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Abstract 

The concept of MVDC collection network for renewable applications requires a high efficiency DC-DC 
converter to connect low voltage sources to the medium voltage network. The accurate measurement 
of low power losses is not possible with traditional electrical input-output power measurements. This 
paper adopts and extends a transient calorimetric method suited for the measurement on such convert-
ers. It is shown experimentally that this method can be applied to the measurement of the losses of an 
oil-immersed DC-DC converter. The maximum efficiency of the 83 kW, 1.2 to 6.6 kV prototype is meas-
ured at 99.16 ±0.04% (99.12…99.20%). 

 

 

1 Introduction 

The concept of MVDC power collection in renew-
able energy plants has seen increasing interest in 
both academic [1]–[3] and industrial environments 
[4]. A critical piece to connect the low voltage 
sources to the MVDC power collection network is 
the LV-to-MV DC-DC converter [5]–[7]. The con-
verter proposed in [6] has four elements experi-
encing medium voltage: the medium frequency 
transformer (MFT), the rectifier, the filter inductor 
and the filter capacitor. The large insulation dis-
tances required in air between all the components 
of the MV circuit may result in a bulky converter. 
As presented in [8], we proposed to immerse all 
the components of the MV circuit in a dielectric 
fluid, both for electrical isolation and thermal man-
agement purposes. An illustration of the complete 
DC-DC converter mechanical design and its sche-
matic are shown in Fig.1. 
 
The efficiency of the DC-DC converter has been 
identified as the key criterion for the development 
of MVDC in photovoltaic production [3]. The accu-
rate measurement of losses is thus paramount 
when one wants to verify the performance of such 
a high efficiency converter (efficiency ~99%). 
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Fig. 1 Top: LV to MV DC-DC implementation with 

the LV inverter represented as the grey box sitting on 

top of the oil tank containing all the medium voltage el-

ements (MFT, rectifier, output filter); bottom: Sche-

matic of the medium voltage unidirectional DC-DC 

converter (Phase Shift Full-Bridge (PSFB) topology). 
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It was shown in [9] that simple electrical input-out-
put measurement (the so-called “indirect method”) 
of a high efficiency MV converter would be too un-
certain. Indeed, the uncertainty associated with 
the electrical measurement of the 99% efficiency 
of a 25 kW, 7 kV inverter (based on 10 kV SiC 
MOSFETs) was found as ±0.83 percentage points 
(98.17…99.83%), which makes the measurement 
untrustable. Because of the uncertainties on the 
measurement of high power, the accuracy of indi-
rect methods is of the same order of magnitude as 
the power losses themselves. Therefore, losses 
must be measured using a direct method. 
 
This paper first presents the different methods ex-
isting in the literature for the direct measurement 
of power losses and selects one suited for the par-
ticular case of a high-ratio, unidirectional converter. 
This method is described in the second section. 
The contribution of this paper is the extension of 
the selected method to the measurement of the 
losses in the oil tank. This is demonstrated exper-
imentally, first on a small-scale prototype and then 
on a full-scale medium voltage DC-DC converter 
tank (the inverter losses measurement is not pre-
sented in this paper). Finally, a discussion on the 
pros and cons of this method is made. 

2 Direct losses measurement 

methods 

A set-up like the one shown at the top of Fig. 2, 
can be implemented to electrically measure the 
losses directly. In this scheme, the DC power sup-
ply only provides the power losses of the circuit, 
while the rated power only flows in the closed loop. 
Here, the measurement of the power supplied is 
accurate since the losses are measured directly, 
and not as the small difference between two large 
quantities [10]. However, losses of the complete 
circuit are measured, including the cables. 
 
Alas, this method is only applicable for converters 
with a voltage ratio of 1:1, since the output is con-
nected to the input. This limitation can be over-
come by using the “back-to-back” or opposition 
method [11] scheme presented in Fig. 2, with one 
converter of ratio 1:r and the other of ratio r:1. In 
this case, the supplied power corresponds the 
power losses of both converters. The repartition 
between the two converters is known only in the 
case of identical, bidirectional converters. Indeed, 
bidirectional converters can be structurally sym-
metrical, with the same components on their re-
spective low voltage and medium voltage sides.  
 

 

 

Fig. 2 Circuits for direct electrical measurement of 

the power losses (top: “standalone”; bottom: “back-to-

back” or opposition method) 

 
However, with unidirectional converters (as is the 
case with the PSFB studied here), the 1:r and r:1 
converters would be different. One could not en-
sure they have identical losses, and it is no longer 
possible to separate the losses of each converter 
from the measurement of the total losses. 
 
Since the electrical methods are either not accu-
rate enough or not implementable for a unidirec-
tional step-up converter, one must resort to calori-
metric methods. The different categories of calori-
metric methods are summarised in Fig. 3. 
 
In flow calorimetry, a fluid is used to collect the 
heat generated by the power losses. The power 
losses can be estimated knowing the specific heat 
capacity cp of the fluid, by measuring the tempera-
ture difference between inlet and outlet (ΔT) and 
the mass flow-rate ṁ of the cooling fluid at equilib-
rium [12]. 

𝑃𝑙𝑜𝑠𝑠 = 𝑐𝑝 ∆𝑇 𝑚̇ (1) 
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Fig. 3 Calorimetric measurement methods cate-

gories 



 

In open type calorimeters, the cooling fluid is air as 
the device under test is directly put in the meas-
urement circuit. In closed type, a different fluid can 
be selected, such as water, as the measurement 
circuit uses a heat exchanger in contact with the 
device under test. This second type is generally 
more accurate as the cooling fluid is less sensitive 
to environmental conditions than air. In our case, 
the converter prototype is passively air-cooled. 
The implementation of a flow calorimeter would re-
quire an additional cooling circuit. This makes this 
method difficult to apply, as it changes the general 
operation of the converter. 
 
An adiabatic calorimeter does not require any flow-
rate measurement, as it does not have any heat 
exchange with the environment. The power losses 
are then calculated as [13]: 

𝑃𝑙𝑜𝑠𝑠 = ∆𝑇 𝐶𝑡ℎ / 𝑡 (2) 

with Cth the total heat capacity inside of the adia-
batic enclosure (typically filled with a liquid to col-
lect and distribute the heat generated by the con-
verter) and t the duration of the test during which 
the liquid temperature has increased by ΔT. It is 
pointed out in [13] that equation (2) is true only for 
constant power dissipation over time, uniform tem-
perature in the calorimeter, and constant heat ca-
pacity. Measurements are performed in a transient 
state, as the enclosure heats up continuously; 
therefore, ΔT must be kept small, to ensure there 
is no change in the converter's operating point, 
and to keep test duration short in the case of large 
converters. In our case, given the size of the con-
verter, adiabatic calorimeters would be unpractical  
 
Because of the limitations of the calorimetric 
measurement methods displayed in Fig. 3, the au-
thors of [14] propose a hybrid method . It uses an 
open flow calorimeter (in the sense that heat is ex-
changed with the surrounding air), but has a tran-
sient operation, much like an adiabatic calorimeter: 
this method is based on measuring the time-deriv-
ative of the temperature difference with the ambi-
ent air (ΔT), referred to as the slew rate (SR) in this 
document. In [14] the method is applied to estimat-
ing the losses of power modules in an automotive 
inverter. 

3 In-air transient calorimetric 

method 

3.1 Description of the method 

Loss measurement using the in-air transient calo-
rimetric method is divided into two stages: a first 

calibration stage, followed by a measurement 
stage. The Fig. 4 shows a diagram explaining the 
main steps of the method. 
 
For the calibration stage, temperature elevation 
data during the thermal transient response is mon-
itored for different, known values of DC power in-
jected in the system under test. The temperature 
data is then processed (filtering out measurement 
noise) and the temperature SR is calculated over 
the same temperature range for each operating 
point. These SR values are processed and plotted 
on an SR vs Power injected graph. The resulting 
point cloud is used to fit a calibration curve, which 
establishes a relationship between SR and electri-
cal losses. One calibration curve is specific to an 
object and a test environment. The calibration step 
must therefore be repeated for any change in con-
figuration or ambient thermal conditions (air flow, 
temperature sensor position). 
 
The measurement operation comes in a second 
stage, under the same thermal conditions as the 
calibration phase. During this stage, the transient 
temperature variation is monitored when the con-
verter is operated under a given load, with un-
known power losses. Following similar data pro-
cessing steps as in the calibration stage, a SR 
value is calculated. Finally, the corresponding loss 
value is deduced by reading the calibration graph. 
 

 

Fig. 4 Steps of the selected calorimetric method 
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The relative uncertainties associated with the 
power losses measurement using this method are 
estimated to be less than 5% in [14], with the tem-
peratures measured using Negative Temperature 
Coefficient (NTC) resistor. This is considered very 
satisfactory compared to the other method that 
does not require changing the converter environ-
ment (the "input-output" electrical method). 

3.2  mall-scale experimental validation 

The validation of the in-air transient calorimetric 
method on an oil-immersed converter is particu-
larly important, as the original paper [14] focuses 
on power module in an in-air inverter, an object 
quite remote from our test case. To that effect, a 
test bench with a small-scale model is set up. It 
consists of a cut-out jerrycan filled with Midel 7131 
oil, into which resistors are immersed. A Plexiglas 
plate is placed on the upper part of the tank to limit 
convective exchanges with the ambient air. The 
configuration of the test bench (Fig. 5) is adapted 
to investigate the following items: location of the 
temperature probe and representativity of the cal-
ibration resistor. 
 
The oil in the tank is in contact with all the compo-
nents, so it collects all the heat they generate. 
Measuring the oil temperature should therefore 
give a perfect image of the losses. Unfortunately, 
the oil temperature is not uniform in the tank, as 
natural convection occurs in the oil. Furthermore, 
there is no certainty that the oil flows caused by 
natural convection remain identical when the dis-
tribution of the losses changes between the com-
ponents. Evaluating these sources of uncertainty 
is the objective of the test described here. 
 
Regarding the location of the temperature probes, 
a first probe is placed on the outer wall of the oil 
tank, and a second probe is placed inside the tank, 
immersed in the oil. Indeed, the oil tank gives the 
opportunity to measure the temperature of a liquid 
containing all of the power loss sources, similarly 
as in the adiabatic calorimeter method. The meas-
urement on the tank wall is closer to the method 
described in [14]. Another temperature probe is 
also placed in the ambient air to calculate the rel-
ative temperature increase. The set-up is shown in 
Fig. 5. The thermal camera picture shows that the 
temperature of the tank wall is constant for a cer-
tain horizontal level. A gradient is observed from 
high temperatures at the top to lower temperatures 
at the bottom. 
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Fig. 5 Left: Jerrican filled with oil (Midel 7131) 

used as small-scale test set-up for the oil tank; right: 
thermal camera picture of the oil tank showing that 

tank wall is hottest at the top oil level. 

 
To assess the effect of the distribution of the heat 
sources in the tank, first a calibration campaign is 
carried out using a flat rectangular resistor (Stego 
HV 031, 132 Ω) immersed in the tank of the small-
scale model. Known power steps are injected into 
the calibration resistor and the temperature rises 
in the oil and on the tank are measured. The cor-
responding SR are calculated. 
 
In a validation stage, a second, identical, resistor 
is added. The aim is to emulate a different location 
and distribution of losses in the tank, as would be 
the case with the actual tank components (MFT, 
rectifier, inductors). A resistor with a cylindrical ce-
ramic heatsink is also selected to observe the in-
fluence of thermal properties on the temperature 
rise measurements. Tests are carried out by inject-
ing power into this resistor placed vertically and 
then horizontally in the tank, to study the influence 
of convection conditions in the tank on the various 
measurements. The different set-ups are summa-
rised in Fig. 6. The temperature ranges over which 
the SR is calculated are 35-45°C for the tank wall 
and 45-55°C for the oil measurement. The results 
of the calibration and validation stages are shown 
on Fig. 7. 
 
The maximum relative error between the calibra-
tion points and the calibration curves are 11% for 
the oil measurement and 5.2% for the outer wall. 
 
Measurements performed on the outer wall of the 
tank result in a more linear distribution of losses as 
a function of temperature rise. The calibration 
point at 420 W is performed twice at a different am-
bient temperature (24°C, 28°C). This second point 
also allows us to note that the measurement on the 
outer wall of the tank is more robust to ambient 
temperature variation than the measurement in 
the oil. 
 



 

 

Fig. 6 Summary of the different test set-up config-

urations 

 
The maximum relative error between the valida-
tion points and the calibration curves is 40% for the 
oil measurement and 9% for the tank outer wall 
measurement. For both the temperature measure-
ments the biggest relative errors between the elec-
trical measurement and the respective calibration 
curve occur for the setup with the ceramic resistor 
positioned horizontally in the tank.  
 
One could have predicted that the oil measure-
ment method would lead to worst results as it was 
stated that the adiabatic liquid calorimeter method 
relies on a uniform temperature in the calorimeter. 
This is absolutely not the case here since no stir-
ring is performed, contrarily to in [13]. 
 

It can be deduced from these tests that the tem-
perature measurement on the outer wall of the 
tank is more robust to variations in the geometry 
or technology of the loss source. Heat conduction 
in the metallic wall of the tank probably produces 
an averaging phenomenon, which makes the 
measurement on the outer wall of the tank more 
robust to changes in the convection conditions and 
the proprieties of the heat source. With a maxi-
mum relative error of 9%, this measurement 
method is considered satisfactory (compared to 
the high uncertainties of electrical methods). 

 

 

Fig. 7 Top: Calibration points and resulting fitted 

curves for the measurement in oil (green and purple) 

and on the tank wall (red and blue); bottom: Compari-

son of the measured values for different locations of 

the heat-dissipating elements in the tank and the cali-

bration curves 

 
 



 

 

4 DC-DC converter power losses 

measurement 

The previously described and validated method is 
applied to the full-scale prototype of oil-immersed 
DC-DC converter presented in Fig. 8 and de-
scribed in details in [15], in order to measure its 
efficiency. Resistors (4, 132 Ω Stego HV 031) are 
placed in the tank for the calibration step together 
with the other elements and supplied with DC 
power using feedthrough connectors. 
 
The temperature transient curves, with their asso-
ciated SR calculation zones (black lines), and re-
sulting calibration curves are shown in Fig. 9. One 
can appreciate the advantage of the transient cal-
orimetric method by looking at the duration of the 
tests. Indeed, with the selected SR calculation 
zones, the tank test duration is kept below 2 hours. 
This is especially important for the tank as its ther-
mal steady state would be reached after more than 
a day (the estimated thermal time constant of the 
tank is 4.9 hours). The formulas used for uncer-
tainty calculations can be found in Appendix. 
 
The converter prototype is operated at different 
power loads thanks to a back-to-back configura-
tion (as in Fig. 2), with the second converter being 
a Buck converter based on series connection of 
MOSFETs as presented in [16]. Power steps are 
applied, and the temperature on the tank wall is 
measured to deduce the power losses. 
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Fig. 8 Oil tank of the full-scale 83 kW 1.2-6.6 kV 

prototype 

 

 

Fig. 9 Top: transient increase of the temperature 

difference between the tank wall and the ambient 

(black lines represent the 0.7-2.5 °C ΔT range over 

which the SR are calculated); bottom: calibration curve 

of the tank from resistive heating (low SR values are 

not represented as no measurements are done in this 

range)  

 
The obtained measured efficiency of the tank is 
plotted in Fig. 10, along with theoretical calcula-
tions from the design phase. A good fit is observed 
between the measured curve and the theoretical 
curve at 25°C, with a peak efficiency of the con-
verter tank is measured at 99.16 ±0.04%. 
 
The red curve in Fig.10 corresponds to the losses 
estimated with the target design of the MFT and 
the blue curve corresponds to the MFT which was 
actually manufactured. Indeed, several changes 
have been made at manufacturing, after the de-
sign. In particular, the magnetic core material used 
in transformer implementation (Ferroxcube 3C90) 
differs from the original design (TDK N87). The 
used material has higher core losses, and with 
higher dependence on the core temperature. 
 



 

 

Fig. 10 Measured and theoretical efficiencies of the 

tank (the efficiency of the LV inverter is not presented 

here). 

 
This last point is particularly important as the ex-
perimental measurements are performed with the 
transient calorimetric method starting at ambient 
temperature. Thus, the blue curve is represented 
for 25°C operation, instead of the anticipated 
steady-state temperature of 65°C, in order to be 
compared to the measured values. 

5 Discussion on the pros and 

cons of the method 

The pros of the in-air transient calorimetric method 
can be summarised as: 
 

• Precision compared to electrical methods 
(here uncertainty < ±0.13 percentage 
points, ±0.04 at full power; compared to 
±0.83 with electrical method [9]) 

• Rapidity compared to steady-state calori-
metric methods (here ~2 h for the lowest 
power point, ~20 min for the highest 
power; compared to ~1 day per point for 
steady-state) 

• Ease of implementation compared to tran-
sient adiabatic methods in liquid (no stir-
ring needed; no thermal insulation re-
quired to ensure adiabaticity) 

 
However, as the power losses are dependant of 
the temperature and measurement is done during 
the temperature transient, the measured losses do 
not correspond to the steady state losses of the 
converter. A lower operating temperature has a de-
creasing effect on the losses in the diodes and the 
MFT copper losses but an increasing effect on its 

core losses. Hence the different losses at the low 
power operating points of the converter will tend to 
be overestimated or underestimated at the high-
power operating points. This effect of the temper-
ature on the power losses also brings a trade-off 
in the choice of the temperature range over which 
the SR is calculated. 
 
Having a wide range of temperature over which 
the SR is calculated enables to have a low uncer-
tainty on the temperature difference measurement 
but makes the measurement phase stray from the 
calibration phase, bringing errors in the power 
losses estimation. 

6 Conclusion 

In this paper, an in-air transient calorimetric 
method originally presented for the measurement 
of power losses of semiconductor modules in an 
automotive inverter has been adapted to the 
measurement of the losses inside a medium volt-
age oil tank. This paper has shown that by using 
calibration resistors, a robust calibration graph can 
be obtained. The use of a temperature measure-
ment on the wall of the tank has been shown to be 
more robust (compared to in oil) to variations in the 
position, orientation, and nature of the actual 
losses source. The application of the measure-
ment method to a full-scale medium voltage proto-
type yielded results close to theoretical values. 
The tank maximum efficiency has been measured 
at 99.16 ±0.04% (99.12…99.20%). 
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7 Appendix 

The calculation of uncertainties for the calibration 
curves is based on the work presented in [14]. For 
each calibration point, the uncertainties come from 
the tolerance of the instrumentation used to meas-
ure temperature and the injected power. The re-
spective tolerances of the PT100 temperature 
sensor, and the power analyser considered here 
are given below: 
 



 

𝑈(𝑆𝑟) = 0.05 °𝐶/𝑠 (3) 

𝑈(𝑃𝑑𝑐) = 0.01 𝑊 (4) 

The calibration curve for power losses is an affine 
function with coefficients A and B such that:  

𝑃𝑙𝑜𝑠𝑠(𝑆𝑟) = 𝐴 𝑆𝑟,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 +𝐵 (5) 

 
Considering points (𝑆𝑟,1;  𝑃𝑑𝑐,1) and (𝑆𝑟,2; 𝑃𝑑𝑐,2), it 
is obtained the following relationships for the slope 
coefficient A, and the offset B:  

U(A)

𝐴
=

√
  
  
  
  
  

(
𝑈(𝑃𝑑𝑐,1)

𝑃𝑑𝑐,2 − 𝑃𝑑𝑐,1
)

2

+ (
𝑈(𝑃𝑑𝑐,2)

𝑃𝑑𝑐,2 − 𝑃𝑑𝑐,1
)

2

+(
𝑈(𝑆𝑟,1)

𝑆𝑟,2 − 𝑆𝑟,1
)

2

+ (
𝑈(𝑆𝑟,2)

𝑆𝑟,2 − 𝑆𝑟,1
)

2  (6) 

U(B)

𝐵
=

√
  
  
  
  
  
  (𝑆𝑟,2 𝑈(𝑃𝑑𝑐,1))

2

+ (𝑆𝑟,1 𝑈(𝑃𝑑𝑐,2))
2

(𝑃𝑑𝑐,2 𝑆𝑟,1  − 𝑃𝑑𝑐,1 𝑆𝑟,2) 
2

+
(𝑃𝑑𝑐,2 − 𝑃𝑑𝑐,1)

2
 ((𝑆𝑟,2 𝑈(𝑆𝑟,1))

2

+ (𝑆𝑟,1 𝑈(𝑆𝑟,2))
2

)

(𝑆𝑟,2 − 𝑆𝑟,1)
2 (𝑃𝑑𝑐,2 𝑆𝑟,1  − 𝑃𝑑𝑐,1 𝑆𝑟,2)

2

 (7) 

 
To assess the uncertainty in the estimated value of 
Ploss, the error propagation formula, where 
the 𝑎𝑖are the errors which affect Ploss:  
 

𝑈(𝑃𝑙𝑜𝑠𝑠) = √∑(
𝜕𝑃𝑙𝑜𝑠𝑠
𝜕𝑎𝑖

⋅ 𝑈(𝑎𝑖))
2𝑛

𝑖=1

 (8) 

 
This gives the following uncertainty for the Ploss 
value estimated for a given efficiency measure-
ment: 

𝑈(𝑃𝑙𝑜𝑠𝑠,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑)

= √(𝐴 𝑈(𝑆𝑟))
2
+ (𝑆𝑟 𝑈(𝐴)

2 + (𝑈(𝐵))
2
 

(9) 
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