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Abstract—This paper proposes a calorimetric power-loss 
measurement method suitable for a high-power film capacitor 
used in the dc link of a high-power three-phase PWM inverter.  
The measurement method is characterized by using a thermally-
insulated container and an evaluation circuit for dc-link 
capacitors. Introduction of the thermally-insulated container 
achieves an accurate power loss measurement that is of the 
order of 1 W.  The evaluation circuit provides the equivalent 
ripple current waveform and dc-bias voltage to those of the 
high-power three-phase PWM inverter although its power 
rating is 1/24 of the high-power inverter.   This combination 
makes it possible to measure the power loss of the capacitor 
under actual voltage/current condition at low cost.  
Experimental results obtained from a 1200-V 210-kVA system 
verify the viability and effectiveness of the proposed method. 

Keywords—DC-link capacitors, power loss, calorimetric 
measurement, three-phase PWM inverters. 

I. INTRODUCTION 

DC-link capacitors in power electronic converters are a 
major constraint on the improvement of power density as well 
as of reliability[1, 2]. They tend to include a design margin of 
size or capacitance due to power loss. The minimum design 
margin of the capacitors is desirable, so that power loss 
estimation of the converters including the capacitors plays a 
crucial role in the next-generation power converters [3-9].   

However, characteristics of the capacitors are usually 
evaluated by a single sinusoidal current such as 120 Hz, 1 kHz, 
and so on [10-12].  There are some kinds of “ripple current 
tester” instruments that provide a sinusoidal ripple current as 
well as a dc-bias voltage into the capacitor [10].  Actual 
current flowing out of the converter into the capacitor contains 
multiple frequency components, so that the power loss of the 
capacitor cannot be exactly estimated by a sinusoidal 
waveform.  For example, the authors of this paper have 
revealed that the power loss of an alminum electrolytic 
capacitor with the square-wave current injection cannot be 
estimated only by the root-mean-square (RMS) value of the 
capacitor current [7].  In addition, such a complex current 
makes it difficult to estimate the power loss by electric 
measurement.  

Calorimetric measurements of power converters and 
components are attractive because they do not depend on 
voltage and current waveforms [3-7].  Fig. 1 shows three types 
of calorimetric measurement: (a) open type, (b) single-cased 
closed type, and (c) double-cased closed type [4, 5].  In the 
open type measurement, a device under test (DUT) is placed 
in a container, through which a coolant that is usually air flows.  
The temperature difference Tout – Tin is in proportion to the 

power loss Ploss if the leakage heat Pwall is negligible. Major 
difficulties in the open type are measuring the temperature and 
volume flow of air.  The single-cased closed type employs a 
heat exchanger to compensate the power loss generated by the 
DUT.  The coolant of the heat exchanger can be water, unlike 
the open type.  Since measuring the temperature and volume 
flow of water is much easier than that of air, the single-case 
close type is more accurate than the open type.  The double-
cased closed type utilizes two containers, which allows 
minimizing the Pwall by means of adjusting the temperature in 
the gap, TGap to the temperature of the inner container, T.   Thus, 
the double-cased closed type has a higher accuracy than the 
single-case one.  In general, however, these closed types bring 
a long measuring time [4]. 

This paper proposes a calorimetric power-loss 
measurement method suitable for a high-power film capacitor 
used in the dc-link of a high-power three-phase PWM inverter.  
The measurement method employs a thermally-insulated 
container without a heat exchanger, which allows an accurate 
measurement that is of the order of 1 W and a short measuring 
time.  Introduction of an evaluation circuit enables the 
capacitor to be tested by the actual ripple current waveform 
and dc-bias voltage of the high-power inverter, although the 
power rating of the evaluation circuit is 1/24 of the full-scale 
inverter. 

  
(a)                             (b)                           (c) 

Fig. 1  Existing calorimetric measurement. (a) open type. (b) 
single-cased closed type. (c) double-cased closed type. 
 

 
Fig. 2  Proposed calorimetric measurement for capacitors. 

 

T 

Ploss

DUT

Pwall

Tin Tout 

TA

T 

Ploss

DUT

Pwall

Tin Tout 

Heat 
Exchanger

TA

T 

Ploss

DUT

Pwall

Tin Tout 

TGap

TA

T [K]

Ploss [W]

Capacitor 
under test

Pwall [W]

Thermally-insulated container

t [s]

T [K]

dt

dT
P ∝loss

dt

dT

TA [K]



II. CALORIMETRIC POWER-LOSS MEASUREMENT 

A. Principle of measurement 

Fig. 2 shows basic principle of the proposed calorimetric 
measurement using a thermally-insulated container, in which 
Ploss is the power loss of the capacitor under test and Pwall is a 
leakage heat through the container.  The heat quantity stored 
in the container, Q [J] is given by = − ≈  

(1) 
where Pwall is negligible if the container has a sufficient 
thermal resistance.  The heat quantity Q is also expressed as 
the product of the temperature T [K] and the total heat 
capacity of the container, HC [J/K] as follows: = −                             (2) 
where T0 stands for the initial value of the temperature.  
Substituting Eq. (1) into Eq. (2) and differentiating it with 
respect to time result in =  

(3) 
Thus, one can obtain the power loss from the slope of the 
temperature, dT/dt. 

B. Implementation of measurement 

Fig. 3 illustrates the implementation of the calorimetric 
measurement, which consists of the thermally-insulated 
container filled with a liquid that stores the heat (power loss) 
generated by the capacitor. A capacitor under test and a 
thermocouple are immersed in the liquid. Requirements of 
the liquid are as follows: 
 Galvanic insulation  
 Low viscosity to make temperature distribution uniform 
 Chemically stable and no influence on the capacitor 

under test  
This paper selects NovecTM 7300 as the liquid, which is a 
fluorine liquid utilized in many industrial applications such 
as heat transfer, electronic testing, and cleaning [15].  It has a 
greatly high resistivity of 3×109 Ωm and a viscosity as low as 
water.  Note that a silicone oil could be a candidate of the 
liquid, but has a much higher viscosity than the Novec.  Such 
a high viscosity brings uneven temperature distribution that 
degrades the accuracy of the temperature measurement. 

C. Verification with a Resistor 

Fig. 4 illustrates the setup used for verification of the 
accuracy of the proposed method, in which a resistor is 

immersed in the liquid and is connected to a dc voltage source.  
The dissipated power of the resistor is measured by the 
applied voltage and current (electric measurement) as well as 
the proposed calorimetric measurement method.  

Fig. 5(a) shows experimental results of the calorimetric 
measurement, where the Novec had a volume of 1200 cm3 
and a heat capacity of 2.26 kJ/kgK. The heat capacity of the 
resistor is neglected because its physical volume is much 
smaller than the volume of the Novec.  The dissipated power 
by the electric measurement was adjusted to be 1 W, 2 W, 4 
W, and 6 W.  Fig. 5(b) shows relation between the dissipated 
power of the electric measurement and that of the 
calorimetric one, which indicates that the calorimetric 
measurement had a good linearity and a small error less than 

 
Fig. 3  Implementation of the calorimetric measurement 

 

 
Fig. 4 Verification of accuracy with a resistor 

(a) 
 

 
(b) 

Fig. 5  Results of the calorimetric measurement with the 
resistor. (a)  Temperature measurement. (b) Relation 
between electric measurement and calorimetric 
measurement. 
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1 W.  The reason why the result of the calorimetroic 
measurement was always somewhat lower than that of the 
electrical measurment is that the actual heat capacity included 
that of the container. 
 

III. EVALUATION CIRCUIT PROVIDING ACTUAL RIPPLE 

CURRENT AND DC-BIAS VOLTAGE 

A. Circuit Configuration 

The authors of this paper have proposed an evaluation 
circuit for a dc-link capacitor [13], which provides the same 
ripple current and dc-bias voltage as the full-scale high-power 
inverter, although its power rating is much smaller than the 
full-scale inverter. 

Fig. 6 shows the evaluation circuit that employs a small-
power-rating low-voltage three-phase inverter [13].  The low-
voltage inverter is just used for injecting the ripple current, 
while the high-voltage dc supply provides a dc-bias voltage.  
The current rating of the low-voltage inverter is full-scale, 
whereas voltage rating is downscale.  Hence, the circuit 
operates as a full-scale voltage-rating and full-scale current-
rating inverter from the standpoint of the dc bias voltage and 
ripple current. This concept is similar to the circuits proposed 
in [11] and [12] in terms of the combination of a ripple current 
source and a dc voltage supply, whereas it presents the same 
current waveform as that generated by the inverter.  The 
bypassing capacitor Cbypass is used for circulating the ripple 
current.  The choke inductor LLV and the resistor RHV block the 
ripple current, where their impedances should be much larger 
than those of capacitors CUT and Cbypass [13].  Note that the 
inductor and the two capacitors do not result in oscillation in 
practice [14]. 

B. Experimental Setup for Calorimetric Measurement 

Table I summarizes ratings and circuit parameters of the 
evaluation circuit, where the circuit acts as a 210-kVA high-
power inverter although the rated power of the inverter is 9 
kVA that is 1/24 of that of the high-power inverter. 
Fig. 7 is a photo of an exterior of the experimental setup, 

where the container was filled with the Novec.  Note that the 
container was actually covered with a rubber plate when the 
setup runs.  The heat capacity of the Novec was 2.26 kJ/kgK, 
while that of the capacitor under test was 0.6 kJ/kgK.  Thus, 
the total heat capacity in the container HC was 2.86 kJ/kgK. 

IV. EXPERIMENT 

A. Experimental Waveforms of the Evaluation Circuit 

Fig. 8 shows experimental waveforms of the evaluation 
circuit when it operated at the rated power.  The authors 
confirmed that the ripple current iCUT as shown in Fig 9(a) 
was almost the same as that of the high-power inverter with 
computer simulation.  The root-mean-square (RMS) value of 
the ripple current was 64 A that is the same as the rated 
current of the capacitor under test.  The capacitor voltage as 
shown in Fig. 9(b) stayed at 1200 V that is the same as the 
high-voltage dc source VHV. Thus, the evaluation circuit 
provided the same current/voltage stress to the capacitor 
under test as the 210-kVA high-power inverter.  The dc-link 
voltage shown in Fig. 9(c) had a dc mean of 50 V that is 1/24 
of the capacitor voltage and contained the ripple voltage of 
the capacitor.  

 

B. Calorimetric Power-Loss Measurements 

Fig. 9 shows the temperature of the liquid in the container 
with the evaluation circuit running, where the RMS values of 
the ripple current were adjusted to be 64 A (100% of the rated 
current of the capacitor), 45 A (70%), and 31 A (49%). The 
temperature was almost a linear function of time due to a 
constant power loss.  The fitting lines present that the power 
losses with the RMS values of 64 A, 45 A, and 31 A were 32 
W, 17 W, and 8 W, respectively.  These results indicate that 
the power loss of the capacitor is almost in proportion to the 
square of the RMS value.  Although these experiments were 
carried out over 1200 seconds (20 minutes), the slopes of the 
temperatures had already been constant after 300 seconds 

 
Fig. 7  Exterior of the container 

 

 
Fig. 6 Evaluation circuit used for providing ripple current and 
dc-bias voltage. 

 

Table I  Ratings and circuit parameters for experiment 
Rated power of the system P 210 kVA 
Rated power of the inverter Pinv 9 kVA 
AC current rating IO 170 A 
AC voltage rating VO 31 V 
Low-voltage dc source VLV 50 V 

High-voltage dc source VHV 1.2 kV 
Load inductor LO 330 μH 
Carrier frequency fC 10 kHz 

Output frequency fO 50 Hz 
High-voltage choke resistor RHV 1 kΩ 
Low-voltage choke inductor LLV 4 mH 
Capacitor under test CUT 100 μF 
Unit capacitance constant of the 
capacitor under test [16] 

H 0.34 ms 

Bypassing capacitor Cbypass 100 μF 
Rated current of the capacitors ICrms 64 A 
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passed.  Hence, the measuring time of the proposed method 
is around 5 minutes in practice. 

V. CONCLUSION 

This paper has proposed a calorimetric power-loss 
measurement method suitable for a high-power film capacitor 
used in the dc link of a high-power three-phase inverter.  
Introduction of a thermally-insulated container into the 
calorimetric measurement achieves power-loss measurement 
that is of the order of 1 W with a measuring time of 5 minutes.  
The evaluation circuit enables the capacitor to be tested by 
the actual ripple current waveform and dc-bias voltage, 
although the power rating of the circuit is 1/24 of the high-
power inverter.  A 1200-V 210-kVA experimental system is 
developed, constructed, and tested to confirm the viability 
and effectiveness of the proposed method. 
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Fig. 9  Experimental results of the calorimetric power-loss 
measurement with different RMS values of the ripple 
current. 
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Fig. 8 Experimental waveforms of the evaluation circuit 
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