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ABSTRACT With consideration of both the operating properties from cryogenic MOSFETs and refrig-
erating costs from cryogenic refrigerators, this paper attempts to carry out the experimental tests and
performance evaluations of state-of-the-art 650-V class MOSFETs, and thus to explore a possible design
guideline for cryogenic power conversions at liquid nitrogen temperature. Three cryogenic operating
behaviors of on-state resistances and breakdown voltages of five types of commercial power MOSFETs
and on-state voltage across their built-in reverse diodes are tested from 300 K to 77 K. The measured
on-state resistances obtained in low-current tests show almost double-exponential functional relations with
the operating temperatures, while the other two cryogenic parameters are directly or inversely propor-
tional to the operating temperatures. Moreover, cryogenic on-state resistance behaviors in high-current
tests from 20 A to 90 A are also found to have double-exponential functional relations with the operating
currents. Based on the experimental results and their fitted temperature-dependent and current-dependent
functions, integrated evaluation of overall energy efficiency involved with refrigerating cost is presented
to form a feasible design guideline for cryogenic power conversions. Finally, two 40-kW and 4-MW boost
choppers are conceptually designed and discussed to verify the proposed design guideline for the use in
various MOSFET-based cryogenic power conversions.

INDEX TERMS Cryogenic MOSFET, cryogenic power conversion, energy efficiency, liquid nitrogen.

I. INTRODUCTION
Cryogenic operation of metal-oxide-semiconductor field
effect transistors (MOSFETs) is generally highlighted
for improved energy efficiency compared to their room-
temperature counterparts [1]. This merit is derived mainly
from the reduced drain-source on-state resistance at lower
temperatures. Up to now, a number of theoretical and
experimental studies have demonstrated the feasibility
of cryogenic power MOSFETs for high-efficiency power
conversions [2]–[11]. In particular, this so-called cryogenic
power conversion is well suited to combine with high
temperature superconducting (HTS) power devices hav-
ing self-contained cryogenic environments [12]–[17]. For
instance, a cryogenic DC-DC chopper was developed in [15]
for energizing the HTS field winding in a 100-kW HTS

generator at liquid nitrogen (LN2) temperature (77 K);
a cryogenic DC-DC chopper was designed in [17] for con-
trolling the energy exchanges of on-board superconducting
magnetic energy storage (SMES) device in a liquid hydrogen
(LH2) powered fuel cell vehicle. Cryogenic power MOSFETs
in [15] and [17] were designed to be cooled by LN2 at
77 K and gas hydrogen (GH2) at 50-100 K, respectively.
However, it should be noted that an undesired increment
in the on-state resistance could be found if the MOSFETs
are immersed directly in the LH2 at 20 K, and an opti-
mal temperature range might be at 50-100 K according to
the experimental investigations in [18] and [19]. Therefore,
the LN2 could be a suitable refrigerating fluid for achiev-
ing a high efficiency in various MOSFET-based cryogenic
power conversions [12]–[17], [20]–[22].
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Moreover, thanks to unique advantages of extremely
high current capacity and nearly zero internal resistance
from advanced HTS inductors, replacing conventional cop-
per inductor by HTS inductor could further improve the
energy efficiency in a cryogenic power conversion system.
For instance, by integrating HTS inductors, a 50-kW DC-AC
inverter in [23] and a 40-kW DC-DC chopper in [24] were
reported to have ultra-high efficiencies of about 99.5% and
99.9%, respectively. In this 40-kW chopper case, two cryo-
genic power MOSFETs are introduced to replace one power
MOSFET and one power diode at room temperature (300 K).
As a result, the total power dissipation of power electronic
devices is reduced from about 163 W to 26 W. The resistive
loss from conventional copper inductor is also reduced from
about 104 W to 9 W when a HTS inductor is used.
Along with the reduced on-state resistance at lower tem-

peratures, however, there exist two undesired performance
degradations [18], [19], [25]. One is the decreased drain-
source breakdown voltage of one cryogenic power MOSFET
itself, and the other is the increased on-state voltage across its
built-in reverse diode. The former one limits the maximum
operating voltage for avoiding power electronic failures,
while the later one aggravates the power dissipation if the
diode is involved in circuit operations. Due to the higher
on-state voltage and its resulting higher power dissipation
inside the diode, it is favored to avoid the use of reverse
diode attached to a commercial power MOSFET unit or
simply replace a standalone power diode unit by cryogenic
power MOSFET [17], [24].
To clarify the intrinsic mechanisms behind the phenom-

ena of cryogenic power MOSFETs, a number of scientific
works related to theoretical calculation, simulation model-
ing and prototype development have been reported in the
last few decades [2]–[11], [26]–[28]. Some cryogenic char-
acteristics have been initially clarified from the views of
semiconductor materials and relevant theories. For instance,
the reduced on-state resistance was found to be caused by
the increased carrier mobility, while the reduced breakdown
voltage came from the increased impact ionization efficiency
at lower temperatures [5], [6], [9]. In the case of keeping the
reduced on-state resistance, the reduced breakdown voltage
could be improved to its room-temperature value by doubling
the N-drift region length inside the MOSFET [29].
However, most of the currently existing theoretical and

empirical formulas are in the field of power electronic
devices [2]–[11], [26]–[29]. They are not easy to be imple-
mented by those engineering technicians in the fields of
power electronic software control and hardware design.
Specifically, there is almost no universal rule or guideline for
implementing a practical cryogenic power conversion design
at present.
In addition to the lack of design rules for cryogenic power

conversions, the merit of improved energy efficiency remains
to be clarified when both the reduced power dissipation
of cryogenic power MOSFETs and the increased refriger-
ating loss are considered [12]–[17], [23]. Even when the

MOSFETs are integrated into the cryogenic environment
from an existing HTS power device, the added operating
cost of commercial refrigerators should also be considered
to evaluate the overall energy efficiency.
Consequently, with consideration of both the cryogenic

properties from commercial power MOSFETs and the refrig-
erating costs from cryogenic refrigerators, we attempt to
carry out the experimental tests and performance evaluations
of state-of-the-art 650 V class power MOSFETs and thus
to explore a possible design guideline for cryogenic power
conversions. The experimental testing principle and set-ups
will be presented in Section II. The cryogenic operation of
power MOSFETs from several semiconductor manufacturers
will be updated in Section III for fitting several mathemat-
ical functions among the cryogenic operating parameters
and environmental temperature. Based on the experimen-
tal results from a series of high-current tests at 20-90 A,
application analyses and performance evaluations of cryo-
genic power MOSFETs will be carried out in Section IV
by considering the refrigerating properties from commer-
cial refrigerators. The design guidelines and considerations
for MOSFET-based cryogenic power conversions will be
discussed in Section V. The conclusions will be made in
Section VI.

II. EXPERIMENTAL TESTING PRINCIPLE AND SET-UPS
In the experiments, three cryogenic operating parameters are
tested from 300 K to 77 K: 1) drain-source on-state resistance
Rds and 2) drain-source breakdown voltage Udsmax inside
a power MOSFET, and 3) on-state voltage Udiode across its
built-in reverse diode. The gate-source voltage Ugs is set to
10 V for testing the Rds, and set to 0 V for testing the Udiode
and Udsmax, respectively. Figs. 1 and 2 show the schematic
diagram and experimental set-ups.
To obtain a continuous temperature-changing environment

from 300 K to 77 K, the back conductive plate of drain
electrode inside the MOSFET is installed on the upper edge
of a long copper cold-conduction strip (∼18 cm), while
the lower edge of the strip is immersed in the LN2 con-
tained inside a cryogenic vessel. The whole assembly of
the MOSFET and its equipped cold-conduction strip is then
installed at the terminal of the moving shaft of a vertically-
inverted stepper motor. During the tests, the MOSFET gets
closer and closer to the liquid surface of the LN2 along
with the linear descending motion of the shaft, and finally
immerses inside the LN2.
To monitor the operating temperature of the MOSFET

as accurately as possible, a standard four-probe method is
used. A Pt100-type platinum resistance sensor is stuck to the
surface of the back conductive plate of drain electrode, with
each pin of the sensor welded with one current lead and
one voltage lead. Subsequently, the two current leads and
two voltage leads are connected with the constant-current
output ports (1 mA) and varying-voltage input ports inside
a thermometer.
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FIGURE 1. Experimental schematic diagram for testing the three cryogenic
operating parameters inside a power MOSFET unit.

FIGURE 2. Photograph of the experimental testing set-ups.

As for the measurements of the three cryogenic operat-
ing parameters, three types of programmable DC sources are
used. During the Rds and Udiode tests, a 5-V/30-A DC source
is controlled to output a constant current of 4 A to supply
the MOSFET and its reverse diode operated from 300 K to
77 K. A voltmeter is then applied to measure the transient
voltage across the drain electrode and source electrode of
the MOSFET. Note that the Udiode is equal to the measured
voltage data directly, while the Rds can be indirectly obtained
by dividing the constant current of 4 A. In addition to the
above low-current tests, a series of high-current tests are
also carried out for evaluating the long-time operating per-
formance of the MOSFET at 77 K. The testing current from
a 50-V/900-A DC source is ranged from 20 A to 90 A in
the experiments.
During the Udsmax tests, initial output voltage and cur-

rent of a 1500-V/0.2-A DC source are set as 750 V and
1 mA, respectively. When the breakdown voltage is reached
(<750 V, at 77-300 K), the DC source is controlled auto-
matically to output a constant current of 1 mA. Hence the
measured voltage data from the voltmeter is the Udsmax
that corresponds to the temperature changes. In the tests
for the Rds, Udiode and Udsmax, each power MOSFET is
always powered on during the temperature changes from
300 K to 77 K. For simultaneous monitoring of the rela-
tions among the three cryogenic operating parameters and
temperatures, a LabVIEW-based data acquisition system is
used to collect the real-time data from the thermometer and
voltmeter.

III. CRYOGENIC BEHAVIORS AND THEIR FITTED
MATHEMATICAL FUNCTIONS OF POWER MOSFETS
A. CRYOGENIC BEHAVIORS OF POWER MOSFETS
In this work, five types of 650 V class power MOSFETs from
various semiconductor manufacturers are used and numbered
as follows: 1) Type A - X2-Class IXTX120N65X2 from
IXYS; 2) Type B - MdmeshTM STY145N65M5 from
STMicroelectronics; 3) Type C - E-Series SIHS90N65E
from Vishay; 4) Type D – SuperFET FCH023N65S3 from
Fairchild / ON Semiconductor; 5) Type E - CoolMOS
IPW65R019C7 from Infineon. Note that the above five
MOSFETs have almost the highest continuous drain cur-
rent capacities (≥75 A) and lowest drain-source on-state
resistances (∼20 m�) compared to other commercial coun-
terparts with TO-247 or similar packages. Hence they suit
to apply in various power conversions having relatively high
current rating.
To further investigate the feasibility of cryogenic power

conversions, the five MOSFETs are tested with regard to
three cryogenic parameters of Rds, Udsmax and Udiode. In the
experiments, the five MOSFETs are firstly cooled down from
300 K to 77 K and then heated up from 77 K to 300 K. As
shown in Fig. 3, their cryogenic behaviors obtained in the
cooling down process and heating up process are basically
overlapped. As for the small differences between the two
processes, the reason might be that the measured temper-
ature located near the surface of the MOSFET is suffered
by different influences like ambient temperature, thermal
conduction of the copper strip and moving speed of the
stepper motor.
From Fig. 3, it can be seen that both the Udsmax and

Udiode have nearly linear correlations with the operating
temperature T. Specifically, the Udsmax varies directly with
temperature while the Udiode varies inversely with tem-
perature. These two undesired performance degradations
should be practically considered in the design of cryo-
genic power conversions. As for the cryogenic on-state
resistance behaviors, the five MOSFETs show almost lin-
ear descending trends when the operating temperature is not
very low. These phenomena match well with the temperature-
dependent on-state resistance curves given in the official
data sheets. However, along with the further reduction
in temperature, the descending rate of on-state resistance
becomes slower and slower, and then the lowest on-state
resistance will be reached at a certain temperature. As
shown in the enlarged data curves in Fig. 3(a), (d), (g), (j)
and (m), this optimal temperature value might be changed
in different types of power MOSFETs due to their differ-
ent temperature-dependent behaviors. Nevertheless, obvious
reductions in the on-state resistance can be easily found
in this experiment and other previous works such as
in [2]–[11], [18], and [19]. These phenomena reveal the fact
that cryogenic power MOSFETs are certainly with reduced
power dissipation for themselves. However, we have to be
aware that some certain increments in the on-state resis-
tance appear when the operating temperature is lower than
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FIGURE 3. Low-current testing results in five types of power MOSFETs from 300 K to 77 K: (a) Rds in Type A; (b) Udsmax in Type A; (c) Udiode test in Type
A; (d) Rds in Type B; (e) Udsmax in Type B; (f) Udiode in Type B; (g) Rds in Type C; (h) Udsmax in Type C; (i) Udiode in Type C; (j) Rds in Type D; (k) Udsmax in
Type D; (l) Udiode in Type D; (m) Rds in Type E; (n) Udsmax in Type E; (o) Udiode in Type E.

the optimal value. This is due to the combined effect of
the temperature-dependent electron mobility and the ionised
dopant concentration [18], [30]. In general, this optimum

temperature range appears when both the highest electron
mobility and the minimum effects of carrier freeze-out are
achieved. Therefore, a suitable operating temperature range
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should be properly selected for practical cryogenic power
conversions.

B. FITTED MATHEMATICAL FUNCTIONS OF POWER
MOSFETS
To discuss the cryogenic behaviors of power MOSFETs from
the view of engineering applications, four normalized param-
eters are introduced as follows: 1) the ratio of the Rds at an
arbitrary temperature to the Rds at 300 K is defined as Rpu1;
2) the ratio of the Rds at an arbitrary temperature to the Rds
at 77 K is defined as Rpu2; 3) the ratio of the Udsmax at an
arbitrary temperature to the Udsmax at 300 K is defined as
Upu1; 4) the ratio of the Udiode at an arbitrary temperature
to the Udiode at 300 K is defined as Upu2.

Fig. 4 shows the normalized Rpu1 values from 300 K
to 77 K. All the Rpu1 values in the five MOSFETs are
found to have double-exponential functional relations with
temperatures

Rpu1 = p1 × exp

(
p2 × T

T0

)
+ p3 × exp

(
p4 × T

T0

)
(1)

where T0 is a normalized temperature of 1 K, p1 - p4 are
four fitted parameters that depend on the types of power
MOSFETs. Table 1 summarizes the fitted parameters in the
five MOSFETs. From the fitted light blue lines in Fig. 4,
these fitted functions match well with the measured Rpu1
values.

TABLE 1. Fitted parameters for the five MOSFETs from 300 K to 77 K.

For further clarifying the cryogenic on-state resistance
behaviors near the optimal temperature range, five double-
exponential functions are also fitted from 200 K to 77 K. The
fitted parameters and lines are given in Table 2 and Fig. 4.
By comparing the fitted lines for the normalized Rpu1 and
Rpu2 values, the parameters in Table 2 have higher fitting
accuracies if the five MOSFETs are just operated near the
optimal temperature range in practice.

TABLE 2. Fitted parameters for the five MOSFETs from 200 K to 77 K.

FIGURE 4. Normalized Rpu1 and Rpu2 values and their fitted
temperature-dependent double-exponential functions from 300 K to 77 K.

Considering the nearly linear relations [5], [18], [25]
among the Udsmax, Udiode and T, two linear functions are
fitted as follows

Upu1 = p5 × T

T0
+ p6 (2)

Upu2 = p7 × T

T0
+ p8 (3)

where p5 - p8 are four fitted parameters that depend on the
types of power MOSFETs. Table 3 summarizes the fitted
parameters in the five MOSFETs.

TABLE 3. Fitted parameters for the five MOSFETs from 300 K to 77 K.

IV. HIGH-CURRENT TESTS AND EFFICIENCY ANALYSES
A. CRYOGENIC ON-STATE RESISTANCE BEHAVIORS OF
POWER MOSFETS IN HIGH-CURRENT TESTS
As mentioned in Section III, cryogenic on-state resistance
behaviors show some double-exponential functions with the
operating temperature. Because of the relatively low testing
current, power dissipation of one power MOSFET could be
practically ignored during the tests. This means that the mea-
sured temperature data in Fig. 4 is approximately equal to
the real junction temperature inside the MOSFET. Hence,
the low-current testing results in Fig. 4 and their fitted
mathematical functions in (1)-(3) could be considered as
the ideal references for evaluating the temperature-dependent
properties of cryogenic power MOSFETs.
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However, it should be noted that the junction tempera-
ture might rise to be much higher than external ambient
temperature when the operating current is increased to tens
of amperes. This so-called self-heating effect [31]–[34] is
easy to be found in the experiments when the MOSFET is
not fully immersed in LN2. Considering a suitable operating
temperature range of 85-95 K found in Fig. 3(d), a 75-A DC
current was applied to the Type-A MOSFET at 84.93 K in
an experiment. After a 40-s testing time duration, the real-
time temperature was measured to reach about 124.35 K. In
contrast, when the MOSFET was fully immersed in LN2,
almost zero temperature rise was found in the same experi-
ment. These phenomena reveal the fact that cryogenic power
MOSFETs might not be maintained at a suitable operating
temperature for high-current applications. The generated heat
can not be completely taken away, and thus results in an
ever-increasing temperature rise inside the MOSFET. This
is mainly due to the limited cooling power from the cold-
conduction strip and limited thermal conductivity from the
existing MOSFET structure. Therefore, although all the opti-
mal temperature values found in Fig. 4 are higher than
the LN2 temperature, cryogenic power MOSFETs should
be practically immersed in LN2 for high-current operations.

Fig. 5 shows the high-current testing results in the fiver
MOSFETs at 77 K. Note that the testing time t in the left ver-
tical axis is denoted for those high current tests ranged from
20 A to 90 A, while the operating temperature T in the right
vertical axis is just used for the low-current tests at 4 A. For
comparing the cryogenic on-state resistance behaviors in the
low-current and high-current tests, all the measured on-state
resistances are normalized by using the concept of Rpu1. It
can be seen that the Rpu1 increases firstly and then decreases
as the operating current Ids increases from 20 A to 90 A. The
reason is that practical cooling power for the semiconduc-
tor materials inside the MOSFET is still limited even when
the whole MOSFET is immersed in LN2. These phenom-
ena reveal the fact that minimum power dissipation at 77 K
can be achieved when cryogenic power MOSFETs are oper-
ated at a moderate current, e.g., 50-60 A in Type-A and
Type-B MOSFETs.
Specifically, when the operating current is relatively low,

i.e., the power dissipation is lower than the maximum cooling
power, practical junction temperature might be maintained
at 77 K or a slightly higher value. However, when the
operating current is relatively high, an obvious junction
temperature rise will be caused by the surplus heat accu-
mulation from the self-heating effects [31]–[34]. Thanks to
the directly proportional relation between the thermal con-
ductivity and operating temperature of the semiconductor
materials [31], [35], the corresponding thermal conductiv-
ity shows an increasing trend along with the temperature
rise, and thus results in an enhancement for practical cool-
ing power. Finally, the operating junction temperature will
reach a steady value when a dynamic power balance is
achieved. This steady temperature value can be obtained by
using the relations among the normalized on-state resistance,

FIGURE 5. High-current testing results in five types of power MOSFETs at
77 K: (a) Type A; (b) Type B; (c) Type C; (d) Type D; (e) Type E.

operating current and temperature. From Fig. 5, the Rpu1 are
basically stabilized at t = 40 s. Hence the corresponding
coordinate values in the right vertical axis are the practi-
cal junction temperatures. For instance, the measured power
dissipation of Type-A MOSFET is about 30 W at 90 A,
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and its corresponding junction temperature can be estimated
to be about 111 K by reference to Fig. 5(a). Accordingly,
the measured on-state resistance of about 3.69 m� in this
high-current test also matches well with the low-current
testing result and double-exponential functional relation.
However, if the thermal resistance of 0.1 K/W given in
the official data sheet is simply used to estimate the junc-
tion temperature, the calculated temperature rise is only
about 3 K.

B. ENERGY EFFICIENCY ANALYSES OF CRYOGENIC
POWER MOSFETS
To evaluate the cryogenic on-state resistance behaviors in
high-current tests, the relations between the stabilized on-
state resistances and operating currents are extracted from
Fig. 5 and summarized in Fig. 6. Since the stabilized junction
temperatures are directly related to the operating currents,
the double-exponential function in (1) can also be used to
depict the current-resistance relations at 77 K

Rpu1 = p9 × exp

(
p10 × Ids

I0

)
+ p11 × exp

(
p12 × Ids

I0

)
(4)

where I0 is a normalized temperature of 1 A, p9 − p12
are four fitted parameters that depend on the types of
power MOSFETs. Table 4 summarizes the fitted parame-
ters in the five MOSFETs. These results and their fitted
current-dependent functions can be used to estimate the
power dissipations of cryogenic power MOSFETs under
high-current operations.

FIGURE 6. Normalized Rpu1 values and their fitted current-dependent
double-exponential functions at 77 K.

From the definition of Rpu1 introduced in Section III, the
Rpu1 values in Fig. 6 are obtained by dividing the cryo-
genic on-state resistances at 77 K by their room-temperature
counterparts at 300 K. However, if one MOSFET at room
temperature is operated at a high current, practical junction
temperature will certainly be stabilized at a higher value.
Similar to the cryogenic on-state behaviors at 77 K, this

TABLE 4. Fitted parameters for the five MOSFETs at 77 K.

temperature-rise phenomenon is also due to the imbalance
between the cooling power and power dissipation inside the
MOSFET.
To evaluate the energy efficiency of cryogenic power

MOSFETs as accurately as possible, a new normalized on-
state resistance Rpu3 is introduced by dividing the cryogenic
on-state resistance at 77 K by its room-temperature coun-
terpart above 300 K. From the official data sheets of the
five MOSFETs, their on-state resistances show almost lin-
ear ascending trends with increased junction temperatures
above 300 K. Practical junction temperatures under such
a room-temperature condition are mainly determined by the
operating currents and heat dissipation properties of heat
sinks. In general, the maximum junction temperature must
be lower than 150 ◦C. In the cases of high-current opera-
tions, practical junction temperatures could be assumed to
be in the range from 25 ◦C to 145 ◦C. The corresponding
on-state resistances given in the official data sheets are hence
used to estimate the Rpu3 values when a series of DC testing
currents are applied to the MOSFETs at 77 K.
Fig. 7 shows the relations among the normalized on-state

resistances, operating currents and junction temperatures in
the five MOSFETs. It can be seen that the Rpu3 at an arbi-
trary operating current shows almost linear descending trends
with increased temperatures above 300 K. Considering the
linear relation between the power dissipation and on-state
resistance, the reduced Rpu3 values in Fig. 7 result in much
lower power dissipations. This means that the energy effi-
ciencies of cryogenic power MOSFETs themselves are much
improved compared to their room-temperature counterparts.
However, under such a cryogenic environment at 77 K,

a concept of Carnot refrigerating efficiency should be intro-
duced to evaluate the overall energy efficiency by considering
both the reduced power dissipations from the MOSFETs and
the increased refrigerating power from their equipped refrig-
erators. The ideal Carnot refrigerating efficiency is about
34.77% at 77 K. To generate the LN2 in large quanti-
ties or keep the existing LN2 at 77 K, a possible Carnot
refrigerating efficiency ηcold could reach about 17.38% at
maximum [23]. This means that about 5.75-W electrical
power at room temperature is practically consumed to pro-
duce 1-W cooling power at 77 K. For achieving an improved
energy efficiency of the whole cryogenic power conver-
sion system, the reference flat surfaces (ηcold = 17.38%) in
Fig. 7 depict vividly the suitable operating areas. Specifically,
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FIGURE 7. Relations among the normalized on-state resistances, operating
currents and junction temperatures in the five types of power MOSFETs:
(a) Type A; (b) Type B; (c) Type C; (d) Type D; (e) Type E.

these suitable operating areas are obtained when the curved
surfaces are below the reference flat surfaces. As shown in
Fig. 7, all the five MOSFETs have some suitable operating

areas if the Carnot refrigerating efficiency ηcold could reach
about 17.38%.
However, based on the product investigations of various

refrigerator manufacturers, the maximum Carnot refriger-
ating efficiency is only about 9.53% among commercial
cryogenic refrigerators at present. This maximum efficiency
is achieved in a Stirling Process Cryogenerator (SPC-4) man-
ufactured by Stirling Cryogenics. Its input power is rated
at 43 kW for producing a cooling power of 4.1 kW at
77 K. Hence, for achieving an improved energy efficiency,
the Rpu3 values should be less than this existing efficiency
of 9.53%. As shown in Fig. 7, only the two curved sur-
faces in Type-A and Type-C MOSFETs are found to have
some suitable operating areas. When the practical operating
junction temperature under a room-temperature condition is
above about 60 ◦C in Type-A MOSFET or above about
120 ◦C in Type-C MOSFET, cryogenic operations of these
two MOSFETs have higher energy efficiencies over their
room-temperature counterparts.

V. DESIGN GUIDELINES AND CASE STUDIES OF
CRYOGENIC POWER CONVERSIONS AT 77 K
A. DESIGN GUIDELINES OF CRYOGENIC POWER
CONVERSIONS
Benefited from good fitting effects in Figs. 3-6, the four
fitted mathematical functions in (1)-(4) can be well expected
to form a feasible design guideline for cryogenic power
conversions at 77 K. As shown in Fig. 8, its main design
procedures are as follows.

FIGURE 8. A feasible design guideline of cryogenic power conversions at
77 K.

1) Measure the cryogenic operating data of the Rds, Udsmax
and Udiode in both the low-current and high-current tests, and
then update the fitted parameters in (1)-(4).
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2) Set an initial junction temperature T1 = 77 K when the
MOSFETs are fully immersed in LN2, and then calculate
the Udsmax at 77 K by using (2).
3) Set a safety margin of 1.2 times of the rated operating

voltage Urated, and then compare the Udsmax and 1.2Urated
to determine whether the Udsmax at 77 K meets the volt-
age demand or should be further improved by resetting
a higher T1.

4) Once the Udsmax is equal to or higher than 1.2Urated at
77 K or a higher T1, the minimum Rds and its corresponding
optimal Ids can be calculated by using (4).
5) With the minimum Rds and optimal Ids values, the

practical junction temperature T2 and the round number N of
parallel-connected MOSFETs can be determined by using (2)
and a ratio of the rated operating current Irated to the optimal
Ids, respectively.
6) When the calculated T2 value is equal to or higher than

the pre-set T1 value, the power dissipation can be calculated
by using NI2dsRds; however, when the calculated T2 value is
lower than the pre-set T1 value, practically allowable Rds and
Ids values should be re-calculated by using (1), (4) and T1.
7) Considering the total power dissipation from all the

MOSFET assemblies inside the whole cryogenic power sys-
tem, a minimum cooling power can be determined for the
use in the practical selections of commercial cryogenic
refrigerators.
With the above seven design procedures, a cryogenic

power conversion system can be basically designed for pro-
totype development. In cases when the built-in reverse diodes
or some other standalone power diodes are involved into the
operations of cryogenic power conversion, the Udiode at 77 K
should also be calculated by using (3). This Udiode value is
then further used to estimate the power dissipations from the
diodes and to update the cooling power requirement for the
cryogenic refrigerators. However, it is very uneconomical
to operate the diodes at 77 K due to their increased power
dissipations at lower temperatures. Therefore, replacing the
power diodes by cryogenic power MOSFETs could be an
energy-saving choice.

B. CASE STUDIES ON CRYOGENIC POWER CONVERSIONS
AT 77 K
For a typical application case in the 40-kW cryogenic
boost chopper reported in [24], two Type-A cryogenic power
MOSFETs are used to replace one room-temperature power
MOSFET and one power diode in the conventional boost
chopper. In this cryogenic power conversion case, the output
voltage from a 200-V/200-A DC source is boosted to supply
a 400-V/200-A resistive load. Hence the rated voltage Urated
and rated current Irated in each MOSFET are about 400 V and
200 A, respectively. Considering a safety margin of 1.2 times
of the rated voltage, the Udsmax in each MOSFET should be
with ≥480 V at 77 K. By reference to (2), the calculated
Udsmax value is about 581 V at 77 K. This means that the
Type-A MOSFET meets the operating voltage requirement

from the 40-kW cryogenic boost chopper even when the
junction temperature is exactly equal to 77 K.
By using (4), the minimum Rds and its corresponding

optimal Ids are estimated to be about 3.39 m� and 50 A,
respectively. Hence, four Type-A MOSFETs should be con-
nected in parallel to form a switching assembly for carrying
a total current of 200 A, and the practical junction temper-
ature at 50 A is estimated to be about 90 K by using (1).
This junction temperature value corresponds to an increased
Udsmax of about 590 V in the 40-kW cryogenic boost
chopper.
Finally, considering a duty cycle of 50% in each MOSFET

assembly, the total power dissipation from the two MOSFET
assemblies is calculated to be about 33.9 W. Even when
the operating loss from the HTS inductor is taken into
account, the total loss is only about 42.8 W. Hence, an AL60-
type Gifford-McMahon (GM) refrigerator manufactured by
Cryomech could be a suitable cooling choice. Its input power
is rated at 1.7 kW for producing a cooling power of 49.1 W
at 77 K. By considering the Carnot refrigerating efficiency
of 2.89% in this refrigerator, practical power consumed in
room temperature should be about 1482 W in total. This
results in a high energy efficiency of 96.43% for the whole
40-kW chopper system. However, such a cryogenic power
conversion system having relatively low operating current
and power is uneconomical in practice. Considering a capi-
tal cost per unit cooling power of about 25 $/W at 77 K [36],
the refrigerator itself needs an additional cost of about $1228.
Fortunately, cryogenic power conversions could be well

expected to have promising advantages in those high-power
high-efficiency high-quality power conversions [37] such as
in renewable energy systems, superconducting DC power
network and Internet data centers. For instance, if the 40-kW
chopper is extended to have a high power of 4 MW for
the use in Internet data center, four hundred of Type-A
MOSFETs should be connected in parallel to carry a nearly
steady current of 20 kA. The total power dissipation in
the 4-MW chopper is about 3390 W at 77 K. Hence the
SPC-4 refrigerator with a high efficiency of 9.53% could
be applied to maintain the whole chopper at 77 K. The
total energy efficiency is estimated to be about 99.12%.
Although this value is only slightly higher than the room-
temperature efficiency of about 98.92%, such a 4-MW
cryogenic power conversion has several promising applica-
tion advantages as follows: 1) elimination of large-volume
and heavy-weight drawbacks in conventional air or water
cooled devices; 2) elimination of potential overheating risks
in power MOSFETs; 3) permission of high current and power
ratings; 4) adaptability of high power quality.

VI. CONCLUSION
An up-to-date experimental investigation into five types of
650 V class power MOSFETs has been presented to explore
a possible design guideline for cryogenic power conversions
at 77 K. Based on the integrated analyses of experimental
results, conclusions can be made as follows.
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1) The measured on-state resistance obtained in low-
current tests shows almost double-exponential functional
relations with the operating temperature, while the other two
cryogenic parameters are directly or inversely proportional
to the operating temperature.
2) Although all the optimal temperature values found in

the low-current tests are somewhat higher than 77 K, cryo-
genic power MOSFETs should be practically operated at
77 K for high-current operations by considering the lim-
ited thermal conductivity and its resulting self-heating effect
from the existing MOSFET structure. Cryogenic on-state
resistance behaviors in the high-current tests from 20 A to
90 A are also found to have double-exponential functional
relations with the operating current. This means that the
minimum power dissipation at 77 K can be achieved at
a moderate current, e.g., 50-60 A in Type-A and Type-B
MOSFETs.
3) The current-temperature-resistance correspondences

found in the temperature-dependent and current-dependent
functions lay some empirical bases to design and evaluate the
suitable operating current and voltage ratings of cryogenic
power MOSFETs at 77 K, and thus to form a feasible design
guideline for the use in various cryogenic power conversions.
4) Considering the maximum Carnot refrigerating effi-

ciency of about 9.53% among state-of-the-art commercial
refrigerators, cryogenic operations of Type-A and Type-C
MOSFETs have higher energy efficiencies compared to their
room-temperature counterparts at present. Along with the
developments of the unceasingly mature refrigerators and
cryogenically preferable power MOSFETs in near future,
cryogenic power conversions can be well expected to become
promising alternatives, especially for the use in high-power
high-efficiency high-quality power conversion applications.
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