2.

As the temperature of the device increases, the decrease
in electrical performance parameters further increases power
losses. Derating can effectively improve the reliability of
electrical performance parameters of electronic compo-
nents in extreme environments. However, derating usually
increases the device’s weight, size, and cost. Therefore,
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TABLE 2. Technology specification for derating of electronic components
of converter.

Derating grade Application situation
Non-recoverable damage occurs
after an equipment failure, which
requires high equipment reliability.
Equipment failure may result in
equipment damage and high
maintenance costs.

The consequences of equipment
failure are slight, and the repair cost
after loss is low.

Derate level 1(Maximum
derating)

Derate level 2(Moderate
derating)

Derate level 3(Minimum
derating)

derating needs to be considered in combination with all
factors of electronic devices. Excessive derating may cause
changes in the typical characteristics of the device or intro-
duce new failure mechanisms. The converter design will
reference the level-2 derating standard according to the derat-
ing level division. Choose to use reverse voltage, current, and
power much higher than the calculated parameters to achieve
the purpose of derating. In addition, most semiconductor
device performance parameters increase is accompanied by
a more significant on-state resistance, which requires careful
consideration of the trade-off between derating and power
loss.

C. SELECTION OF HIGH-TEMPERATURE ELECTRONIC
COMPONENTS

In this converter, unconventional high-temperature com-
ponents were selected for the six modules. By selecting
high-temperature capacitors of different capacitance val-
ues, high-frequency interference, common-mode interfer-
ence, and low-frequency interference of the input signal
were effectively filtered out. The capacitors used were
high-temperature tantalum capacitors (Exxelia). The switch
IC used was SIC MOSFET (UnitedSIC), which can operate
normally at 150°C.

At 150°C, high-temperature ceramic packaging is a rea-
sonable solution, and therefore, majority devices used in this
design are packaged in ceramics. The PWM controller used
is UCC1806, which is a ceramic-packaged, low-power, dual-
output current-mode PWM controller. The magnetic core of
the transformer is made of Kool mu hf material, which has a
Curie temperature of 500°C (Cruise temperature) and meets
the design requirements at 150°C.

IV. TEST OF THE PROTOTYPE AT STANDARD
TEMPERATURE AND HIGH TEMPERATURE

The temperature cycling test of the power prototype is used
to simulate the high-temperature resistance of the downhole
power prototype under the temperature cycle of 30-150°C
during actual operation. Within the set temperature range,
temperature rise, temperature maintenance, and temperature
drop are counted as a cycle. Based on practical engineering
experience, a testing cycle consisting of three temperature
cycles was used. The temperature cycling test method for
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high-temperature converter refers to the process specified in
GJB548B-2005 “Test Methods and Procedures for Micro-
electronic Devices” [32]. The test environment is set up as
shown in Fig. 6(a) offers the external environment of the
test, and (b) shows the internal environment of the high-
temperature oven.

MOSFET LEWMIC

Electronic load ! Data acquisition

-

FIGURE 6. (a)Test the external environment. (b) High-temperature oven
internal environment.

Electronic load connection Input eapacitor

Industrial oven Transformer

N -/

i o
(a) (b)

Fig.7 (a) and (b) show the ripple comparison of the +15V
line before and after filtering. The peak-to-peak value of the
ripple before filtering is about 450mV. After filtering and
linear regulation by the LDO circuit, the peak-to-peak value
of the wave is about 4.2 mV. The ripple suppression effect is
expressed by the ripple suppression ratio (RSR), as shown in
the following equation.

Vipp

RSR = 201log (1

oPP

where Vipp represents the peak-to-peak value of the ripple
voltage of the input voltage, while Vopp represents the peak-
to-peak value of the ripple voltage of the output voltage.
After calculation, the ripple suppression ratio of the +15V
rail is 41dB.

Fig.7 (c) and (d) depict the ripple waveform comparison
before and after filtering on the — 15V path. The peak-to-peak
ripple value before filtering is approximately 380 mV. After
filtering and linear regulation through the LDO circuit, the
peak-to-peak ripple value is about 3.0 mV, yielding a ripple
suppression ratio of 42dB.

Fig. 7 (e) and (f) show the comparison of ripple waveform
before and after filtering on the 45V path. The peak-to-peak
ripple value before filtering is around 450mV. After filtering
and linear regulation through the LDO circuit, the peak-
to-peak ripple value is about 3.2mV, resulting in a ripple
suppression ratio of 43dB.

Fig. 8 shows the testing of the heating conditions of the
components on the experimental board under full load. The
testing was conducted at an ambient temperature of approxi-
mately 22°C. After the temperature rise of the converter pro-
totype stabilized, a thermal imaging technique was employed
to measure the temperature rise of the clamp resistor of the
RCD, the flyback transformer, the switching ic, and the output
rectifier diode. Among them, the flyback transformer had the
highest temperature rise, reaching 11.9°C, while the RCD had
the lowest temperature rise, at 10.3°C.

Out of 100 cycles tested, three tests were selected as
representative tests. The temperature cycles used in the test
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FIGURE 7. Critical circuit waveforms at normal temperature.
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FIGURE 8. Maximum circuit temperature module at the average
temperature.

are based on the previous underground environmental tem-
perature survey. The environmental temperature rise in the
high-temperature test should be controlled at 1-3°C/min,
so the temperature change is set to 2°C/min during the
three-cycle temperature rise process. The change of tem-
perature rise in cooling is the same as the temperature rise
process. During the test, the operating temperature of mul-
tiple devices was monitored, and the device temperatures
at 22°C and 150°C inside the oven are shown in Table 3
below.

As can be seen from the above table, the working tem-
perature of several critical components at 150°C is within
the allowable range of the datasheet. The temperature rise
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TABLE 3. Temperature rise of critical components undeer full load.

Main component 22°C 150°C Datasheet/°C
PWM controller 22.5°C 150.5°C 125°C
Transformer 33.9°C 162.3°C 200°C
MOSFET 33.2°C 161.3°C 175°C
RCD 32.3°C 160.5°C 175°C
Input capacitor 22.89°C 150.89°C 200°C
Output capacitor 23.8°C 150.39°C 200°C
Metal frame 20°C 151.5°C 250°C

of the PWM controller exceeds the recommended operating
temperature of the datasheet, but due to its ceramic pack-
age, it does not significantly exceed the maximum allowable
operating temperature of 150 degrees Celsius stated in the
datasheet. The military-grade device operated normally dur-
ing the 100-cycle test. After the high temperature cycle, there
is no obvious damage to the external components of the
converter prototype, and the converter prototype can work
normally. The full-cycle output data is collected during the
high-temperature cycle test, and the output of the three chan-
nels is obtained after sorting.

15.2 15.2

—The first temperature rise
The second temperature rise

—The third temperature rise

—The first cooling process
~The second cooling process
—The third cooling process

m
@

15.15

Voltage/V
Voltage/V

L

15.05
40 60 80 100 120 140 160 160 140 120 100 80 60 40 20
(a)+15V temperature rise process/C (b)+15V cooling process/C

FIGURE 9. Output voltage variation of +15V in three cycles.

A. OUTPUT VOLTAGE VARIATION AT AN INTEGRAL PERIOD
OF +15V

According to Fig. 9(a), it can be observed that during the
three-cycle temperature rise of the +15V line, the temper-
ature change range remains between 30°C and 150°C, and
the voltage change remains between +15.05V and +15.20V,
with a voltage change amplitude less than 0.2V. According
to Fig. 9(b), during the three-cycle cooling process of the
415V line, the temperature range remained between 150°C
and 30°C, and the voltage variation was maintained between
+15.18V and +15.05V, with a voltage change amplitude less
than 0.2V. The slope of the voltage change is consistent in the
three cycles of temperature changes.

-15.05 -15.05

Voltage/V
Voltage/V

—The first temperature rise
—The second temperature rise
—The third temperature rise

—The first cooling process
—The second cooling process
—The third cooling process

&
™

-15.15 -15.15
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(a) -15V temperature rise process/C (b)-15V cooling process/C

FIGURE 10. —15V Output voltage changes at three periods.
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B. OUTPUT VOLTAGE VARIATION AT AN INTEGRAL PERIOD
OF —15V

According to Fig.10(a), during the three-cycle tempera-
ture rise process of the —15V path, the temperature range
remained between 30°C and 150°C, while the voltage vari-
ation remained between —15.03V and —15.11V. The output
voltage exhibited oscillation between 90°C and 140°C, but
the magnitude of the fluctuation was less than 0.2V. Accord-
ing to Fig. 10(b), it can be seen that during the three cycles of
the cooling process of the —15V path, the temperature range
remained between 150°C and 30°C, while the voltage range
remained between —15.11V and —15.03V, with voltage vari-
ations all below 0.1V. The voltage changes slopes remained
consistent throughout the three cycles of temperature change.

C. OUTPUT VOLTAGE VARIATION AT AN INTEGRAL PERIOD
OF +5V

According to Fig.11(a), during the entire cycle, the tem-
perature range of the +5V route in the temperature-rising
process remained between 30°C and 150°C, while the volt-
age changes remained between +5.03V and +5.05V, with
a voltage change amplitude of less than 0.1V. According to
Fig. 11(b), during the cooling process of the entire cycle of the
+5V path, the temperature range remained between 150°C
and 30°C, and the voltage change remained between +5.03V
and +5.05V, with voltage changes of all three cycles being
less than 0.1V. The voltage change slope remained consistent
in all three temperature cycles.

5.05

5.045

5.04

Voltage/V
Voltage/V

—The first cooling process
5.035 —The second cooling process
—The third cooling process

—The first temperature rise
—The second temperature rise
—The third temperature rise
5.03
20 40 60 80 100 120 140 160
(a)+5V temperature rise process/C

5.035

5.03
160 140 120 100 80 B0 40 20
(b)+5V cooling process/C

FIGURE 11. +5V three-cycle output voltage changes.

In the three-cycle temperature cycle, the efficiency formula
of the high-temperature converter is:
Vo1 -1lo1 + Vo2 - 102 + Vo3 - lo3

n= x 100%  (2)
Vin - fin

where Vpirepresents the output voltagel (+15V), while
11 represents the output currentl; Vporepresents the output
voltage2 (—15V), while Ip; represents the output current2;
Vosrepresents the output voltage3 (+5V), while /o3 repre-
sents the output current3; Vj,represents the input voltage,
while [;, represents the input current; n represents the effi-
ciency of power prototype.

The test conditions are shown in Table 4:

The prototype was subjected to efficiency testing, and the
overall efficiency of the converter was above 75% during the
three-cycle high-temperature cycling test, meeting the design
requirements. The results are shown in Fig.12.
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TABLE 4. Efficiency test conditions of power prototype.

Test condition Value
Input voltage 42-54V
Temperature test range 30°C-150°C
+15V:49Q
Output load (Full load) -15V:59Q
+5V:9Q
80
-2 —The first temperature cycle
;79 —The second temperature cycle
8 —The third temperature cycle
278
8
-3
877
£
30

40 60 80 100 120 140 160
Test temperature C

FIGURE 12. Efficiency change of power prototype under the three-cycle
temperature cycle.

V. CONCLUSION

The design approach proposed in this paper, which com-
bines temperature rise control, derating usage, and selec-
tion of electronic components, is applied to achieve the
high-temperature performance of conventional power sup-
plies. The feasibility of this method is verified by experi-
ments. (1) By increasing the copper coverage and the number
of through-holes on the circuit board, the heat dissipation
area of the circuit board was increased. Using a metal frame
further balanced the temperature rise of the circuit board,
eliminating the impact of high temperature on electronic
components caused by localized heat buildup. (2) Using
reverse voltage, current, and power much higher than the
calculated parameters to achieve the purpose of derating.
(3) By selecting high-temperature components, the sensi-
tivity of electronic devices to temperature variations was
overcome, thereby enhancing the operational lifespan of the
designed converter in a 150°C environment. In a three-
cycle high-temperature test ranging from 30°C to 150°C,
the variation range of the three output voltages is less than
0.2V. Additionally, the efficiency of the converter proto-
type remains above 75% throughout the three-cycle high-
temperature test. The high-temperature testing demonstrated
that the external integrity of the components remained intact
with no visible damage. This satisfies the design require-
ments for the high-temperature DC-DC converter of the
drilling measurement and control system for RSS. In future
work, research will be conducted on the design methods of
power circuits for even higher temperatures based on this
foundation.
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