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Abstract—Cryogenic induction machines have been re-

emerging as a potential solution to increase the current power 

density for challenging specific power applications. Compared 

with an ambient temperature operation, cryogenic conditions 

allow higher power density and increased efficiency due to the 

decrease of electric resistivity of conducting materials and 

increased cooling capability. This work focuses on the losses 

analysis of induction machines immersed in liquid nitrogen. Under 

ambient and cryogenic conditions, experimental tests are 

performed and presented for two induction machines, a 90 W 40 V 

induction machine, and a 550 W 400 V induction machine, to 

evaluate the mechanical, iron and residual losses, and the change 

of their equivalent circuit parameters. 

Keywords—Cryogenics, electromagnetic measurements, 

induction motor, loss segregation, performance, temperature impact. 

I. INTRODUCTION 

In 2011, the European Union defined goals for reducing 
CO2, NOx, and noise emissions by 75%, 90%, and 65% for 
commercial aircraft by 2050 [1], [2]. These targets led to new 
higher specific power and efficiency requirements for electrical 
machines. Cryogenic cooled machines are potential solutions to 
meet these requirements. In fact, the operation of electric 
machines in a cryogenic environment allows considerable 
improvements in specific power and efficiency. Examples are 
cryogenic induction machines (IM) that have been used in 
cryogenic pumps operating with liquefied natural gas (~110 K) 
and missile cryogenic propellant systems using liquid hydrogen 
(~20 K) [3], [4]. Cryogenic motors for different industrial 
applications are usually first tested under liquid nitrogen (LN2) 
for safety reasons. Therefore, testing an induction machine 
under LN2 is an important research work for its behavior and 
performance characterization under cryogenic conditions. 

The effects of low temperature in induction motors are 
various. First, it is well known that the resistivity of both copper 
and aluminum shows a significant decrease when operating at 
liquid nitrogen temperatures (77 K) [5], [6]. However, the skin 
effect cannot be neglected, especially for the rotor cage 
resistance. In fact, with the temperature reduction, the skin effect 
increases and the decrease of rotor cage resistance may be 
limited. 

Regarding iron losses, despite recent efforts to study this 
phenomenon, there is a lack of information on magnetic and loss 
properties of soft-magnetic materials under cryogenic 
temperatures [7]-[10]. In general, iron losses in magnetic 
materials show an increase of 10% to 20% at 77 K relative to 
ambient temperature operation at industrial frequencies of 
f = 50Hz [7], [11], [12]. This increase in total iron losses is 
mainly due to the increase in eddy current losses due to the 
increase of conductivity of the ferromagnetic core laminations 
[9]-[13]. Moreover, while it is usually considered that hysteresis 
losses remain approximately constant with the decrease of 
temperature, some considerations must be taken into account. 
The estimation of the aggregate effect of all these phenomena is 
not trivial, given the significant dependence of magnetic 
properties on grain size, manufacturing process, heat treatment, 
impurities, and saturation level. For example, it has been shown 
that the maximum magnetic permeability of high-grade soft iron 
cores increases under cryogenic conditions, due to the reduction 
of thermal vibration of lattices [9]. However, compressive 
mechanical stresses on the iron core due to thermal contraction 
may also cause an opposite decrease in magnetic permeability 
[14], [15]. On the other hand, a slight increase of the coercive 
force Hc is reported [13]. 

In addition, under wet cryogenic conditions, due to the 
presence of liquid nitrogen inside the machine, an increase in 
mechanical losses is expected, specifically due to windage 
losses. Although analytical models for windage losses do exist, 
these do not consider the complexity of the stator and rotor 
geometries [16], [17]. Furthermore, air gap fluid flow regime 
identification makes it difficult to estimate this increase without 
using CFD [10], [18]. This study evaluates the change in 
mechanical loss based on empirical measurements. 

Therefore, with these phenomena combined, under wet 
cryogenic conditions, positive effects on the induction machine 
performance, such as the reduction of stator and rotor Joule 
losses, but also negative effects as the typical increase of 
mechanical and iron losses are expected. The balance between 
these effects must be analyzed to verify its impact on machine 
performance. Hence, this work focuses on the losses analysis of 
conventional induction motors cryocooled by immersion in 
liquid nitrogen (77 K). 



 

Fig. 1. The 90W TENV induction motor. 

 

Fig. 2. The 550W TENV induction motor. 

TABLE I RATED VALUES FOR THE TESTED 90W IM 

Parameter Rated Values 

Voltage 40 V 

Current 3.6 A 

Power 90 W 

Speed 1350 rpm 

Frequency 50 Hz 

cosφ 0.61 

TABLE II RATED VALUES FOR THE TESTED 550W IM 

Parameter Rated Values 

Voltage 400 V 

Current 1.6 A 

Power 550 W 

Speed 910 rpm 

Frequency 50 Hz 

cosφ 0.73 

In particular, the goal of the research activity is to quantify 
performance changes from ambient to wet cryogenic conditions, 
focusing on the variations of the different loss contributions. In 
this paper, two induction motors are used to experimentally 
analyze the losses under ambient and cryogenic conditions: a 
90 W 40 V IM, and a 550 W 400 V IM. Joule losses in the stator 
and rotor, mechanical losses and iron losses are investigated at 
different supply frequencies and compared with their values at 
ambient temperature operation. This study also presents 
preliminary considerations on residual losses at cryogenic 
conditions to complete the analysis. 

II. METHODOLOGY 

This study is conducted experimentally with two totally 
enclosed non-ventilated (TENV) induction machines: i) a 90 W, 
40 V, 50 Hz, four-pole induction machine previously 
characterized in [11] and [19] – see Fig. 1, and ii) a 550 W, 
400 V, 50 Hz, six-pole induction machine – see Fig. 2. 

 
Fig. 3. Experimental setup associated to the 90 W induction machine. 

 

Fig. 4. Experimental setup associated to the 550 W induction machine. 

Their rated values are listed in Table I and Table II, 
respectively. Both IMs have stator copper distributed windings, 
a FeSi alloy iron core and a rotor cage made of aluminum die-
cast. The IMs are tested under ambient and cryogenic conditions 
using the experimental setups shown in Fig. 3 and Fig. 4. The 
vertical setup revealed to be stable for testing the 90 W IM, due 
to its low weight and size. However, a horizontal setup was 
required for the 550 W IM, to mitigate increased vibrations due 
to its higher size and weight. An EPS foam container filled with 
liquid nitrogen is used to cool the two IMs by immersion. In 
addition, the grease of the bearing was removed because it 
freezes under cryogenic conditions. This was done using a bath 
of acetone for 5 days. 

No-load, locked rotor, and load tests were performed, for 
both machines at ambient and cryogenic conditions, following 
the IEC 60034-2-1 procedure. Although test procedures 
prescribed by efficiency standards for conventional IMs do not 
apply to IMs under cryogenic conditions, variable load tests 
according to IEC 60034-2-1 have also been conducted to discuss 
the residual losses behavior under these conditions. From the no-
load and locked rotor tests, the parameters of the single-phase 
equivalent circuit can be computed, as well as the mechanical 
and iron losses. 

At no-load tests, the induction machines were supplied by a 
three-phase sinusoidal stator voltage from 110% of its rated 
voltage down to 30%. In addition, for the 90 W IM, no-load tests 
were conducted at different supply frequencies, 
f = [20, 30, 40, 50] Hz, to characterize the change of mechanical 
losses and iron losses with different speeds and electric 
frequencies. 

DC generator

(Load)

90W, 40V 

Induction Machine

EPS foam 

container filled 

with LN2

DC generator 

(Load)

550 W, 400V

Induction Machine

EPS foam container 

filled with LN2



TABLE III STEADY-STATE EQUIVALENT CIRCUIT PARAMETERS AT 50 HZ 

FOR THE 90 W IM AT AMBIENT AND CRYOGENIC CONDITIONS 

Parameter Amb.  Cryo. Difference 

RS 1.10 Ω 0.175 Ω -84.1% 

R’r 0.914 Ω 0.240 Ω -73.4% 

Xσs 0.532 Ω 0.532 Ω 0% 

X’σr 0.532 Ω 0.532 Ω 0% 

Rfe 116.4 Ω 104.3 Ω -10.4% 

Xm 7.33 Ω 7.24 Ω -1.2% 

 

Fig. 5. Mechanical losses as a function of the rotor speed. 

 

Fig. 6. Iron losses resistance as a function of the frequency.  

At frequencies different than 50 Hz, the considered rated 
voltage was defined using a scalar command to assure the same 
rated magnetizing flux. For the 550 W IM, no-load tests were 
conducted at 50 Hz, and in future research activities, these will 
also be carried out at different electric frequencies. 

At ambient temperature conditions, the locked-rotor tests 
were performed with different stator currents up to the rated 
value. However, the stator current was increased under 
cryogenic conditions due to the lack of thermal limitation. For 
the 90 W IM, the stator current reached around 10 A, and for the 
550 W IM, the stator current reached 3.2 A. 

Rated and variable load tests were conducted to evaluate the 
loss separation and the consequent determination of the residual 
losses. 

III. RESULTS AND DISCUSSION 

The experimental results for both IMs, under ambient and 
cryogenic conditions, are presented and discussed. 

A. 90 W Induction Motor 

The equivalent circuit parameters of the 90 W induction 
machine, determined experimentally for a frequency of 50 Hz, 
are summarized in Table III. During the testing activities, the 
stator windings and rotor temperatures were measured with 
cryogenic temperature sensors, capable of operating in a wide 
range of temperatures (from -200 °C up to +600 °C). At ambient 
conditions, the stator windings and rotor aluminum cage operate 
at around 40 ºC and 60 ºC, respectively, while at cryogenic 
conditions their temperatures are around -196 ºC (77 K). As 
shown in Table III, due to the high temperature decrease, there 
is a reduction of 84.1% for the stator resistance and 73.4% for 
the rotor resistance. This effect is related to the reduction of 
copper and aluminum electric resistivities under cryogenic 
conditions. In addition, the iron losses increased by 11.6%, 
leading to a decrease of 10.4% of the iron losses resistance. As 
shown in previous works, a negligible change in the BH curve 
for silicon-iron materials is verified at 77 K and f = 50Hz [11]. 
Thus, the increase of iron losses is mostly related to the increase 
of eddy currents. 

A minor change of stator, rotor and magnetizing reactances 
was observed for this machine. This is in line with the results 
presented in [11], where a negligible influence of the skin effect 
was found on the stator and rotor leakage and magnetizing 
reactances. 

Figure 5 presents the results of mechanical losses at different 
rotor speeds. The experimental points were fitted using a cubic 
function with the frequency. The coefficient of the cubic 
interpolation increased 77% when in cryogenic conditions. This 
increase is mainly due to the presence of liquid nitrogen inside 
the airgap of the machine and inside the bearings. At rated 
conditions, the mechanical losses increased from 1.96 W at 
ambient conditions to 3.83 W at cryogenic conditions, leading 
to a 95.4% increase. The change of equivalent iron losses 
resistance with different frequencies is presented in Fig. 6. 
Results show a linear behavior of the iron losses resistance with 
the frequency at both ambient and cryogenic conditions. This 
indicates that hysteresis losses are predominant at 50 Hz, which 
is coherent with the results from [7], [20]. Under cryogenic 
conditions, the iron losses resistance presents a decrease of 
around -5% at 20 Hz to around -10% at 50 Hz, when compared 
with ambient temperature conditions. This decrease should be 
further investigated for higher electric frequencies and higher 
power IMs, to analyze the change of hysteresis and eddy current 
losses and of the skin effect under cryogenic conditions. 

The results from the load tests under ambient and cryogenic 
conditions are presented in Fig. 7a and Fig. 7b, respectively. The 
active power absorbed by the machine is divided into 
mechanical losses, Pmec, iron losses, Pfe, stator windings losses, 
PcuS, rotor losses, Pr, and output power, Pout, following the 
IEC 60034-2-1 procedure. The stator copper losses, PcuS, are 
obtained from the stator resistance and stator current values. 



 
(a) 

 
(b) 

Fig. 7. Separation of active power into losses and output power for the 
90 W IM at (a) ambient temperature, and (b) cryogenic conditions. 

TABLE IV SUMMARIZED PERFORMANCE FOR THE 90 W IM AT MAXIMUM 

EFFICIENCY POINT FOR AMBIENT AND CRYOGENIC OPERATIONS 

(% VARIATIONS W.R.T. AMBIENT CONDITIONS) 

 
Ambient 

temperature 

Cryogenic 

temperature 
 

Maximum 

efficiency,  

(%) 

63.0 

(s=10.9%) 

85.2 

(s=4.0%) 
+35% 

Stator current,  

(A) 
3.3 6.7 +103% 

Torque,  

(Nm) 
0.72 1.95 +171% 

Rotor speed,  

(rpm) 
1353 1441 +7% 

Mechanical output 

Power,  

(W) 

102.0 294.3 +189% 

Mechanical losses, 

(W) 
1.96 3.83 +95% 

Iron losses,  

(W) 
12.5 14.5 +16% 

Stator Joule losses, 

(W) 
35.9 23.3 -35% 

Rotor Joule losses, 

(W) 
9.6 9.5 -1% 

 
(a) 

 
(b) 

Fig. 8: Residual losses for the 90 W IM at (a) ambient temperature 
and (b) cryogenic conditions. 

The mechanical, Pmec, and iron losses, Pfe, are determined 
from the no-load tests. Rotor losses, Pr, are obtained using (1) 
where s is the slip. 

 ( )r in cuS feP P P P s= − −  (1) 

In Fig. 7, the measured input power, Pin, is marked in a red 
line. At rated voltage and frequency, according to the input-
output method, the machine presents a maximum efficiency of 
63.0% (with a torque of 0.72 Nm) at ambient conditions and 
85.2% (with a torque of 1.95 Nm) at cryogenic conditions. This 
is mainly due to the high decrease of stator windings and rotor 
losses and the exceptional cooling capacity of the liquid 
nitrogen. These torques have been assumed as the reference 
torques to carry out the variable load tests used for the residual 
losses computation. 

Moreover, Fig. 7b shows the separation of active power for 
the two testing conditions, side by side, to facilitate the 
comparison between ambient temperature and cryogenic results. 
Under cryogenic conditions, the reference torque, Tref, 
corresponds to the maximum efficiency point. As it can be seen, 
it is possible to achieve a higher maximum torque from 0.72 Nm 
at ambient conditions to 3.4 Nm at cryogenic conditions. The 
maximum torque of 3.4 Nm, at cryogenic conditions, was 
obtained with an efficiency of 73%. This efficiency is still higher 
than the maximum efficiency obtained from ambient conditions. 
Table IV presents the 90 W IM performance at the maximum 
efficiency point for ambient and cryogenic conditions. 



TABLE V STEADY-STATE EQUIVALENT CIRCUIT PARAMETERS AT 50 HZ 

FOR THE 550 W IM AT AMBIENT AND CRYOGENIC CONDITIONS 

Parameter Amb.  Cryo. Difference 

RS 18.1 Ω 2.90 Ω -84.0% 

R’r 14.6 Ω 5.8 Ω -60.3% 

Xσs 17.0 Ω 15.7 Ω -7.6% 

X’σr 17.0 Ω 15.7 Ω -7.6% 

Rfe 4924.5 Ω 4403.4 Ω -10.6% 

Xm 169.8 Ω 165.4 Ω -2.6% 

 
(a) 

 
(b) 

Fig. 9. Separation of active power into losses and output power for the 
550 W IM at (a) ambient temperature, and (b) cryogenic conditions. 

In Fig. 8, the residual losses are shown as a function of the 
torque square normalized to its rated value, for ambient 
conditions, and to its reference torque (maximum efficiency 
point) for cryogenic conditions. These have similar behaviors 
and account for 4.1% and 2.1% of the input power for the 
maximum efficiency point, under ambient and cryogenic 
conditions, respectively. Despite having a negative slope, the 
correlation factors satisfy the minimum standard requirements, 
being 0.96 and 0.95, respectively. There is a slight decrease in 
the variation of the residual losses, Δ, between no-load and rated 
load from ambient to cryogenic conditions. To better understand 
the behavior of residual losses, the same experimental results 
were carried out in a 550 W induction machine. 

TABLE VI SUMMARIZED PERFORMANCE FOR THE 550 W IM AT MAXIMUM 

EFFICIENCY POINT FOR AMBIENT AND CRYOGENIC OPERATIONS 

(% VARIATIONS W.R.T. AMBIENT CONDITIONS) 

 
Ambient 

temperature 

Cryogenic 

temperature 
 

Maximum 

efficiency,  

(%) 

68.3 

(s=7.3%) 

88.9 

(s=1.6%) 
+30% 

Stator current,  

(A) 
1.78 2.73 +53% 

Torque,  

(Nm) 
5.77 10.6 +84% 

Rotor speed,  

(rpm) 
927 984 +6% 

Mechanical output 

Power,  

(W) 

560 1096 +96% 

Mechanical losses, 

(W) 
4.5 11.1 +146% 

Iron losses,  

(W) 
26.7 34.3 +28% 

Stator Joule losses, 

(W) 
171.2 64.9 -62% 

Rotor Joule losses, 

(W) 
45.4 18.0 -60% 

B. 550 W Induction Motor 

The same experimental no-load, locked rotor and load tests 
were performed on the 550 W, 400 V, 6 pole IM. Table V 
reports the IM steady-state equivalent circuit parameters 
calculated from the no-load and locked rotor tests at ambient and 
cryogenic conditions. As expected, due to the decrease of 
temperature, the stator windings resistance decreases of 
approximately 84%, which is in line with the drop of resistivity 
of copper under cryogenic conditions reported in [5], and the 
results found for the tested 90 W IM. The rotor resistance 
decreases approximately of 60.3%, which is lower than the 
resistance drop found for the 90 W IM. This effect can be related 
to different rotor aluminum materials used on the 550 W IM and 
the different impact of the skin effect. In fact, different 
aluminum alloys present different resistivities under cryogenic 
conditions, and a larger size of the rotor cage cross-section also 
results in a higher skin effect [5]. 

Different than in the 90 W IM, a small change in the stator 
and rotor reactances has been found for the 550 W motor. This 
is in line with a higher impact of the skin effect. A drop of 10.6% 
of the iron losses resistance was verified, corresponding to an 
increase of 11.2% of iron losses at rated voltage, which is 
coherent with the findings for the 90 W IM and in [7] and [11]. 
Also, it was observed an increase of 115% of mechanical losses, 
Pmec, from 5.4 W under ambient conditions to 11.6 W under 
cryogenic conditions. This increase is slightly higher but also in 
line with the one observed for the 90 W IM (+95.4%). In the 
authors’ opinion, this effect could be explained by the increase 
in size and weight of the 550 W IM. 

The results from the load tests conducted on the 550 W 
motor are presented in Fig. 9 for ambient and cryogenic 
conditions. At ambient temperature conditions, the rated torque, 
speed, efficiency, and output power are 5.77 Nm, 927 rpm, 
68.3% and 560 W, respectively. 



 
(a) 

 
(b) 

Fig. 10. Residual losses for the 550 W IM at (a) ambient temperature 
and (b) cryogenic conditions. 

At cryogenic conditions and the maximum efficiency point, 
the reference torque, speed, efficiency, and output power are 
10.6 Nm, 984.1 rpm, 88.9% and 1095.8 W, respectively. From 
Fig. 9, it can also be seen that the stator copper and rotor losses 
highly decrease under cryogenic conditions, as expected. 

In Table VI is shown a comparison of the 550 W IM 
performance between ambient and cryogenic conditions, for the 
maximum efficiency point. Under cryogenic conditions, there is 
an increase of 30% of efficiency and a 96% increase of output 
power. Please note that under cryogenic conditions, despite the 
decrease of 10.6% of iron losses resistance, the iron losses 
increase by 28% due to higher magnetizing voltage resultant 
from the lower stator voltage drop. 

The residual losses for the 550 W IM at ambient and 
cryogenic conditions are shown in Fig. 10 as a function of the 
torque square normalized to its rated value, TN, under ambient 
temperature, and to its reference value, Tref, under cryogenic 
conditions. Both have similar behaviors and account for 1.3% 
and 0.7% of the input power for the best efficiency point, under 
ambient and cryogenic conditions, respectively. The variation of 
the residual losses, Δ, between no-load and rated load, reduces 
from 11 W, under ambient conditions, down to 8.9 W, under 
cryogenic conditions. 

IV. DISCUSSION 

When submerged in liquid nitrogen, both 90 W and 550 W 
induction machines present an enhancement of performance, 
however with different relative values. In Table VII are 
presented the change of their equivalent circuit parameters when 
submitted to cryogenic conditions. 

TABLE VII COMPARISON OF THE EQUIVALENT CIRCUIT PARAMETERS 
AT CRYOGENIC CONDITIONS 

Parameter 90 W IM  550 W IM 

RS -84.1% -84.0% 

R’r -73.4% -60.3% 

Xσs 0% -7.6% 

X’σr 0% -7.6% 

Rfe -10.4% -10.6% 

Xm -1.2% -2.6% 

 
(a) 

 
(b) 

Fig. 11. Ratio between losses and rated power for ambient and 
cryogenic conditions: (a) 90 W IM, and (b) 550 W IM. 

The stator resistance RS, iron losses resistance Rfe, and 
magnetizing reactance Xm, present a similar relative reduction. 
However, the rotor resistance, R’r, presents a lower reduction for 
the 550 W IM, mainly due to the different aluminum alloy used 
in the rotor cage and due to the higher impact of the skin effect 
under cryogenic conditions. The presence of the skin effect is 
also visible in the change of -7.6% on the stator and rotor 
reactances, Xσs and X’σr, for the 550 W. Further research is being 
developed using different power machines with the same 
materials to separate the influence of the skin effect for higher 
power induction machines. 

The output power and efficiency increase are higher for the 
90 W IM. For this IM, the output power and efficiency increased 
+189 % and +35 %, respectively, and increased +96 % and 
+30 % for the 550 W IM, respectively. This is mainly due to the 
higher weight of stator copper losses on the 90 W IM than on 
the 550 W IM at ambient temperature conditions. 



The reduction of the stator resistance, RS, obtained under 
cryogenic conditions, allows a higher increase of +103% of 
stator current for the 90 W IM compared with the increase of 
+53% for the 550 W IM. This leads to a higher increase of output 
torque for the 90 W IM. 

Another interesting effect is the weight of the iron losses on 
the efficiency. At ambient temperature conditions, these 
contribute to around 7.7% and 3.3% of the input power, for the 
90 W and 550 W IMs, respectively. These contributions reduce 
to around 4.2% for the cryogenic 90 W IM, and to 2.8% for the 
cryogenic 550 W IM. This means that despite the typical 
increase of iron losses under cryogenic operation, the weight of 
these losses decreased for a higher power IM, thus mitigating 
their effect on the machine performance.  

A comparison of the losses normalized to the rated power for 
the 90 W and 550 W IMs is presented in Fig. 11 at ambient and 
cryogenic conditions. The stator copper and rotor losses have the 
highest reduction. Iron and residual losses are also reduced, 
while the mechanical losses for the 550 W present a slight 
increase. Please note that this is an initial comparison between 
two different machines; therefore, a more extensive study must 
be carried out. To avoid the influence of different materials in 
this analysis, different ranges of IMs must be tested using the 
same materials, and preferable from the same manufacturer to 
account for the same manufacturing and design techniques. 

V. CONCLUSION 

This work presents a loss analysis of induction motors 
operated under cryogenic conditions by immersion in liquid 
nitrogen. Two induction machines respectively rated 90 W and 
550 W were experimentally tested. No-load, locked rotor and 
load tests were performed on both IMs, at ambient and cryogenic 
conditions. The no-load and locked rotor tests were carried out 
to determine the IMs equivalent circuit parameters and the 
mechanical and iron losses. Load tests were done to evaluate the 
machine performance and the separation of active power into 
output power and losses and to evaluate the evolution of residual 
losses. In addition, for the 90 W IM the evolutions of the 
mechanical losses and the iron losses resistance were evaluated 
for different electric frequencies and compared between ambient 
temperature and cryogenic conditions. 

Under cryogenic conditions, results show a substantial 
decrease of stator resistances, around -84%, and rotor 
resistances, between -60% to -73%. The mechanical losses 
presented an increase of around 100%, and the iron losses 
increased, leading to a decrease of iron losses resistance between 
5% and 10%. Due to the decrease of stator copper and rotor 
resistances, and the high cooling capabilities of liquid nitrogen, 
both IMs experienced an increase of output power, between 
+96% and +189%, and an increase of efficiencies, between 30% 
and 35%, under cryogenic conditions. Regarding the residual 
losses, both IMs present a linear behavior with the torque 
squared at ambient temperature and cryogenic conditions. The 
variation of the residual losses between no-load and rated load 
presented a decrease under cryogenic conditions. 

Further research will concentrate on different ranges of IMs 
using similar materials and constructed with similar design and 
manufacturing techniques. 
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