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The two central goals of this master's thesis are to serve as a guidebook on the 

determination of uncertainty in efficiency measurements and to investigate sources of 

uncertainty in efficiency measurements in the field of electric drives by a literature 

review, mathematical modeling and experimental means. The influence of individual 

sources of uncertainty on the total instrumental uncertainty is investigated with the help 

of mathematical models derived for a balance and a direct air cooled calorimeter. 

 

The losses of a frequency converter and an induction motor are measured with the 

input-output method and a balance calorimeter at 50 and 100 % loads. A software 

linking features of Matlab and Excel is created to process measurement data, calculate 

uncertainties and to calculate and visualize results. The uncertainties are combined with 

both the worst case and the realistic perturbation method and distributions of 

uncertainty by source are shown based on experimental results.  

 

A comparison of the calculated uncertainties suggests that the balance calorimeter 

determines losses more accurately than the input-output method with a relative RPM 

uncertainty of 1.46 % compared to 3.78 - 12.74 % respectively with 95 % level of 

confidence at the 93 % induction motor efficiency or higher. As some principles in 

uncertainty analysis are open to interpretation the views and decisions of the analyst can 

have noticeable influence on the uncertainty in the measurement result. 
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Työn keskeiset tavoitteet ovat opastaa epävarmuuden määrityksessä sähkökäyttöihin 

liittyvissä hyötysuhdemittauksissa ja tutkia epävarmuuslähteitä hyötysuhdemittauksissa 

hyödyntämällä alan kirjallisuutta, luomalla matemaattisia malleja ja mittaamalla. 

Mittalaitteista aiheutuvan epävarmuuden vaikutusta kokonaisepävarmuuteen tutkitaan 

suoralle ilmajäähdytteiselle ja balanssikalorimetrille luoduilla malleilla.  

 

Taajuusmuuttajan ja induktiomoottorin häviöt mitataan nimellisnopeudella 50 ja 100 % 

kuormituksella balanssikalorimetrillä ja perinteisesti tulo- ja lähtötehot mittaamalla. 

Luodaan Matlab:iin ja Excel:iin pohjautuva ohjelma, joka käsittelee mittausdataa, 

laskee tulokset ja epävarmuudet ja kuvaa lopputuloksen graafisesti. Epävarmuudet 

yhdistetään Worst Case ja Realistic Perturbation menetelmillä ja epävarmuuden 

jakaumat läheteittäin esitetään pohjautuen mittaustuloksiin. 

 

Laskettujen epävarmuuksien vertailu osoittaa, että balanssikalorimetri määrittää häviöt 

tarkemmin kuin perinteinen mittausmenetelmä, sillä balanssikalorimetrin 

mittausepävarmuus on 1.46 % RPM- menetelmällä 95 % luottamusvälillä verrattuna 

perinteisen mittauksen epävarmuuksiin 3.78 - 12.74 % induktiomoottorin 

hyötysuhteella 93 % tai suuremmalla. Koska jotkut epävarmuusanalyysin periaatteet 

ovat tulkinnan varaisia, analyytikon näkemyksillä ja päätöksillä voi olla suuri vaikutus 

mittausepävarmuuteen.
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LIST OF SYMBOLS AND ABBREVIATIONS  

 

AC  alternating current 

A/D  analogue to digital conversion 

CT  current transformer 

DC  direct current 

DCC  double chamber calorimeter 

DFT  digital Fourier transform 

DUT  device under testing 

EMF  electromotive force 

EU  European Union 

FFT  fast Fourier transform 

IE1 standard efficiency classification issued by IEC 

IE2  high efficiency classification issued by IEC 

IE3  premium efficiency classification issued by IEC 

IE4  super premium efficiency classification issued by IEC 
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JCGM  Joint Committee for Guides in Metrology 

LED  light emitting diode 

NEMA  National Electrical Manufacturers Association 

PTD  platinum temperature detector 
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RTD  resistance temperature detector 
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Greek Symbols 
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η  efficiency 

θ   twist angle 

ρ  density, partial density 

σ  standard deviation 

τ  shear stress 

ϕ  relative humidity 

υ  phase angle, phase shift angle 

 

Roman Symbols 

 

A  cross sectional area 

c   sensitivity coefficient, uncertainty coefficient, specific heat capacity 

d  diameter 

f  frequency, function 

G  modulus of rigidity 

I  root-mean-square electric current 

i  instantaneous electric current 

k  coverage factor, conduction coefficient 

L  length 

M  torque 

N  number of turns in a winding 

n  rotational speed 

P  power 

p  pressure 

Q  heat, reactive power 

q  flow, mass flow rate  

R  gas constant 

S  surface area, apparent power 

s  experimental standard deviation, instantaneous apparent power 

T  time period, temperature 

U  root-mean-square voltage, expanded uncertainty 

u  experimental standard uncertainty, instantaneous voltage 

X  input quantity 
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x  best estimate of input quantity obtained by measurement, distance, humidity 

  ratio 

Y  value of measured quantity 

y  best estimate of measured quantity i.e. measurement result 

 

Miscellaneous Symbols 

 

𝑐p   average specific heat capacity   

 

Roman Subscripts 

 

a  angle, dry air 

amb  ambient 

app  application related 

b'  related to repeatability 

bal  balance; related to the balance test 

blow  blower 

C  sensitivity tolerance 

c  combined 

cond  conductive heat transfer 

delta  change, rise when related to temperature 

DUT  device under test 

e  electrical 

el  electric 

i  index number of the series of input quantities 

inl  inlet shortened 

ins  inside shortened 

j  index number of measurement data series 

leak  leakage, particularly related to heat leakage 

lh  related to non-linearity and hysteresis 

LL  line to line 

Mb,para related to parasitic pending moments 

m  mechanical, mass 
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max  maximum 

min  minimum 

N  number of input quantities 

n  number of data points in a measurement series 

nom  nominal 

outl  outlet 

pa  pertaining to dry air 

para  parasitic 

ph  phase 

pv  pertaining to water vapor 

ref  reference 

rel  relative 

rng  range  

rdg  reading 

s  related to sampling 

spv  saturation pressure of vapor 

TK0   related to temperature effect on the zero signal 

TKC  related to temperature effect of sensitivity 

tl  total losses 

v  pertaining to water vapor 

wall  related to heat leakage through walls 
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1 INTRODUCTION 
 

Nearly half of the world’s electricity is consumed by electric motor driven systems 

(International Energy Agency 2011). The major legislative bodies of the world such as the 

European Parliament and the U.S. Congress have acknowledged the potential for saving 

electrical energy by issuing minimum energy efficiency levels in an attempt to increase the 

energy efficiency of electric motors (EPACT92). The minimum energy efficiency levels 

are based on the energy efficiency classifications of International Electrotechnical 

Commission (IEC) and National Electrical Manufacturers Association (NEMA) 

respectively. IEC divides cage-induction motors in four categories: standard efficiency 

(IE1), high efficiency (IE2), premium efficiency (IE3) and super premium efficiency (IE4). 

In the European Union (EU) the IE1 motors have been oblique since 16 of June 2011. 

Furthermore, in EU the minimum efficiency level for newly installed motors and motors in 

continuous operation will be premium efficiency (IE3) by January 1, 2015, after which 

high efficiency (IE2) motors will be allowed only for frequency controlled motors and 

certain exceptions. (European Parliament and Council 2009) 

 

Despite advancements in regulation of energy efficiency in the field of electrical drives 

authorities are unable to provide technical standards to match the development of electrical 

drives. Given that manufacturers are able to provide machines with greater efficiency than 

the (IE4) super premium efficiency and gaps remain in standards related to variable speed 

drives (VSD), development of technical standards is necessary. Such development of 

standards is ongoing. In 2013 IEC released the IEC 60034-2-3 technical specification 

about specific test methods for determining losses and efficiency of converter-fed AC 

induction motors targeting the definition of test methods for determining additional 

harmonic motor losses of converter-fed induction machines. In 2014 they released the IEC 

60034-2-1 about standard methods for determining losses and efficiency of rotating 

electrical machines from tests. The standard defines the minimum accuracies for 

measurement instruments to be used in standardized efficiency measurements among other 

things. Furthermore, The European Committee for Electrotechnical Standardization 

(CENELEC) had been developing the EN 50598-2 eco-design standard. Their work is 

continued by IEC, who aim for the release of a corresponding IEC standard. The 
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forthcoming standard will propose IE and IES classes for frequency converters and 

converter driven systems, while featuring calorimeters for determining converter losses.  

 

The IEC and NEMA standards require certain degrees of accuracy for measurements of 

motor efficiency so that the manufacturer could give the motor a correct efficiency rating. 

For IEC standards the type testing tolerance is 15 % of (1 – η) for motors below 150 kW, 

which for a motor with 95 % efficiency is 0.75 percentage points. Let us suppose that a 

motor manufacturer believes that their 4-pole 75 kW machine meets the criterion of 95 % 

efficiency at 50 Hz required for an IE3 premium efficiency motor with an actual efficiency 

of 95.5 %. They measure the efficiency of the motor with inaccurate instruments and 

receive a value of 94.2 %. In such a case, they could falsely come to believe that their 

motor is not qualified for an IE3 premium efficiency label. In practical terms, however, the 

required degree of measurement accuracy is implemented in standards by imposing 

limitations on the accuracy of measurement instruments, which greatly decreases the 

likelihood of such a cautionary example happening in practice. This example demonstrates 

that an accurate measurement of efficiency is essential for determining an efficiency class 

for a motor or any other apparatus. The accuracy of the measurement, on the other hand, is 

decided by the uncertainty of the measurement. 

 

As manufacturers keep providing drives with greater efficiencies the drive losses keep 

going down. This poses a problem from the measurement point of view. As losses go down 

their accurate definition becomes more and more challenging by traditional means. This 

problem is further polarized by the fact that standardization organizations demand 

tolerances for the efficiency rating measurements, which are proportional to losses and 

become tighter and tighter as the drive losses decrease. This along with direct accuracy 

requirements set for instruments create a growing need for accurate measurement methods 

and instruments characterized by low uncertainty.  

 

1.1 Uncertainty in Measurements 
 

Joint Committee for Guides in Metrology (JCGM) defines measurement uncertainty as: 

“The word “uncertainty” means doubt, and thus in its broadest sense “uncertainty of 

measurement” means doubt about the validity of the result of a measurement.” They 
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continue by clarifying their definition of uncertainty: “parameter, associated with the result 

of a measurement, that characterizes the dispersion of the values that could reasonably be 

attributed to the measurand”. “We are talking of uncertainty, when we don’t know whether 

we should correct the measurement result by subtracting or adding a given error to the 

result”, says Ben Kemink Senior Product Manager of Yokogawa Europe Test & 

Measurement. Thus, in practice, uncertainty is a measure of doubt, which is expressed as a 

number that describes the amount the true value of the quantity being measured can deviate 

from the result i.e. 

 

 𝑌 = 𝑦 ± 𝑈,                      (1.1) 

 

where Y is the quantity being measured, y the measurement result and U  the measurement 

uncertainty.  

 

Measurement uncertainty is divided into A- and B-type uncertainties, which are associated 

with uncertainties related to the variation of the quantity being measured and uncertainties 

associated with the measurement instruments respectively. A- and B-type uncertainties are 

illustrated in fig. 1.1 with a measurement of the DC output voltage of a rectifier.  

 

 

Fig. 1.1. Output voltage measurement of a rectifier circuit. The output voltage of the rectifier circuit is 

measured with an oscilloscope. The rectifier output voltage equals the voltage over the capacitor, which is 

represented by the thick line. The dashed line represents the output voltage of the diode bridge.   
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In fig. 1.1. an oscilloscope measures the output voltage of a rectifier over a period of 0.04 

s, during which the output voltage shows noticeable fluctuation caused by the residual AC-

voltage component. The AC-voltage component hinders the measurement of the DC output 

voltage. Without the presence of the AC component the DC output value could be received 

directly. As the values of output voltage vary between roughly 4.4 and 5.0 V the DC output 

value is within the range, but its exact value is ambiguous. The A-type uncertainty is 

caused by this fluctuation of the measured values. 

  

B-type uncertainty in the rectifier output voltage measurement comes from the 

oscilloscope and expresses the amount of doubt it is reasonable to associate to the readings. 

Such doubts could include inaccuracy arising from the design and implementation of the 

measuring instrument, such as tolerance of the components, non-linearity of A/D 

conversion and non-linearity of amplification over the bandwidth for AC measurements. 

Furthermore, uncertainty is caused by rounding errors due to the limited resolution of the 

scale of the instrument.  

 

Determination of A- and B-type uncertainties are discussed in chapters 1.1 and 1.2 

respectively and the combination of uncertainties and expression of measurement 

uncertainty is discussed in chapter 1.3. The calculation is illustrated by using the rectifier 

output voltage measurement example of figure 1.1. 

 

1.1.1 A-type Uncertainty 

 

A-type uncertainty is the standard deviation of the mean. Thus A type uncertainty is related 

to the repetition of measurements and describes how much uncertainty i.e. how much can 

the average of this set of repetitions fluctuate. A-type uncertainty is calculated with the 

help of statistics and involves a mathematical function model, and the calculation of 

averages and standard deviations. The calculation is based on the assumption that 

individual data points distribute around the mean randomly. JCGM suggests that when an 

output quantity Y is a function of input quantities Xi  

 

 𝑌 = 𝑓(𝑋1, 𝑋2, 𝑋3, … , 𝑋N )                        (1.2) 
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the result of the measurement y estimates the output quantity Y and the measured quantities 

xi represent estimates of the input quantities. Therefore 

 

 𝑌 ≈ 𝑦 = 𝑓(𝑥1, 𝑥2 , 𝑥3, … , 𝑥n ).             (1.3)

   

The best estimates of the input quantities are calculated as averages xi from sets of 

measurement data   

 

 𝑥i = 𝑥i,𝑗    =
1

𝑛
 𝑥i,𝑗

𝑛
𝑗=1 ,              (1.4) 

 

where n is the number of data points in the set and j denotes the indices of these points. 

The dispersion of measurement points from the average is indicated by experimental 

standard deviation s, which is given by 

 

 𝑠 𝑥i,j = ± 
1

𝑛−1
 (𝑥i,j − 𝑥i)2n

j=1 .                  (1.5) 

 

The experimental standard uncertainty u refers to the standard deviation of the mean and is 

calculated with equation 

 

 𝑢 𝑥i = 𝑠 𝑥i =
𝑠(𝑥i ,j )

 𝑛
.              (1.6) 

 

The uncertainty contribution of an input to the uncertainty of the output quantity describes 

the effect the variation of the input quantity has on the output quantity i.e. the result. It is 

received by multiplying the standard uncertainty of the input quantity with the sensitivity 

coefficient ci i.e. the partial derivative of the function with respect to the input quantity 

localized at the measured average 

 

 𝑢 𝑦i = ci𝑢 𝑥i =  𝜕𝑓

𝜕𝑥i
 
𝑥i =𝑥i ,j    

𝑢 𝑥i .              (1.7) 
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JCGM  suggests that the uncertainty contribution of an input to the uncertainty of the 

output quantity can also be calculated numerically without determining the partial 

derivative with 

 

 𝑢 𝑦i =
1

2
 𝑓 𝑥1, … , 𝑥i + 𝑢 𝑥i , … 𝑥N − 𝑓 𝑥1, … , 𝑥i − 𝑢 𝑥i , … 𝑥N         (1.8) 

 

The use of eq. (1.8) instead of (1.7) is advisable when the partial derivatives of the function 

cannot be determined or are difficult to determine. 

 

Example 1.1 

 

Let us calculate the A-type uncertainty of the rectifier DC output voltage. The 

instantaneous output voltage values of the rectifier circuit of fig. 1.1 given in table 1.1 

represent samples taken from one wave period.  

 

Table 1.1. Rectifier output voltage data 

uj 4.4 V 5.0 V 4.9 V 4.7 V 4.6 V 4.5 V 

 

When we observe the data of table 1.1 we notice that all the points are reasonable, when 

we compare the data to the voltage curve of fig. 1.1. In some cases, there are individual 

points in the data called outliers, which deviate greatly from the rest of the data. These 

points should be neglected.  

 

The DC voltage is approximated with the instantaneous output voltage of the rectifier. We 

calculate the best estimate for the DC output voltage as an average of all the instantaneous 

voltage values of table 1.1 with eq. (1.4) 

 

 𝑈DC ≈ 𝑢mean =
4.4+5.0+4.9+4.7+4.6+4.5

6
 V ≈ 4.68 V 

 

We calculate the experimental standard deviation and uncertainty with eq. (1.5) and (1.6) 

respectively 
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 𝑠 𝑢j = ± 
 4.4− 4.68 2+ 5.0− 4.68 2+ 4.9− 4.68 2+ 4.7− 4.68 2+ 4.6− 4.68 2+ 4.5− 4.68 2

6−1
V ≈

                         ≈ ± 0.232 V 

 

 𝑢 𝑢mean  =
𝑠(𝑢 j )

 𝑛
=

0.232 𝑉

 6
= 0.095 V. 

 

The uncertainty contribution of the average instantaneous voltage to the DC output voltage 

is equal to the uncertainty of the average instantaneous voltage. 

 

1.1.2 B-type Uncertainty 

 

B-type uncertainty is associated with the instruments used in the measurement. JCGM lists 

the following sources for determining B-type uncertainty: 

 

1. Previous measurement data 

2. Experience with or general knowledge of the behaviour and properties of 

relevant materials and instruments 

3. Manufacturer's specifications 

4. Data provided in calibration 

5. Uncertainties assigned to reference data taken from handbooks 

 

Generally speaking the numbers given in sources stated above such as the manufacturer's 

specifications follow certain probability distributions. An estimate for standard uncertainty 

is received by converting the given uncertainty figure U to standard uncertainty u by 

dividing with a distribution related coverage factor k 

 

 𝑢 =
𝑈

𝑘
                 (1.9) 

 

The coverage factor is chosen based on a statistical distribution such as the normal 

distribution and a desired level of confidence. The confidence level describes the incidence 

that the true value of the quantity being measured will be within the confidence interval i.e. 

within the interval defined by the given uncertainty figure U and the measurement result y 
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 𝑦 − 𝑈 ≤ 𝑌 ≤ 𝑦 + 𝑈             (1.10) 

 

For instance a coverage factor k = 2 yields roughly a 95 % level of confidence for a 

normally distributed estimate. This suggests that the true value of the quantity being 

measured will be within the interval (1.10) defined by the measurement result with a 95 % 

incidence rate. Certain common probability distributions are given in figure 1.2. 

 

Fig. 1.2. Common probability distributions. The distributions are defined by the probability density curves, 

which are expressed as functions of standard deviation σ. In picture a) the normal distribution is portrayed 

with the area in light grey representing roughly 68.3 % incidence rate, which corresponds to the one sigma 

confidence interval. Similarly the light grey areas of pictures c) and d) represent the 65.0 % and 57.7 % one 

sigma incidence rates of triangular and rectangular distributions respectively. The dark and light grey areas 

together represent the two sigma incidence rates, which are roughly 95.4 and 96.6 % for the normal and 

triangular distributions respectively. The bounds of the triangular and rectangular distributions, which are 

located at  6 and  3 σ distance from the origin, are portrayed with the vertical dashed lines. The T-

distribution of picture b) is obtained with 4 degrees of freedom, which means the number of independent 

observations i.e. the number of data points in the set -1.   
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Example 1.2 

 

For the determination of B-type uncertainty of the rectifier output voltage measurement of 

fig. 1.1 the oscilloscope manufacturer's specifications could be consulted. The 

manufacturer might quote a DC gain uncertainty of 2.0 % of full scale, which is 8.0 V in 

fig. 1.1. In addition, some individual smaller factors might contribute to the uncertainty 

such as the resolution of the scale of the oscilloscope. The resolution of the oscilloscope 

could be roughly 0.02 % of the measured value. The uncertainty arising from rounding to 

the nearest value is at most half the resolution i.e. 0.01%. By summing up these two 

components we get an estimate for the maximum B-type uncertainty 2.0/100∙8.0 V + 

0.01/100∙4.68 V ≈ 0.16 V. The uncertainty of our oscilloscope could be any number 

between zero and the estimated maximum uncertainty i.e. the uncertainty is in the range 0-

0.16 V. We assume that with great likelihood the uncertainty is in the middle of the range 

and use the triangular distribution. Thus the coverage factor is k =  6. We receive the 

standard B-type uncertainty using (1.9). The B-type uncertainty is roughly 0.16 V/ 6 ≈ 

0.065 V. 

 

1.1.3 Expression of Measurement Uncertainty 

 

The combined standard uncertainty uc is intended for representing the total uncertainty of 

measurements with multiple sources of uncertainty. It represents the total standard 

uncertainty in the measurement result i.e. it combines the standard uncertainty 

contributions of all the input quantities. JCGM suggests using the Realistic Perturbation 

Method (RPM) for combining the individual uncertainties i.e. to combine the uncertainties 

in root-sum-square. Provided the input quantities are uncorrelated the combined standard 

uncertainty can be obtained with equation 

 𝑢c 𝑦 = ±  𝑢2(𝑦𝑖)
𝑁
𝑖=1 = ±  (  

𝜕𝑓

𝜕𝑥𝑖
 
𝑥𝑖=𝑥i ,j    

)2𝑢2(𝑥𝑖)
𝑁
𝑖=1 .         (1.11) 

The combined uncertainty can also be calculated as a sum of absolute values of individual 

uncertainty contributions  

 

 𝑢c 𝑦 = ±   𝑢(𝑦𝑖) 
𝑁
𝑖=1 ,             (1.12) 
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which results in a Worst Case (WC) uncertainty value. The worst case uncertainty has been 

criticized for overestimating the measurement uncertainty, which is why the RPM is 

becoming more commonplace for combining uncertainties (Cao 2006).  

 

Measurement uncertainty is commonly expressed as expanded uncertainty U 

   

 𝑈 = 𝑘𝑢C(y).                  (1.13) 

 

The coverage factor is chosen based on a statistical distribution, such as the ones given in 

fig. 1.2, and a desired level of confidence. Typically, the coverage factor is chosen between 

2 and 3. (JCGM) 

 

Example 1.3 

 

Previously in examples 1.1 and 1.2 we calculated the A- and B-type standard uncertainties 

of the measurement of the DC output voltage of the rectifier of fig. 1.1, which were 0.095 

V and 0.065 V respectively. As the number of input quantities for the DC output voltage 

was one and we only had one measurement instrument to contribute to the measurement 

uncertainty, there was no need to combine the uncertainties with (1.11) or (1.12). However, 

as the measurement uncertainty comprises A- and B-type uncertainties, we get as the total 

RPM and WC standard uncertainties  0.0952 + 0.0652 V ≈ 0.12 V and 0.095 V + 0.065 

V = 0.16 V respectively. Let us assume that our measurement result is normally 

distributing. In that case, with 95 % confidence, the coverage factor being 2, we get as the 

corresponding extended uncertainties with eq. (1.13) 0.24 V and 0.32 V respectively. The 

extended uncertainties divided by the measurement result 4.68 V give the relative 

uncertainties of 5.1 % and 6.8 % respectively. As conclusion, the measurement result is 

4.68 ± 0.24 V or 4.68 ± 0.32 V for RPM and WC respectively with 95 % level of 

confidence. 
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1.2 Goals and Limitations 
 

The major goal of this thesis is to serve as a guide book for determining uncertainty in 

efficiency measurements of electric drives i.e. electric motors and frequency converters. 

The efficiency measurement methods featured in the book are the input-output method and 

the calorimetric method. The targets of the book are listed as follows: 

 

1. To describe the methods of efficiency measurement 

2. To describe the instrumentation required for efficiency measurements 

3. To demonstrate the calculation of measurement uncertainty 

4. To highlight sources of uncertainty in efficiency measurements 

5. To investigate the contributions of individual sources on the total measurement 

uncertainty 

6. To compare the uncertainties of input-output and calorimetric efficiency 

measurements 

 

The methods of efficiency measurement i.e. the input-output method and the calorimetric 

method, the instrumentation required in the measurements and the calculation of the 

uncertainty of such measurements are investigated by means of a literature review. The 

uncertainty calculations in the book are largely based on the recommendations of Joint 

Committee for Guides in Metrology (JCGM).  

 

The influence of individual sources of uncertainty on the total measurement uncertainty is 

modeled mathematically and a comparison of uncertainties by source and method is made 

based on experimental results. A central goal of the investigation to uncertainties in 

efficiency measurements is to provide information for a designer of an efficiency 

measurement system. The information would include distributions of factors contributing 

to measurement uncertainty. The distributions would indicate, on one hand, factors that 

have great influence on measurement uncertainty and, one the other hand, factors that have 

negligible influence on measurement uncertainty. This information could potentially be 

helpful to a designer aiming to produce an accurate efficiency measurement setup as the 

uncertainty distributions might provide clues of, which factors to minimize and which to 

neglect. Note that the goal is not to optimize an efficiency measurement setup or to provide 
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direct instructions on how to achieve this task, but for merely to provide an investigation to 

the uncertainties associated with efficiency measurements. 

 

The emphasis of the book is on the uncertainty directly related to measurements i.e. the 

uncertainty sourcing from measurement instruments and the fluctuation of the quantities 

being measured. Uncertainties associated with methodological or human factors will not be 

considered. In addition, air cooled calorimeters will be emphasized, while water cooled 

calorimeters will not be considered as much.    

 

1.3 Structure of the Thesis 
 

The book will comprise five chapters titled:  

 

1. Introduction 

2. Methods of Efficiency Measurement 

3. Uncertainty of Open Calorimeters 

4. Uncertainty of Efficiency Measurements 

5. Summary and Discussion  

 

The first chapter introduced uncertainty analysis to the reader. The basic concepts of 

uncertainty were illustrated and the calculation of measurement uncertainty was 

demonstrated with examples. The second chapter introduces calorimetric and input-output 

measurements to the reader along with the various instruments required for the 

measurements. In addition, the calculation of instrument related uncertainties of electric 

and mechanical power measurements is discussed. Uncertainties of open calorimeter 

measurements are discussed in the third chapter and the contributions of measurement 

instruments on loss uncertainty are shown based on derived mathematical models. The 

fourth chapter describes an efficiency measurement setup. Uncertainty distributions by 

component, and a comparison of input-output and calorimetric measurement uncertainties 

based on the results obtained with the measurement setup will be made. 
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2 METHODS OF EFFICIENCY MEASUREMENT 
 

The efficiency of an electric motor or power electronic converter, from here on referred to 

as “device under test (DUT)”, can be obtained in three different ways by determining: 

(I)  input and output power Pin, Pout 

(II)   input power and total losses Ptl 

(III) output power and total losses. 

This fact derives from the definition of efficiency and the values corresponding to these 

different methodologies can be received with the following three equations respectively. 

 

  𝜂 =
𝑃out

𝑃in
                (2.1) 

 

 𝜂 =
𝑃in −𝑃tl

𝑃in
= 1 −

𝑃tl

𝑃in
              (2.2) 

 

 𝜂 =
𝑃out

𝑃out +𝑃tl
=

1

1+
𝑃 tl

𝑃out

.                   (2.3)

  

The traditional efficiency measurement, often referred to as input-output measurement, 

involves the measurement of input and output powers, where the efficiency is received 

with equation (2.1). The loss figure is received indirectly by subtracting the two powers. 

The calorimeter on the other hand measures the losses of the DUT directly. This, however 

provides no information about the input or output power of the DUT. For this reason, in 

order to determine the efficiency of the DUT, the calorimetric measurement is 

accompanied by an electrical measurement of input or output power or a measurement of 

mechanical output power provided the DUT is a motor. The efficiency of a motor is 

commonly determined at specific loading conditions.  

 

In this chapter an overview of the input-output and calorimetric measurements is given. 

The emphasis of the chapter is on the description of instrumentation required by both 

measurements. The goal is to give the reader a holistic view of input-output and 

calorimetric measurements and details of factors contributing to instrumental uncertainty. 
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The reader should understand that calorimetric and electrical measurements have different 

advantages and disadvantages and they influence the applicability of these measurement 

methods. Calorimeters rely on reaching thermal equilibrium, which is why calorimetric 

measurements are time taking. Electrical measurements are inherently faster.  

 

A relation for the relative loss uncertainty and relative power measurement uncertainty is 

derived in Appendix I 

 

    
𝑢(𝑃tl )

𝑃tl
<

1

1− 𝜂
 

𝑢 𝑃out  

𝑃tl
+

𝑢(𝑃in )

𝑃in
 .           (2.4) 

 

As the calorimeter measures power losses directly its uncertainty is proportional to power 

losses. The power loss uncertainties attributed to the input-output and calorimetric methods 

are illustrated in figure 2.1.   

 

Fig. 2.1. Comparison of input-output and calorimetric method loss figure uncertainties. The blue curves are 

obtained with equation 2.4 and the labels correspond to any in- or outgoing power measurement uncertainty. 

The red line represents the uncertainty of calorimetric loss measurement, where the 1 % label corresponds to 

measured losses. The labels are fictitious values that could potentially correspond to uncertainties present in 

input and output power measurements and calorimetric measurements respectively. 
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As we can see in fig. 2.1 the calorimetric measurement yields a lower loss uncertainty than 

electric loss measurement at high efficiencies even though the loss measurement 

uncertainty is larger than the electric measurements’ uncertainties. If we compare the 0.1 

% power measurement uncertainty to the uncertainty of the 1 % calorimeter we find that at 

98 % efficiency, a typical operating efficiency for a frequency converter, the loss 

uncertainty of input-output method is close to 10 % and rapidly growing at higher 

efficiencies. In fact, according to (2.4), when efficiency approaches 100 % the input-output 

power loss uncertainty approaches infinity. Whereas the uncertainty attributed to 

calorimetric measurements approaches zero, when efficiency approaches 100 % as the 

calorimeter uncertainty is directly proportional to total losses. On the other hand, as 

efficiency decreases, the input-output method loss uncertainty declines. According to (2.4), 

when efficiency approaches 0 % the loss uncertainty approaches the combined uncertainty 

of measured input and output powers. Thus, there exists a cutting point at the intersection 

of the calorimeter uncertainty line and input-output uncertainty curve, which is located 

around 80 % efficiency for the 1 % calorimeter and 0.1 % power measurement. This 

suggests that at efficiencies higher than the cutting point the calorimetric measurement 

results in a more accurate loss measurement and at efficiencies lower than the cutting point 

the input-output measurement is the more accurate measurement method provided the 

uncertainties match the ones stated. Naturally, to reach 1 % uncertainty in calorimetric 

measurements is a challenging goal. 

 

To sum up, calorimetric measurements provide accurate loss figures i.e. uncertainties 

smaller than 5 % for instance, at high efficiencies, while being more time taking than 

electric measurements as calorimetric measurements require the interior of the calorimeter 

to reach thermal equilibrium. For this reason calorimeters are well-suited for measurements 

of high efficiency apparatus, motors etc. when accurate efficiency figures are necessary. In 

other cases, when the efficiency of the apparatus is low or a higher uncertainty in the 

efficiency figure is acceptable electric measurements are preferable. The following 

introduces the input-output method and calorimetric method along with the instrumentation 

involved in the measurements to the reader.  
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2.1 Input-Output Method 
 

Efficiency measurement with the input-output method involves the measurement of input 

and output powers. Provided the DUT is a converter or some other power electronic device 

the input and output powers of which both being electric only require electric power 

measurements. If the DUT is an electric motor, the mechanical output power needs to be 

determined by other means. In this chapter electric power measurement of frequency 

converters and motors and mechanical output power measurement of motors is discussed 

separately in respective order.  

 

2.1.1 Measurement of Electric Power 

 

Electric power in the field of electric drives is commonly three phase power. Three phase 

power can be measured with three or two meters. The three-meter method involves the 

measurement of phase or mains powers of all three phases. The two meter method aka. 

Aron's method involves the determination of two phase currents and two mains voltages. 

Conceptual two and three-meter measurement circuits are given in figure 2.2. 

 
Fig. 2.2. Three phase power measurement circuits. Picture a) features the measurement of all three phase 

powers. Picture b) portrays the Aron's circuit, where the total three phase power is determined as a sum of the 

readings of the two power meters P12 and P32. The first power reading P12 comes from the product of the 

voltage between phases 1 and 2 and the current of phase one. The second P32 is the product of the voltage 

between phase 3 and 2 and the current of phase 3. CT signifies a current transformer. 
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The total electric power i.e. apparent power Sel flowing in any circuit consists of active and 

reactive powers. Active power Pel is defined as the real component and reactive power Qel 

as the imaginary component of apparent power i.e. 

 

 𝑆el = 𝑃el + j𝑄el =  𝑃el
2 + 𝑄el

2𝑒j𝜑 ,            (2.5) 

 

where υ is the phase shift angle i.e. the electrical angle between voltage and current. In 

(2.5) it is given by 

  

 𝜑 = tan−1 𝑄el

𝑃el
.               (2.6) 

 

The power factor PF is defined as the ratio between active power and apparent power 

 

 𝑃𝐹 =
𝑃el

𝑆el
.                (2.7) 

 

When the current is non-distorted the power factor depends only on the phase shift 

between voltage and current. Then, the power factor equals the displacement power factor 

cos υ 

 

 𝑃𝐹 = cos 𝜑.                (2.8) 

 

The total reactive power using Aron’s circuit can be determined using the readings given 

by the two power meters with 

 

𝑄el =  3 𝑃32 − 𝑃12  (Arpaia 2014).            (2.9) 

 

An expression for calculating the power factor from the readings with Aron’s circuit is 

received by substituting (2.5) and (2.9) in the definition of power factor (2.7). 

 

 𝑃𝐹 =
𝑃el

 𝑃el
2+𝑄el

2
=

𝑃12 +𝑃32

  𝑃12 +𝑃32  2+  3 𝑃32−𝑃12  
2

=
1+

𝑃12
𝑃32

2  
𝑃12
𝑃32

 
2
−

𝑃12
𝑃32

+1

           (2.10) 
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A relationship between the readings of three-meter and two-meter measurements is derived 

in appendix 2. The total active power in Aron's circuit can be expressed in the form 

 

 𝑃el =  3𝑆1 cos 𝜑 − 30° +  3𝑆3 cos 𝜑 + 30° ,         (2.11) 

 

where S1 and S3 represent the apparent powers of phases 1 and 2 in a three-meter 

measurement respectively. Equation (2.11) suggests that the power readings P12 and P32 in 

Aron's circuit are shifted by -30 and 30 electrical degrees respectively compared to the 

power readings P1 and P3 given by the three-meter measurement. More specifically, the 

angle between the measured line-to-line voltage and the phase current is 30° bigger for one 

meter and 30° smaller for the other, when compared to the angle between phase voltage 

and current. Conversely, (2.11) suggests that active power can also be measured with only 

two-meters with the same connections as in the three-meter measurement. Eq. (2.11) 

suggests that active power can be determined by measuring the apparent powers and phase 

shifts of phases 1 and 3. The result can be computed by adjusting the phase shift readings 

according to (2.11).  

 

The total displacement power factor in a two-meter measurement consists of two 

components according to  

  

 cos 𝜑 =
1

 3
 cos 𝜑 − 30° + cos 𝜑 + 30°  .         (2.12)  

  

The behavior of the power factor in a two-meter measurement based on (2.12) at different 

angles of phase shift is demonstrated in fig. 2.3. 



25 

 

 

 

 

 

Fig. 2.3. Behavior of power factor in the two-meter measurement. Power factor is received as a sum of the 

two curves at any given phase shift angle.   

 

As it can be seen in figure 2.3 at power factors lower than 0.5 (υ < -60° or υ > 60°) the two 

curves have different signs. In particular at cos υ = 0.5 one of the readings in a two-meter 

measurement should be 0. In the two-meter measurement at a power factor of 0.5 one of 

the power meters has 90° of phase shift between the measured line-to-line voltage and 

phase current. This is a particularly difficult point for power meters to measure as there is 

infinite uncertainty associated with power factor measurement at such a point as is 

demonstrated in the following section related to power analyzers. In practice, at such a 

point one of the power meters might erroneously display a non-zero reading. This would 

lead to an erroneous measurement of 3-phase power. For that reason measurements at low 

power factors with the two-meter method are not recommended.  

 

In order to get accurate power readings with any measurement circuit power analyzers are 

necessary for power measurement. Power analyzers commonly have a limited tolerance for 

current depending on the installed input element such as 1 A or 50 A. The measurement of 
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power in drives with greater currents requires the use of current transformers or current 

sensors to bring the current down to tolerable levels.  

 

Power Analyzers 

 

Power analyzers measure voltage and current separately. The power factor of non-distorted 

waveforms can be determined for instance by measuring the delay between voltage and 

current with the help of zero-cross detectors. In practical terms, however, the power factor 

is often computed from the measured waveform data of voltage and current as this is also 

applicable for distorted waveforms. Current is commonly transformed into a voltage signal 

using a shunt resistor. The voltage and current signals are converted to digital format with 

A/D-converters. The signals are sampled with time steps Ts, which correspond to the 

sampling frequency fs 

 

 𝑓s =
1

𝑇s
.              (2.13) 

 

The sampling of voltage and current signals and the resulting instantaneous apparent power 

are illustrated in fig. 2.4.  
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Fig. 2.4. Sampling of voltage and current signals. In the picture on top the samples of the 50 Hz voltage and 

current signals, represented by the small circles, are taken at 0.001s intervals, which correspond to a 1 kHz 

sampling frequency. The current lags behind the voltage signal by 30 electrical degrees. In the lower picture, 

the instantaneous apparent power received as product of voltage and current samples is given along with its 

analog reconstruction.  

 

Power analyzers can compute the values of apparent power, active power and power factor 

directly from sampled waveform data such as the sampled values portrayed in fig. 2.4. The 

RMS value of apparent power is received by calculating the RMS values of voltage and 

current using the sampled voltage and current signals respectively and taking the product 

of the two. Active power is received by integrating the instantaneous product of voltage 

and current over the wave period T of apparent power (or multiple periods of it) and 

dividing by the period i.e. 

 

 𝑃el =
1

𝑇
 𝑢 𝑡 𝑖(𝑡) d𝑡

𝑇

0
            (2.14) 
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The integral of (2.14) is evaluated numerically using the sampled values of voltage and 

current. The power factor defined as the ratio of active and apparent powers can then be 

calculated directly with (2.7). 

 

Fast pulse like changes of voltage and current pose difficulties even for accurate 

measurement instruments. They cause significant electromagnetic interference, which 

causes noise in sensitive measurement instruments. The fast switching transistors of 

frequency converters cause fast changing pulsating voltages, which distorts the waveforms 

present in VSDs. The power analyzer can determine and analyze the harmonic content of 

these distorted waveforms of voltage and current with the help of Fourier analysis. 

(Sillanpää 2013) 

 

The key idea of Fourier analysis is to represent a distorted waveform as a sum of sinusoidal 

waves with different amplitudes and frequencies. In that sense, theoretically speaking, 

distorted waveforms consist of the base frequency component called the fundamental and 

an infinite set of harmonic wave components. The power analyzer performs the Digital 

Fourier Transform (DFT) using a Fast Fourier Transform (FFT) algorithm, which 

transforms the sampled voltage and current time series data to series of phasors i.e. 

complex numbers representing sinusoidal functions with given amplitudes, frequencies and 

phases. The result of an FFT transform of a Pulse Width Modulation (PWM) -voltage 

calculated with MATLAB-software is illustrated graphically in fig. 2.5. 
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Fig. 2.5 PWM-voltage and its Fourier series representation. The topmost picture represents a PWM-voltage 

waveform with a 50 Hz fundamental component. The middle picture shows the amplitudes of the various 

wave components present in the PWM-waveform up to 1 kHz. The lowest picture shows the phase angles of 

all of the wave components up to 1 kHz.  

 

The RMS-values of individual frequency components of voltage and current are received 

by dividing the amplitudes such as the ones shown in the middle picture of fig. 2.5 with 

 2. The total RMS values are received with the root-sum-square method by accounting for 

all the frequency components. The power factor can be received with 

 

 𝑃𝐹 =  
𝐼1

𝐼
cos 𝜑,             (2.15) 

 

where I1 is the fundamental of current, I the RMS value of current and cos υ the 

displacement power factor. Active power can then be calculated with (2.7).  
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The sampling frequency used in the power analyzer defines the band width i.e. the highest 

detectable frequency of the instrument, which is according to the Nyquist theorem half the 

sampling frequency. Together with the allocated memory i.e. the amount of data points 

used for the FFT the sampling frequency determines the frequency resolution of the 

analyzer, which along with the bandwidth determines the theoretical limits of accuracy 

possible to reach with the power analyzer due to the fact that information is lost in the A/D 

conversion. (Kemink 2014) 

 

The power analyzer can possibly detect harmonic components up to the limitations set by 

the bandwidth of the analyzer. The number of harmonics detected affects the calculated 

value of active power as the undetected higher order harmonics are not included in the 

calculation. This creates uncertainty in the determination of power. A high bandwidth 

alone, however, does not guarantee high accuracy. A suitable frequency resolution is 

required for detecting the wave components within the bandwidth of the analyzer. This is 

important, because the greatest portion of power appears close to the fundamental 

frequency and its accurate determination has great influence on the determined total power. 

Given that any artificial intelligence integrated in the analyzer has a limited amount of 

memory available for determination of power, high frequency resolution and high 

bandwidth are conflicting prospects. Thus the bandwidth and frequency resolution of the 

power analyzer limit the maximum accuracy achievable with the power analyzer in the 

determination of distorted waveforms. (Kemink 2014) 

 

The accurate determination of highly distorted waveforms is difficult, because it requires 

the accurate definition of a wide range of harmonics. When electric power is not highly 

distorted and its power is concentrated at the fundamental it can be determined more 

accurately as the power analyzer can focus all its measurement capacity on a small 

bandwidth.  

 

Uncertainty of Power Analyzers 

 

Power analyzer uncertainty is expressed as a sum of three components  

 

 𝑈 = 𝑐rdg 𝑃rdg + 𝑐rng 𝑃rng + 𝛿𝑃rdg tan 𝜑.          (2.16) 
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The first component is called the reading uncertainty, which is received by multiplying the 

power reading Prdg with a reading coefficient crdg given by the manufacturer in the analyzer 

specifications. The reading uncertainty is related to the quality of the A/D-converter, the 

linearity and the frequency responses of the components used in the analyzer such as 

operational amplifiers (Kemink 2014).  

  

The second component of (2.16) is the range uncertainty, which is obtained by multiplying 

the power range Prng with the range coefficient crng. The power range is received as product 

of the selected current and voltage measurement ranges of the amplifier. The range 

uncertainty comes from the tolerance of the resistor divider, which is involved in the range 

selection (Kemink 2014).    

 

The third component of (2.16) is the power factor uncertainty, which is obtained as product 

of the internal phase shift of the power analyzer δ, the power reading and the tangent of 

phase shift angle i.e. the tangent of the phase shift between voltage and current (Kemink 

2014). As the fundamental and the harmonic components have their own displacement 

power factors they experience the delay caused by the power analyzer differently. The 

greater the frequency of the wave component the greater the shift caused by delay. Thus, in 

theory, all the wave components have their own phase shift uncertainties. In practice, the 

power factor uncertainty can be calculated using the phase shift angle of the fundamental 

or the one calculated from true power factor. As the fundamental wave component carries 

the vast majority of power the resulting difference is small. 

 

The uncertainty coefficients of certain Yokogawa power analyzers are listen in table 2.1 at 

0 and 45-66 Hz frequency ranges respectively. Coefficients for other frequency ranges also 

exist. The uncertainties at these ranges are commonly higher than in the 45-66 Hz range, 

because power analyzers are commonly optimized for network frequencies, where 

measurements are most often carried out.   
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Table 2.1. Uncertainty coefficients of Yokogawa power analyzers (Yokogawa 2013). The WT3000 is a state-

of-the-art power analyzer and WT1600 a standard one. The WT500 performs well in DC-measurements.  

Analyzer 
crdg [%] 

(DC) 

crng [%] 

(DC) 

crdg [%]    

(45 ≤ f ≤ 66 

Hz) 

crng [%] 

(45 ≤ f ≤ 66 

Hz) 

δ [%] 

WT500 0.1 0.1 0.1 0.1 0.2 

WT1600 0.1 0.2 0.1 0.05 0.15 

WT3000 0.05 0.1 0.05 0.05 0.03 

 

The relative uncertainties caused by the internal phase shifts of the analyzers specified in 

table 2.1 are given in figure 2.6. The relative uncertainty is received by dividing the power 

factor uncertainty of eq. (2.16) with the power reading i.e. the relative power uncertainty 

caused by internal phase shift is δ tan υ. 

 

Fig. 2.6. Internal phase shift uncertainty.  The relative uncertainty caused by the internal phase shift of the 

analyzer is expressed as function of power factor. The lower picture is received by zooming into the 0-0.17 

range of the picture on top. 
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As it can be seen in figure 2.6 the relative uncertainty caused by the internal phase shift of 

the power analyzer is zero at unity power factor. Close to 0 power factor uncertainty grows 

rapidly and at 0.15 it is roughly 1 % for the WT1600. At roughly 0.025 it crosses 6 % and 

inclines towards infinity as the power factor decreases. This suggests that close to unity 

power factor the internal phase shift uncertainty of the analyzer is negligible. On the other 

hand, close to zero power factor electric power cannot be measured accurately. For 

comparison the power factor of a diode bridge common in converters is roughly 0.90, 

which causes roughly 0.07 % phase shift uncertainty for the WT1600. The power factor of 

an induction motor is commonly 0.85 or 0.90 at full load (Liang 2011). The power factor 

varies with changing loading conditions and can fall as low as 0.35 at no load (Liang 

2011). A full load power factor of 0.85 causes roughly 0.09 % uncertainty and a no load 

power factor of 0.35 roughly 0.40 % uncertainty for the standard WT1600 power analyzer.  

 

Current Transformers and Sensors 

 

Current transformers (CT) are used to scale the strong electric currents flowing in a power 

line for measurements. The current is brought to a level, where it is compatible with 

sensitive devices such as power meters or control devices. They also provide insulation 

from high voltage power lines. Traditional current transformers are divided into: wound 

current transformers, toroidal current transformers and bar-type current transformers. A bar 

type transformer illustrating the functions of a current transformer is shown in figure 2.6. 

(Storr) 

 
Fig. 2.7.  Bar type current transformer. The wire carrying the current to be scaled down acts as the primary 

winding.  
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A current transformer typically comprises of a toroid shaped iron core, which is pierced by 

the primary winding of the transformer. The current flowing in the secondary circuit i.e. 

the output current of the transformer I2 is received by multiplying the primary current I1 

with the transformation ratio of the transformer N1/N2 

 

 𝐼2 ≈ 𝐼1
N1

N2
.              (2.17) 

 

The secondary winding contains a burden resistor, which along with the rated output 

current defines the output voltage of the transformer. The primary winding in a wound 

current transformer is connected in series with the power line. In a bar type current 

transformer (fig. 2.7) there is no actual primary winding, but for the power line itself serves 

as the "single-turn" primary winding. Toroidal current transformers do not have a separate 

primary winding either but for the current carrying line is taken through a window or hole 

in the toroidal transformer. (Sillanpää 2013; Storr) 

 

Current sensors differentiate from current transformers in the sense that as current 

transformers scale down strong currents for measurements current sensors detect currents 

and generate signal outputs proportional to the detected currents. Current sensors can 

incorporate different technologies, generally speaking, to produce a proportional voltage 

signal. Examples of such technologies could be the Rogowski coil, the current shunt and 

hall effect and fluxgate sensors.  

 

The current shunt is a resistor, the resistance of which is known to a high precision. As the 

current passes through the resistor a voltage proportional to the current can be detected. 

The Rogowski coil is in essence a current transformer (such as the one in fig. 2.6), whose 

secondary circuit is an integrator circuit. Like with all transformers the operation of 

Rogowski coil is based on induction, which is why it can only measure alternating current. 

Hall effect sensors involve a Hall element manufactured of a material with high electron 

mobility. As a controlled current is run through the element with the presence of an 

external magnetic field produced by a current carrying wire a potential difference directly 

proportional to the magnetic field and the current flowing in the wire is born across the 

Hall element due to the influence of magnetic forces. (Sillanpää 2013) 
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A fluxgate sensor has a transformer core made of a highly magnetically permeable alloy. It 

has two coils wrapped around the core: the drive coil and the sense coil as illustrated in 

figure 2.8. The drive coil is fed with a strong AC control current, which saturates the core. 

The name fluxgate derives from the fact that saturation inhibits the flow of flux in the core. 

When an external current flows through the sensor, the magnetic field produced by the 

current affects the saturating influence of the magnetic field produced by the drive coil on 

the core. The sense coil is used to detect this influence. (Sillanpää 2013) 

 

Fig. 2.8.  Illustration of an open circuit fluxgate sensor. A current carrying wire passes through the core of the 

sensor, which produces a detectable external magnetic field. The drive coil wrapped directly around the 

round core is fed with a controlled AC current. The sense coil wrapped around the drive coil is used to detect 

the external magnetic field produced by the current carrying wire. 

 

The sense coil is traditionally realized with an open circuit and voltage output. The voltage 

induced in the sense coil is analyzed by performing a Fourier transform (Ripka 2008). 

Commonly, the magnetic field produced by the external current is identified from the 

second harmonic, whose amplitude is directly proportional to the field strength produced 

by the external current and thus the current itself (Ripka 2001). (Sillanpää 2013) 

 

Uncertainty of Current Sensors with Transformer Core 

 

The uncertainties of a current sensor or a transformer come from the offset, transformation 

ratio and linearity uncertainties. The offset uncertainty comes from the burden resistor 

tolerance and is related to the rated output voltage of the sensor. The ratio uncertainty is 

related to the unideality of (2.17) and describes the difference between the left and right 

sides of the equation. The linearity uncertainty is related to the magnetization state of the 
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transformer core and is influenced by its saturation. The ratio and linearity uncertainties are 

related to the actual output voltage of the transformer/sensor. (Hitec 2009)  

 

Example 2.1 

 

The DC-uncertainty components of a modern high precision fluxgate current sensor are 

given in table 2.2. 

 
Table 2.2. Uncertainty components of Hitec B2000 Zero-flux Current Transformer. (Hitec 2009) 

 Offset Ratio Linearity 

Initial (at 25 °C) < 10 ppm < 50 ppm < 10 ppm 

Vs. temperature < 1 ppm/°C < 1 ppm/°C  

Vs. time < 5 ppm/year < 10 ppm/year  

 

The total 1 year offset uncertainty is 10 ppm + 1 ppm/°C ∙ 30 °C + 5 ppm = 45 ppm 

assuming a maximum 30 °C temperature rise from the initial 25 °C, when the sensor is 

operational. Similarly the ratio uncertainty is 50 ppm + 1 ppm/°C ∙ 30 °C + 10 ppm/year ∙ 

year = 90 ppm. The total uncertainty of the current sensor is then 100 ppm of reading 

uncertainty and 45 ppm of range uncertainty as the ratio and linearity uncertainties depend 

on the actual output value and offset uncertainty depends on the rated output value.   

 

2.1.2 Measurement of Mechanical Power 

 

Measurement of the mechanical output power of a machine involves the measurement of 

rotational speed n [1/s] and torque M [Nm]. Mechanical power Pm is received as a product 

of these two quantities 

 

 𝑃m = 2π𝑛𝑀              (2.18) 

 

Mechanical power can be determined using dynamometers, which can be divided into 

absorption, driving and universal dynamometers. In addition, mechanical power can be 

found by measuring the rotational speed of the shaft using a speed sensor and a torque 

transducer to find the torque. Some torque transducers have integrated speed measurement, 

in which case separate speed measurement is not necessary. A generalized torque and 

power measurement set up is presented in fig. 2.9. (Garshelis 2014) 
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Fig. 2.9. Generalized torque and power measurement set up. 

 

In figure 2.9 torque generated by the driving machine is coupled and transmitted to the 

secondary device that is being driven and therefore acting as a load. Often torque is 

measured in the transmitting region, but it can also be measured at the base of the machine 

or the driven device as the so called reaction torque counters the torque produced by the 

machine and keeps the machine and the driven device in place. (Garshelis 2014)   

 

Speed Sensors 

 

Speed sensors indicate the rotational speed of the shaft of the machine. Speed can be 

determined almost to any desired accuracy, which is why speed sensor related uncertainty 

can be neglected in power measurement (Garshelis 2014). Commonly the measurement of 

speed involves the generation of a pulse or sine wave. The frequency of such a pulse or 

sine wave is proportional to the measured rotational speed. Technologies using a form of 

wave generation include AC- and DC-generator-tachometers, optical sensors, variable 

reluctance sensors, rotating magnet sensors, Wiegand effect sensors and stroboscopy. 

(Pinney and Baker 2014)   

 

In DC- and AC-generator-tachometers rotational speed is received by measuring voltage. 

The DC-generator produces an electromotive force (EMF) proportional to the speed of the 

generator. In an AC-generator the frequency of the EMF, on the other hand, is proportional 

to the measured speed. Rotating magnet sensors are equipped with permanent magnets. 

When a rotating ferrous object, such as a shaft, is in the proximity of the sensor and the 

magnetic field caused by its permanent magnets a voltage proportional to the rotational 

speed can be detected. (Pinney and Baker 2014)     
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Optical measurement of rotational speed employs a light source, such as a light emitting 

diode (LED), a light detector, such as a light-sensitive diode and a disk with a slot mounted 

on the shaft of the machine. The slot in the disk allows the light to pass to the detector 

through the slot once per rotation. The detector produces a pulse wave with a frequency 

proportional to the speed of the shaft. (Pinney and Baker 2014)   

 

Dynamometers 

 

Dynamometers are test instruments that can either drive or be driven by the DUT. Torque 

determined as reaction torque influences the stationary part of the dynamometer. 

Absorption dynamometers act as brakes and transform the mechanical power of the test 

device into heat. They produce a controllable drag torque. Different types of absorption 

dynamometers produce drag torque based on different phenomena. Drag torque can be 

produced by friction of rubbing surfaces or viscous fluids, eddy currents or magnetic 

hysteresis. (Garshelis 2014) 

 

Driving dynamometers are generally speaking either controlled DC-machines or frequency 

controlled AC-machines, which can produce a desired torque and speed to drive the test 

apparatus. Universal dynamometers are also either controlled AC or DC-machines, but 

they are designed so that they can operate either as driving or driven dynamometers. When 

they operate as driven dynamometers they act as generators and convert the mechanical 

power of the DUT into electricity. 

 

Torque Transducers 

 

Parts of the shaft, such as the transmitting region, are reserved for torque transducers, 

which express torque as an electric signal. Torque transducer technologies are based on the 

measurement of surface stress, surface strain γm or twist angle θa. Shear strain varies 

linearly between zero and the maximum value found at the surface of the shaft. Shear 

stress τm in a round shaft can be calculated with 

 

 𝜏m =
16𝑀

π𝑑2 ,                          (2.19) 
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where M is torque, d the diameter of the shaft. The maximum value of shear strain can be 

calculated from shear stress by using the modulus of rigidity G. As real materials are not 

ideally rigid. Surface shear strain can be calculated with equation 

 

 𝛾m =
𝜏m

𝐺
=

16𝑀

π𝑑3𝐺
             (2.20) 

 

The twist angle between the ends of the round shaft under torque corresponding to the 

maximum shear strain can be calculated with equation 

 

 𝜃a =
2𝐿𝛾m

𝑑
=

32𝐿𝑀

π𝑑4𝐺
,             (2.21) 

 

where L is the shaft length. (Garshelis 2014) 

 

Transducers utilizing strain gauges are based on stretched electric conductors or surface 

acoustic wave technology. The electric conductor, which is traditionally the more common 

approach, is often made of a thin foil or a film in a serpentine pattern and enclosed within 

an insulating carrier. Usually multiple gauges are used in half or full Wheatstone bridge 

circuits, as the change in resistance is of small scale. (Garshelis 2014) 

 

Transducers, which determine torque through twist angle, determine the twist angle from 

the phase difference of two opposing identical toothed wheels. Whereas transducers 

measuring stress are based on magnetoelastic interaction in which the stress transmitted by 

torque affects the magnetization orientation in ferromagnetic shaft materials. 

Magnetoelastic transducers either measure torque induced variations in permeability or 

magnetic fields resulting from torque. (Garshelis 2014) 

 

Uncertainty of Torque Transducers 

 

Wegener and Andrae give an example for calculating the uncertainty of a torque transducer 

from the manufacturer’s specifications with assumed conditions acting on a typical power 

test stand. Note that a more accurate estimate for the uncertainty could be received by 

using the values given in a calibration certificate for the specific torque transducer used in 

the measurements. As frequently calibration certificates or measured values of 
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measurement conditions are not available it is necessary to calculate the uncertainty from 

the values given in the manufacturer’s documentation and assume certain conditions. 

(Wegener & Andrae 2006) 

 

An exemplary torque transducer uncertainty calculation based Wegener and Andrae’s work 

and HBM product and application manager for torque applications Klaus Weissbrodt’s 

seminar materials for the HBM T12 500 Nm torque transducer is presented. The 

uncertainty can be calculated with equation 

 

 𝑈total =  𝑈C
2 + 𝑈TK 0

2 + 𝑈TKC
2 + 𝑈lh

2 + 𝑈b′
2 + 𝑈Mb ,para

2,       (2.22) 

 

where UC is the uncertainty caused by sensitivity tolerance, UTK0 that of the temperature 

effect on the zero signal, UTKC that of the temperature effect on sensitivity, Ulh that of non-

linearity and hysteresis, Ub’ that of repeatability and correspondingly UMb,para is the 

uncertainty contribution of parasitic pending moments.  

 

Example 2.2 

 

All the relevant values given in the torque transducer specifications are listed in table 2.3. 

Weissbrodt suggests using the frequency output values listed in the specifications. 

Furthermore, the distribution used in the uncertainty calculations should be rectangular. 

(Weissbrodt 2012) 
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Table 2.3 Specifications of the T12 torque transducer (HBM) 

Quantity Symbol Value 

Nominal (rated) torque Mnom 500 Nm 

Reference temperature Tref 23 °C 

Sensitivity tolerance dC 0.05 % 

Temperature effect on the zero signal TK0 0.02 % 

Temperature effect on the sensitivity TKC 0.03 % 

Non-linearity and hysteresis dlh 0.013 % 

Standard deviation of repeatability σrel 0.01 % 

Influence of parasitic bending moments dpara 

0.3 % ≥ Effects of permissible 

bending moments 

 

In addition to the values of table 2.3, Weissbrodt suggests finding the load limits i.e. static 

longitudinal limit force aka axial limit force, static lateral limit force and static limit 

bending moment from the manufacturer's specifications for the calculation of uncertainty 

caused by parasitic bending moments. These values are given in table 2.4 for the HBM 

T12 500 Nm torque transducer. 

 

             Table 2.4 Reference load limits (HBM T12) 

Load limits Value 

Longitudinal limit force 16 kN 

Lateral limit force 4 kN 

Limit bending force 200 Nm 

 

For the calculation of the uncertainty components information about conditions acting on 

the test stand during the measurement is needed. Namely maximum torque in application 

Mapp,max, the operating temperature range, acting longitudinal and lateral forces and acting 

bending moment. In practice these values need to be based on consideration, assumptions 

or good practice. The values used in this calculation are presented in table 2.5.  

 

 

 

 



42 

 

 

 

 

    Table 2.5 Application conditions 

Quantity Symbol Value 

Maximum torque in the 

application 
Mapp 238 Nm 

Temperature range Tmin - Tmax 18 – 43 °C 

Longitudinal force  0 kN 

Lateral force  0.32 kN 

Bending moment  32 Nm 

 

Torque transducer uncertainties and the equations used in their calculation are presented in 

table 2.6. The values of uncertainty calculated in table 2.6 are received by substituting the 

values in tables 2.3 and 2.5 in the equations given in table 2.6. 

 

Table 2.6 (Wegener & Andrae 2006) 

Uncertainty 

contribution 
Symbol Equation Value [Nm] 

Sensitivity 

tolerance 
dC 𝑈C = 𝑑C𝑀app  

0.05

100
∙ 238 = 0.119 

Temperature effect 

on the zero signal 
TK0 𝑈TK 0 = 𝑇𝐾0 𝑀nom

∆𝑇

10 𝐾
 

0.02

100
∙ 500

∆𝑇

10 𝐾
= 0.2 

Temperature effect 

on the sensitivity 
TKC 𝑈TK 0 = 𝑇𝐾C  𝑀app

∆𝑇

10 𝐾
 

0.03

100
∙ 238

∆𝑇

10 𝐾
= 0.143 

Non-linearity and 

hysteresis 
dlh 𝑈C = 𝑑lh 𝑀nom  

0.013

100
∙ 500 = 0.065 

Standard deviation 

of repeatability 
σrel 𝑈C = 𝑘𝑀app 𝜎rel  2 ∙ 250 ∙

0.01

100
= 0.048 

Influence of 

parasitic bending 

moments 

dpara 

𝑈para

= 𝑀nom 𝑑para

𝐿para

𝐿para ,ref  
 

(See table 2.7) 

500 ∙
0.3

100
∙

24

100
= 0.36 

(See table 2.7) 

Total  (2.22) 

 0.1192+ 0.22 + 0.1432 + ⋯ 

0.0652 + 0.0482 + 0.362

= 𝟎. 𝟒𝟔 
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The uncertainty values listed in table 2.6 are all extended uncertainties. For that reason a 

coverage factor, the constant k, was used in the equation for calculating the uncertainty 

component associated with repeatability. Here the value 2 was given to the coverage factor 

as the value 2 is recommended for a coverage factor by JCGM, when information for 

choosing a most well-suited coverage factor is not available (JCGM). In addition, the 

temperature difference ∆T stands for the maximum difference between the temperature 

range of table 2.5 and the reference temperature of the transducer given in table 2.3. To 

clarify, this means the difference between the reference temperature of the transducer and 

the lower bound of the temperature range or the temperature difference between the higher 

bound of the temperature range and the reference temperature of the torque transducer: 

whichever yields the greater difference in temperature. In this case the temperature 

difference is received by using the higher bound ∆T = 43 °C - 23 °C = 20 °C. 

 

The uncertainty component of table 2.6 caused by the influence of parasitic bending 

moments is calculated by using the sum of the ratios of the application related load values 

of table 2.5 to their respective reference load limits of table 2.4, which is denoted by 

Lpara/Lpara,ref. The calculation of this ratio is illustrated in table 2.7. 

 

Table 2.7 Parasitic bending moment ratio 

Quantity 

Reference load 

limits Lpara,ref 

(table 2.4) 

Load conditions 

Lpara  

(table 2.5) 

Ratio 

Lpara/Lpara,ref 

Longitudinal force 16 kN 0 kN 0 % 

Lateral force 4 kN 0.32 kN 8 % 

Bending moment 200 Nm 32 Nm 16 % 

Total   24 % 

 

 

 

In example 2.2 the rated torque of a machine was used as the maximum torque in 

application. In order to minimize the uncertainty of the measurement the nominal torque of 

the transducer should be close to the maximum torque in the application. For instance, 

HBM offers a selection of T12 torque transducers with nominal torques of 100 Nm, 200 
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Nm, 500 Nm, 1 kNm, 2 kNm etc. If we would like to measure the operational torque of a 

machine that could potentially produce 238 Nm in the application, it would be prudent to 

select the 500 Nm torque transducer as the maximum torque could be harmful to the 

measuring instruments with smaller rated values. Furthermore, measurements are often 

carried out also at points exceeding the nominal torque of the machine such as 125 % or 

150 % of nominal torque. Thus, the 500 Nm torque transducer would yield, in practical 

terms, smallest measurement uncertainty of the instruments available to us. Provided that 

we would like to minimize the uncertainty of our measurement, we should either work 

towards minimizing the effects of temperature change or parasitic bending moments on the 

measurement results or select a measurement instrument with minimal uncertainty in this 

regard as these three components are the most significant sources of uncertainty in torque 

measurement. (Weissbrodt 2012) 
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2.2 Calorimetric method 
 

Calorimeters are measurement instruments, which measure heat. They isolate, in thermal 

sense, the source of heat such as an operating frequency converter or a motor i.e. the DUT 

from the environment. The thermal isolation is done with heat insulating walls, which 

prevent heat from escaping the calorimeter. The calorimeter has a mechanism for 

transferring heat from the interior to the ambient such as air inlet and outlet tubes and a 

blower to provide a flow through the calorimeter (like in fig. 2.10). Heat is transferred by a 

medium - commonly either air or water. The flow rate of the medium is controlled and the 

heat transferred by the medium is measured.  

 

Fig. 2.10. An air cooled calorimeter with air inlet and outlet tubes and a blower to transfer the heat produced 

by the DUT. Inlet and outlet air temperatures Tin and Tout and mass flow rate qm are measured for 

determination of the amount of heat transferred. 

 

An operating DUT heats up the calorimeter until a certain temperature is reached, where 

the heat produced by the DUT i.e. the power losses equal the heat transferred from the 

calorimeter Q. Such a point is called thermal equilibrium. In thermal equilibrium the losses 

Ptl are received with eq.  

 

 𝑃tl = 𝑄 = 𝑐p𝑞mΔ𝑇 = 𝑐p𝑞m (𝑇out − 𝑇in ),               (2.23) 

 

where cp is the specific heat capacity of the cooling medium [J/(kg∙°C)], which represents 

the amount of heat the medium can store per unit of mass and temperature. In addition, qm 
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is the mass flow rate [kg/s] and ΔT the temperature rise of the heat transferring medium 

[°C], which equals the temperature difference between the medium exiting the calorimeter 

Tout [°C] and entering the calorimeter Tin [°C]. Heating the calorimeter to thermal 

equilibrium, where power loss can be measured takes a considerable amount of time - 

commonly several hours. For that reason calorimetric measurements are time taking. Here 

it should be noted that in standardized motor measurements a thermal equilibrium is also 

required, which is why a calorimetric measurement does not necessarily take more time. 

This point of thermal equilibrium is though separate from the one in calorimetric 

measurements. The time to reach thermal equilibrium depends on the thermal time 

constant of the thermal system consisting of the DUT and the calorimeter.  

 

In practical terms, eq. (2.23) does not hold true as any physical insulation is less than ideal 

and some of the heat produced by the DUT escapes the insulation by any of the three 

methods of heat transfer i.e. by conduction, convection or radiation. In practice, there is 

conductive heat leakage through the walls of the calorimeter via cables and in motor 

measurements via the motor supports and shaft. In addition, some heat might escape the 

calorimeter through cabling and shaft holes by means of convection or thermal radiation. 

An approximate for conductive losses via the motor supports Qleak,cond [W] can be received 

with Fourier's law of heat conduction 

 

  𝑄leak ,cond = 𝑘𝐴
∆𝑇

𝑥
,             (2.24) 

 

where k is the thermal conductivity [W/(m∙°C)], A the area of cross section [m
2
], ΔT 

temperature difference [°C] and x the distance of heat flow [m]. In addition, an 

approximate for the heat leaking through the calorimeter walls Qwall [W] is received with 

 

 𝑄wall = 𝑈wall Swall ∆𝑇wall = 𝑈wall Swall (𝑇ins − 𝑇amb ),        (2.25) 

 

where Uwall is the overall heat transfer coefficient of the calorimeter [W/(m
2
∙°C)], Swall the 

total area of the calorimeter walls [m
2
] and ΔTwall the difference between the inside 

temperature of the calorimeter Tins [°C] and the ambient temperature Tamb [°C] aka 

temperature gradient in literature and here on referred with that name. The heat leakage 
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depends on the material used in the insulation, such as glass wool or polystyrene, and the 

thickness of the insulation. The downside of a low heat leakage achieved through thick 

insulation is that the thermal time constant increases in proportion to the thickness of the 

insulation increasing the measurement time. (Sillanpää 2013) 

 

Calorimeters can be divided into direct (fig. 2.10) and indirect calorimeters based on the 

mechanism used for determining the amount of heat removed. In the direct calorimeter 

mass flow is measured, which allows a direct evaluation of transferred heat. In thermal 

equilibrium losses are received with 

 

  𝑃tl = 𝑐p𝑞mΔ𝑇 + 𝑈wall Swall ∆𝑇wall ,           (2.26) 

 

when the heat leakage is taken into account. In the indirect calorimeter flow is not 

measured and the transferred heat is received through an indirect evaluation. 

 

The indirect calorimeter, attempts to reproduce the thermal conditions of the test device 

using a heater. In effect two tests are carried out. In the first test the thermal conditions of 

the operating DUT are recorded. In the following test, which is also called a balance test, 

the test device is switched off and the thermal conditions are maintained using a heater 

device, the output power of which is measured. Direct calorimeters can be further divided 

by coolant used into open and closed type calorimeters, which use air and liquid as coolant 

respectively. Common types of calorimeters featured in literature are the double-jacketed 

calorimeter, the double chamber calorimeter and the balance calorimeter. The double-

jacketed calorimeter is a closed type direct calorimeter. The double chamber calorimeter is 

a kin to balance calorimeter and both of them are open indirect type calorimeters. (Cao et 

al. 2010) 

 

2.2.1 Double-Jacketed Calorimeter 

  

The name of the double-jacketed calorimeter (fig 2.11) derives from the inner and outer 

enclosures, which form the calorimeter's double insulation. The DUT is placed within the 

inner enclosure. The heat produced by the operating DUT is removed with a closed cooling 

system, where circulating water transfers the heat to the air surrounding the calorimeter 
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with the help of heat exchangers. The heat leakage through the insulation of the 

calorimeter is minimized by heating the air between the insulations with a resistive heater 

to the same temperature prevalent in the calorimeter chamber in an effort to bring the 

temperature difference between the chamber and its exterior to zero. Both walls of the 

inner insulation are covered in heat conducting copper so as to even out the heat 

distribution on both sides of the insulation. For the same reason air is circulated in the 

space between the insulations with fans. (Weir et al. 2010)  

 

Fig. 2.11 Cross section of a double-jacketed calorimeter. 

 

Heat leakage does not influence the measurement of power losses in a double-jacketed 

calorimeter as the temperature difference between the interior and exterior of the first 

enclosure is kept at 0 °C. For that reason, in thermal equilibrium the power losses of the 

DUT are received with (2.23). 

 

Uncertainties of double-jacketed calorimeters are quoted to be 0.2 % and 0.36 % of losses 

for powers of 600-1500 W and 25 kW respectively. According to (2.23) uncertainty in 

double-jacketed calorimeter measurements is caused by the determination of the specific 

heat of water, measurement of mass flow rate and measurement of temperature rise. In 

addition, the power used by the pump, the fans and the resistive heater influences the heat 
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transferred by the coolant and thus the measured losses. The uncertainty in the power 

measurement of these apparatus adds up to the measurement uncertainty of double-

jacketed calorimeters. (Cao 2010) 

 

The double-jacketed calorimeter is considered more accurate than its open i.e. air cooled 

counterpart due to water having a higher density, higher heat capacity, better thermal 

conductivity and smaller heat capacity variation in operational temperature range than air. 

On the downside, the heat exchanger causes a non-uniform internal temperature 

distribution across the walls and time delay between sensing temperature changes and the 

controlled response to these changes. In addition, the heat exchanger takes up space, which 

leaves less room for the DUT in the calorimeter chamber. (Cao 2010) 

 

2.2.2 Double Chamber Calorimeter 

 

Double chamber calorimeter (DCC) aka series calorimeter measures the power losses of 

the DUT directly. The basic idea behind the DCC is to carry out the main and balance 

tests, which are done successively in an indirect single chamber calorimeter i.e. the balance 

calorimeter, simultaneously in order to decrease the measurement time of the calorimeter 

and to nullify the effects of varying air properties between the main and balance tests. A 

cross section of a DCC describing the operation of the calorimeter is displayed in fig. 2.12. 

(Jalilian et al. 1999) 

 

Fig. 2.12 Cross section of a double chamber calorimeter. In the picture the DUT is situated in the main 

chamber. The heater and the fan are situated in the balance chamber.  
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The fan on the left of fig. 2.12 circulates the air and maintains a constant mass flow rate 

between the first chamber from the left called main chamber and the second chamber 

called the balance chamber. The power dissipated by the DUT operating in the main 

chamber causes a temperature rise ΔT1 between the air inlet and outlets of the main 

chamber. The conditions of the main test are reproduced in the balance chamber. In the 

balance chamber, a fan operates at the same power as the blower of the DUT and as such 

disrupts the air flow in similar manner as the blower of the DUT in the main chamber. The 

heat produced by the resistive heater causes a temperature rise between the inlet and outlet 

of the balance chamber ΔT2. The heater power is controlled so as to produce equal 

temperature rise in the balance chamber as in the man chamber. When the calorimeter has 

reached thermal equilibrium, the power losses of the DUT equal the heat transferred by the 

coolant. According to Jalilian and others, in thermal equilibrium, the losses of the DUT can 

be received by factoring the measured heater power Pheater with the ratio of measured 

temperature rises i.e. with 

 

 𝑃tl = 𝑃heater
∆𝑇1

∆𝑇2
.                                                                                                 (2.27) 

 

The uncertainties of double chamber calorimeters are quoted to be 1.5 % for loss powers of 

the scale of 1 kW. According to (2.27) uncertainty in the measurement of power losses 

with a double chamber calorimeter arises from the measurement of heater power and the 

measurements of temperature rise. Heat leakage causes additional uncertainty. In 

particular, the internal temperature in the balance chamber is higher than in the main 

chamber. For that reason the heat leakage through the balance chamber walls is greater 

than that through the walls of the main chamber. Furthermore, the properties of air change 

as function of temperature. This results in an overestimation of power losses. For that 

reason double chamber calorimeters are less accurate than balance calorimeters (Sillanpää 

2013). In addition, DCCs take up more space. On the upside, DCCs cut the measurement 

time of power losses by approximately a half compared to balance calorimeters. (Cao 

2010) 
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2.2.3 Balance Calorimeter 

 

The balance calorimeter (fig. 2.13) being an indirect calorimeter carries out two successive 

tests. The first one is the main test, where the DUT runs inside the calorimeter with normal 

operating conditions. The second one is the balance test, where the thermal conditions of 

the first test are maintained by keeping the air flow and temperature rise between the inlet 

and outlet air identical to the first test. The temperature rise is adjusted with an auxiliary 

heater, the power input of which is measured, while the DUT is switched off.     

 

Fig. 2.13 Cross section of a balance calorimeter (Kosonen et al. 2012).  

 

The inlet air temperature of the calorimeter of fig. 2.13 is warmed to a desired temperature 

using a pre-heater. The blower speed is controlled with a frequency converter to find a 

desired mass flow rate, which allows the heat emanating from the DUT or the heater to 

heat up the inlet air to a desired outlet temperature. The inlet and outlet temperatures are 

measured for determining the temperature rise and the inside and ambient air temperatures 

are measured for determining heat leakage using temperature sensors. In addition, relative 

humidity is measured at the inlet and ambient air pressure is measured using a barometric 

pressure sensor. 

 

At the end of the main test, when thermal equilibrium is reached, the mass flow rate is 

fixed by feeding the blower control a constant speed reference signal. The balance test is 
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started after finishing the main test. The idea of the balance test is to determine the mass 

flow rate, which is kept constant by maintaining the blower speed at the value, where 

thermal equilibrium was reached at the end of the main test. In essence, the losses of the 

DUT are received by determining the mass flow rate with the measured values of the 

balance test using (2.26). By using that value of mass flow rate along with the values 

measured in the main test the losses can be received with (2.26). Equations for determining 

the losses of the DUT with the balance calorimeter are given below.  

 

During the balance test heat is produced in the chamber by the resistive heater Pheater,bal and 

the blower of the DUT PDUT,blow, which is kept operating so as to maintain matching air 

flow conditions during the balance test and the main test. Thus, the total heat produced Qbal 

sources from electrical appliances and is received with 

 

 𝑄bal = 𝑃e,bal =  𝑃heater ,bal + 𝑃DUT ,blow                 (2.28) 

 

In thermal equilibrium the power produced equals the total amount of heat escaping the 

calorimeter. By substituting (2.28) on the left side of (2.26) we receive the heat balance 

equation of the balance test 

 

 𝑃heater ,bal + 𝑃DUT ,blow    = 𝑐p,bal       𝑞m∆𝑇bal + 𝑈wall 𝑆wall ∆𝑇wall ,bal ,       (2.29) 

 

where 𝑐p,bal        is the average specific heat capacity of air at the end of the balance test, ΔTbal 

the temperature rise of the balance test and ΔTwall,bal the temperature gradient of the balance 

test. The mass flow rate can be solved from (2.29). It is  

 

 𝑞m =
𝑃heater ,bal +𝑃DUT ,blow −𝑈wall 𝑆wall ∆𝑇wall ,bal

𝑐p ,bal        ∆𝑇bal
=

𝑃e ,bal −𝑄wall ,b al

𝑐p ,bal        ∆𝑇bal
         (2.30) 

 

where Qwall,bal is the heat leaking through the walls of the calorimeter during the balance 

test. 

 

The total losses can be obtained from the main test by using the mass flow solved from the 

balance test (2.30). Typically heater is not needed during the main test. But it can be used 
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to extend the measuring range of the calorimeter, when the losses are small. For instance, if 

the calorimeter measures losses between 300 W and 3 kW losses of the scale 100 W cannot 

be measured without artificially increasing the losses with the heater by 200 W. During the 

main test heat produced in the chamber Qmain is the sum of the heater power Pheater,main and 

the losses of the DUT Ptl 

 

𝑄main =  𝑃heater ,main + 𝑃tl              (2.31) 

 

By substituting (2.31) on the left side of (2.26) and solving the total losses, we receive an 

expression for the losses of the DUT   

 

 𝑃tl = 𝑐p,main         𝑞m∆𝑇main + 𝑈wall 𝑆wall ∆𝑇wall ,main − 𝑃heater ,main ,       (2.32) 

  

where 𝑐p,main          is the average specific heat capacity of air at the end of the main test, ΔTmain 

the temperature rise of the main test and ΔTwall,main the temperature difference of the main 

test. A complete expression for power losses is received by substituting (2.30) in (2.32), 

which can be expressed in a shortened form as 

 

 𝑃tl = 𝐶𝑃e,bal − 𝑃e,main + 𝑄wall ,main − 𝐶𝑄wall ,bal ,         (2.33) 

 

where C is a factor that corrects the power and heat leakage values of the balance test to 

the main test. The correction factor is given by equation 

 

 𝐶 =
𝑐p ,main          

𝑐p ,bal        

∆𝑇main

∆𝑇bal
.             (2.34) 

 

The factor represents a difference of thermal conditions in the main and balance tests.            

  

Average specific heat capacity 𝑐p  is used in the calculations to correct the effect of air 

property change caused by temperature rise from the inlet air temperature to outlet air 

temperature and is received with 

 

𝑐p =
(𝑐p ,out +𝑐p ,in )

2
,                                 (2.35) 
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where cp,out is the outlet air specific heat capacity and cp,in the inlet air specific heat 

capacity. The specific heat capacities can be calculated, when inlet and outlet air properties 

i.e. relative humidity ϕ, pressure p and temperature T are known with  

 

𝑐p = 𝑐pa (𝑇)  1 −
𝜙𝑝spv  𝑇 

𝑝−𝜙𝑝spv  𝑇 

𝑅a

𝑅v
 + 𝑐pv (𝑇)

𝜙𝑝spv (𝑇)

𝑝−𝜙𝑝spv (𝑇)

𝑅a

𝑅v
.        (2.36) 

 

In (2.36) the specific heat capacities of dry air cpa, specific heat capacity of water vapor cpv 

and saturation vapor pressure pspv are functions of temperature obtained by means of 

polynomial fits to existing measurement data. The gas constants of dry air Ra and water 

vapor Rv have values of 287.0 J/(kg∙K) and 461.5 J/(kg∙K) respectively. Formula (2.36) is 

derived in appendix 3 based on the work done by A. Kosonen and others. In addition, the 

polynomial fits with their coefficients are given in appendix 3. 

 

2.2.4 Measurement Instruments of Air Cooled Calorimeters 

 

Direct air cooled calorimeters measure the losses of a DUT directly. Direct measurement 

of losses requires the measurement of mass flow rate and temperature. Furthermore, the 

average specific heat capacity needs to be determined. This commonly involves the 

measurement of pressure and humidity. For these reasons direct air cooled calorimeters 

contain mass flow meters and temperature, pressure and humidity sensors. Double 

chamber calorimeters and balance calorimeters measure losses indirectly. This involves, in 

addition to temperature, pressure, humidity sensors, the measurement of a heater input, 

which is measured with an electric meter such as a power analyzer discussed in chapter 

2.1.1.  

 

Humidity sensors measure relative humidity at best with uncertainty of the scale 2-3 

percentage points (Visscher 2014). Pressure sensors can reach an uncertainty of 0.1 % of 

full scale (Chau 2014). The measurement range of a pressure sensor intended for 

measuring atmospheric pressure is on rough terms 90-110 kPa. For instance a pressure 

sensor with such specifications, would have an uncertainty of 
0.1

100
∙ 110 000 Pa = 110 Pa. 

In this chapter temperature sensors and mass flow meters and the uncertainties associated 

with such measurements is discussed in detail. 
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Temperature Sensors 

 

Temperature measurement with a resistance temperature detector (RTD) is based on the 

material properties of the detector. More specifically, resistance of the material used 

changes directly proportional to temperature. Which is why by measuring the resistance of 

the material used in the detector the prevalent temperature can be calculated. One of the 

most frequently used RTDs is the platinum temperature detector with its variant Pt100, 

which has resistance of 100 Ω at 0 °C. Platinum temperature detectors (PTD) can be wire-

wound or metal film resistors, which have a shorter response time of the two. Lead 

resistance causes a problem, when measuring temperature with PTDs as the sensor has low 

resistance and sensitivity. To mitigate the effect of lead resistance on the accuracy of the 

measurement four-wire configuration can be used when measuring. (Tong 2001) 

 

Thermistors are temperature sensitive resistors that are constructed of semiconductor 

material that is very sensitive to temperature (Facstaff). Which is why, they operate in the 

same fashion as RTDs in the sense that temperature is determined based on the resistance 

of the material. Thermistors are well suited for detecting small changes in temperature due 

to their sensitivity. (Tong 2001) 

 

Thermocouples consist of two different metals. The so called Seebeck effect causes a 

potential difference between the two joined metals. The voltage over the junction is 

relative to the temperature difference between the materials (Snyder and Toberer). So by 

measuring the voltage of the thermocouple the temperature of interest can be found. (Tong 

2001) 

 

A comparative table of the most commonly used temperature sensors in research and 

industry by Tong is presented in table 2.8.  
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Table 2.8. Comparison of most common temperature measuring instruments (Tong 2001)  

 Thermocouple RTD (Pt100) Thermistor 

Operating Range -200°C to 2000°C -250 to 850 °C -100 to 300 °C 

Accuracy 
Low 

1 °C common 

Very High 

0.03 °C common 

High 

0.1 °C common 

Linearity Medium High Low 

Thermal Response Fast Slow Medium 

Cost Low High Low to moderate 

Noise Problems High Medium Low 

Long term stability Low High Medium 

Cost of measuring 

instrument 
Medium High Low 

 

According to table 2.8 the RTD is the most stable and accurate temperature sensor of the 

most commonly used sensors in research and industry with an accuracy of up to 0.03 °C 

depending on type. Thermocouples perform worst of these three sensor technologies by 

these criteria. The downside of the RTD sensor technology is its high cost and slow 

thermal response. In addition, its operating range is more limited than the thermocouple’s. 

 

Uncertainty of Temperature Measurement 

 

The uncertainty figures of table 2.8 are only related to temperature sensors and represent 

values that are possible to reach with such sensors. Off-the-shelf type air temperature 

sensors might not reach such values without calibration. Furthermore, measurement of 

temperature with RTDs, thermistors or thermocouples generally requires the use of a data 

logger. For instance, data loggers transform the temperature related resistance of an RTD 

to a digital reading. Data loggers also have their own uncertainty, which adds up to the 

uncertainty of temperature measurement.  

 

Example 2.3 

 

The uncertainty of a data logging system could have an uncertainty of 0.06 °C and a 

resolution of 0.01 °C in a calorimetric measurement system (Aarniovuori 2012). Thus by 
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combining the uncertainties of the sensor and the data logging system a temperature 

measurement system utilizing RTD technology could have an uncertainty of 0.03 °C + 

0.06 °C +  0.01/2 °C = 0.095 °C for instance. Four-wire compensation is commonly used 

in RTD measurement circuits as the resistance changes of RTDs are of small scale and 

error in resistance measurement can have influence on the result of the temperature 

measurement. 

 

 

 

The uncertainty value of the temperature measurement system described above does not 

necessarily portray the uncertainty in temperature measurement correctly. As temperature 

within a calorimeter (or any other space) is generally speaking more or less distributed a 

single sensor might given an erroneous reading of the temperature within the calorimeter. 

Without accounting for the distribution of temperature, uncertainty in temperature 

measurement could be higher than the uncertainty of the measurement system itself. One 

solution to this problem is to average the readings of multiple sensors placed in different 

locations as is done in (Aarniovuori 2012), where temperature rise is measured by four 

sensors placed in both the input and output ducts at 90° angle to one another. The inside 

temperature is measured with 12 sensors spread inside the calorimeter. (Mcleod 1998) 

 

Example 2.4 

 

Averaging of readings of individual sensors could be considered to decrease the 

uncertainty in the result as the offset error of one sensor with an opposite sign could 

compensate the error of another. One way to quantify the uncertainty in an average of the 

readings of individual sensors, could be to use (1.6) and divide the uncertainty of an 

individual sensor with the root of the number of sensors i.e. the instrumental uncertainty of 

a multiple sensor system with e.g. four sensors could be 
0.03

 4
 °C +  0.06 °C +

0.01

2 4
 °C ≈

0.078 °C  with the same numbers and logic as used for a single sensor in example 2.3.  
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Uncertainty of Mass Flow Meters 

 

Mass flow rate can be measured with a variety of instruments such as differential pressure, 

capillary type, electromagnetic, impeller, thermal dispersion and vortex-shedding flow 

meters. Some flow meters are only capable of measuring liquid flow. Generally speaking 

the measurement of the flow of liquids is more accurate than that of gases. The 

electromagnetic flow meter is applicable only to the measurement of liquids and offers 

measurement of flow down to 0.25 % uncertainty with uncertainties ranging as high as 5 % 

in difficult applications (Eren 2014). The differential pressure flow meter, common in 

industrial applications, determines flow with an uncalibrated uncertainty of the scale 2 % 

(Thorn 2014). Capillary type mass flow meters have an uncertainty of the scale 2 % 

(Zangabad and Bahrami 2014). The uncertainty of impeller flow meters varies noticeably 

starting from 0.2 % for liquids, with common uncertainty values of 1 % of reading after 

calibration (Miller 2014). Thermal dispersion mass flow meters have a typical uncertainty 

of 1 % of reading and 0.5 % of full scale (Olin 2014). Vortex shedding flow meters are 

associated with an uncertainty of the scale 1 % for both liquids and gases (Mattar and 

Vignos 2014).  

 

Based on the uncertainty figures stated above it can be said that mass flow measurement of 

water can reach an uncertainty of 0.20 %. The uncertainty of air flow measurement can, 

perhaps in terms of instrument related (B-type) uncertainty, reach an uncertainty value of 1 

%. On a general note it can be said that the measurement of mass flow rate is only accurate 

within a small range of values. 
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2.2.5 Summary of Calorimeters and Their Accuracy 

 

The specifics of different types of calorimeters are summarized in table 2.9.  

 
Table. 2.9. Summary of specifics of calorimeters (Cao 2010). 

Type of 

calorimeters 
Open Closed Balance Series 

Coolant 

medium 
gas liquid either either 

Need for 

heater 
no no yes yes 

Need for heat 

exchanger 
no yes either either 

Need for 

measuring 

coolant’s 

properties 

yes no no no 

Dimension large small moderate large 

Heat transfer 

efficiency 
low high moderate moderate 

Testing 

duration 
moderate short long moderate 

System cost low moderate moderate high 

Accuracy moderate high moderate low 

 

According to table 2.9 Cao suggests that the accuracy of the series calorimeter is low 

compared to other calorimeters. Open direct calorimeters and balance calorimeters are 

moderate in accuracy. While the closed calorimeter, basically referring to the double-

jacketed calorimeter, is considered to have high accuracy compared to other types of 

calorimeters. In particular, uncertainties of double-jacketed calorimeters are quoted to be 

0.2 % and 0.36 % for powers of 600-1500 W and 25 kW respectively. Whereas the 

uncertainties of double chamber calorimeters are quoted to be 1.5 % for powers of the 

scale of 1 kW. Furthermore, uncertainties of balance calorimeters are quoted as 1.45 % and 

4.7 % on no-load losses for a 5.5 kW test machine. (Cao 2010) 

 

In a study by Kosonen and others (2013) uncertainty of 0.4 % of losses of scale 0.5-2 kW 

is reported for a balance calorimeter with 95 % level of confidence. The uncertainty figures 

reported by Cao (2010) and Kosonen (2013) for balance calorimeters 1.45 % or 4.7 % and 

0.4 % respectively are clearly noticeably different in size. This difference could be due to 

differences in the design of different balance calorimeters. Secondly, differences in 

uncertainty might arise from differences in reporting. When comparing the uncertainty 
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figures given in different sources one should be careful. The uncertainty values could be 

given in standard or extended uncertainties. Furthermore, they could be based on 

assumptions of different distributions. In addition, they might have different origins such 

as manufacturer's specifications, experience or experimental basis. Also, a calorimeter 

designed for motor measurements has potentially lower accuracy than one designed for 

converter or other power electronics measurements as conductive heat leakage through the 

shaft and motor supports causes extra uncertainty in motor measurements.      

 

The balance calorimeter uncertainty figure given by Kosonen and others (2013) is obtained 

experimentally with a characterization test, where the DUT is replaced by a heater and the 

heater input power during main test is compared to the result of the measurement. In 

practice, such a measurement suggests, how well the conditions of the main test were 

replicated in the balance test. It does not give information about the uncertainty arising 

from the measurement instruments of the calorimeter such as the temperature, humidity 

and pressure sensors present in the calorimeter. Such a measurement does not give a 

complete picture of the accuracy of a calorimeter. In chapters 3 and 4 the direct instrument 

related uncertainty of open calorimeters is studied by mathematical and experimental 

means respectively. 
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3 UNCERTAINTY OF OPEN CALORIMETERS 
 

In this chapter the uncertainties in open calorimeter measurements namely the uncertainties 

of direct and balance calorimeters are discussed. The emphasis is on the investigation of 

uncertainty contributions of measurement instruments involved in calorimetric 

measurements to the uncertainty of losses.  

 

A direct calorimeter measures losses directly. According to (2.26) uncertainty in a direct 

calorimeter measurement is caused by the determination of air properties and the heat 

transfer coefficient of the calorimeter walls, measurements of mass flow rate, temperature 

rise and temperature gradient. Air properties i.e. the specific heat capacity of air is 

determined with (2.36). So that air properties can be calculated humidity, pressure and 

temperature need to be measured. Uncertainty in the measurement of these parameters 

causes uncertainty in the determination of air properties. Balance calorimeters do not 

measure mass flow rate. Instead mass flow rate is determined indirectly with the balance 

test, which includes measurement of the input power of an electric heater. The 

measurement of heater power factors into the uncertainty in the loss measurement directly.  

 

Uncertainty models are presented for a direct air cooled calorimeter and a balance 

calorimeter. They are derived in appendices 3 and 4 respectively. The direct calorimeter 

uncertainty model is based on the calorimeter loss equation (2.26). The uncertainty of a 

direct air cooled calorimeter can be expressed as WC and RPM numbers with equations 

(3.1) and (3.2) respectively 

  

  
𝑢(𝑃tl )

𝑃tl
 =  

𝑢(𝑐p   )

𝑐p   
 +  

𝑢(𝑞m )

𝑞m
 +  

𝑢(∆𝑇)

∆𝑇
 +

𝑄wall

𝑃tl
  

𝑢 𝑈wall  

𝑈wall
 +  

𝑢 ∆𝑇wall  

∆𝑇wall
           (3.1)

  

𝑢(𝑃tl )

𝑃tl
=

  
𝑢(𝑐p   )

𝑐p   
 

2

+  
𝑢(𝑞m )

𝑞m
 

2

+  
𝑢(∆𝑇)

∆𝑇
 

2

+  
𝑄wall

𝑃tl
 

2

  
𝑢 𝑈wall  

𝑈wall
 

2

+  
𝑢 ∆𝑇wall  

∆𝑇wall
 

2

           (3.2) 

 

It is apparent from equations (3.1) and (3.2) that the uncertainty in the determination of 

average specific heat capacity and measurement of mass flow rate and temperature rise 
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affect the uncertainty in the measurement of losses with a direct air cooled calorimeter 

directly. Furthermore, the uncertainties of the heat transfer coefficient of the calorimeter 

walls and the temperature gradient are factored with the ratio of heat leakage to total 

losses. The resulting numbers affect the loss uncertainty directly. 

 

The uncertainty model of the balance calorimeter is based on a heater power correction 

model comprising (2.33) and (2.34). According to the correction model the sources of 

uncertainty are: electric power, heat transfer coefficient, temperature gradient and the 

correction coefficient, which consists of the uncertainties of temperature rise and average 

specific heat capacity. The uncertainty model is solely intended for the evaluation of B-

type uncertainty of balance calorimeters. The uncertainty model is founded on the 

assumption that instrument related uncertainty (B-type) behaves systematically. This 

suggests that uncertainty is not randomly distributing, but for offset by nature e.g. due to 

errors in calibration. This assumption is supported by the facts that the same instruments 

are used during both the main and balance tests and the measurement conditions are close 

to identical in main and balance tests.  

 

The uncertainties of heat transfer coefficient, temperature gradient and the correction 

coefficient are given by equations (3.3)-(3.5) respectively 

 

 
𝑢 𝑃tl  U wall

𝑃tl
=

∆𝑇wall ,main −𝐶∆𝑇wall ,bal

∆𝑇wall ,main

𝑄wall ,main

𝑃tl

𝑢(𝑈wall )

𝑈wall
          (3.3) 

 

 
𝑢(𝑃tl )∆Twall

𝑃tl
=  1 − 𝐶 

𝑄wall ,bal

𝑃tl

𝑢 ∆𝑇wall  

∆𝑇wall ,bal
                (3.4) 

 

 
𝑢 𝑃tl  C

𝑃tl
=  𝑢 𝐶 ΔT +  𝑢 𝐶 𝑐p    =  

∆𝑇bal −∆𝑇main

∆𝑇bal

𝑢(∆𝑇)

∆𝑇bal
 +  

cp ,bal        −cp ,main           

cp ,bal        

𝑢(cp ,bal        )

cp ,bal        
  .  (3.5) 

 

All the equations (3.3-3.5) of the balance calorimeter uncertainty model contain the 

corresponding relative uncertainty components of the direct air cooled calorimeter 

uncertainty model (3.1). The uncertainties of the direct calorimeter are factored with 

relative differences between the main and balance tests in (3.3) and (3.5). This sources 

from the fundamental difference between the direct and the balance calorimeter: in a direct 
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calorimeter mass flow is measured and in a balance calorimeter mass flow is determined 

indirectly with the balance test i.e. by replicating the thermal conditions in the main test 

and measuring heater output. The factor C in (3.3) simply corrects the temperature gradient 

of the balance test to the main test. In (3.4) the factor 1-C is an indicator of the difference 

of conditions between the main and balance tests. The C correction coefficient receives the 

value 1, when the specific heat capacities and temperature rises of the main and balance 

tests are identical according to (2.34). For that reason the factor 1-C could be considered an 

indicator of the degree of imperfection in the recreation of thermal conditions of the main 

test during the balance test.  

 

The uncertainty caused by the determination of air properties through measurement of 

temperature, humidity and pressure and the variation of air properties is considered in 

chapter 3.1. Chapter 3.2 treats the uncertainty contributions arising from measurement 

instruments of calorimeters i.e. humidity, pressure and temperature sensors, mass flow 

meters and electric power meters with the help of the mathematical models presented 

above. Chapter 3.3 treats additional factors causing uncertainty in calorimetric 

measurements.  

 

3.1 Uncertainty in the Determination of Air Properties 
 

The average specific heat capacity of moist air given by (2.35) and (2.36) is determined 

from humidity, pressure and the inlet and outlet temperatures of the calorimeter. According 

to the Finnish metrological institute Ilmatieteenlaitos record lowest and highest 

atmospheric pressures measured in Finland are 94 kPa and 106.6 kPa during a 

documentation period of over 100 years. For comparison, the standard atmospheric 

pressure is 101.325 kPa. Relative humidity can range between 0-100 %.  

 

The average specific heat capacity of equations (2.35)-(2.36) is computed by sweeping 

relative humidity and atmospheric pressure from minimum to maximum conditions 

specified above, while keeping the output constant at 40 °C and the input at 20, 30, 40 °C 

at a time. The result is shown in figure 3.1.   
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Fig. 3.1  Average specific heat capacity as function of relative humidity and pressure. The average specific 

heat capacities appear as slightly skewed plains. Inlet temperature defines the slope of the plain as output 

temperature is kept constant at 40 °C. The top plane is calculated with inlet air temperature at 40 °C, the 

middle one at 30 °C and the lowest one at 20 °C. High temperature results in high absolute amount of water 

in moist air and therefore the 40 °C-plane is the highest. The temperatures represent conditions that are 

possible, in practical sense, at indoor laboratories. The humidity range represents maximum variation and the 

pressure range historical weather extrema. 

 

It is evident in fig. 3.1 that relative humidity change has noticeably stronger influence on 

the value of average specific heat capacity than pressure. Furthermore, the average specific 

heat capacity ranges in rough terms between 1000 and 1050 J/kg∙°C in laboratory 

temperatures as response to extreme air property changes. This suggests that the effect of 

extreme variation of air properties to the value of average specific heat capacity is limited 

to around 5 %. In practical terms, such air property changes are extremely unlikely to 

happen during a measurement period not longer than a few hours. For that reason the effect 

of air property variation to the variation of average specific heat capacity and losses, 

according to (3.1), is much smaller. In balance calorimeter measurements it should also be 

noted that the effect of air property changes between the main and balance tests to the 

variation of losses can be accounted for with data processing. The uncertainty caused by 

varying air properties in such a measurement is small.  
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3.1.1 Influence of Pressure Measurement on Uncertainty 

 

Pressure sensors can reach an uncertainty of 0.1 % of full scale (Chau 2014). The 

measurement range of a pressure sensor intended for measuring atmospheric pressure is on 

rough terms 90-110 kPa.  Based on fig. 3.1 pressure change from a historical low of 94 kPa 

to a historical high of 106.6 kPa (Δp = 12 600 Pa) causes under favorable conditions 

roughly a change of Δ𝑐p  = 5 J/kg∙°C in average specific heat capacity of 1050 J/kg∙°C. As 

(3.1) suggests that the uncertainty in average specific heat capacity measurement reflects to 

the uncertainty of losses directly, the influence of uncertainty of pressure measurement in 

the measured losses is of the scale u(Ptl)/ Ptl ≈ Δ𝑐p /Δp ∙u(p)/ 𝑐p  ≈ 5/12 600∙0.1/100∙110 

000/1050 ≈ 42 ppm i.e. 0.0042 %. As total uncertainties of open calorimeters are quoted to 

be of the scale 1 % the uncertainty caused by pressure measurement has little influence on 

the total measurement uncertainty. Thus, the uncertainty of pressure measurement is 

negligible even based on such a crude estimate. The same applies to the balance 

calorimeter the uncertainty of which is at most equal to the uncertainty of an open 

calorimeter according to (3.5).    

 

3.1.2 Influence of Humidity Measurement on Uncertainty 

 

The sensitivity coefficient of humidity is modeled by calculating the partial derivative of 

the average specific heat capacity model of appendix 2 with respect to relative humidity. 

The result is given in figure 3.2.  
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Fig. 3.2. The sensitivity coefficient of relative humidity. Relative humidity is on the horizontal axis and 

sensitivity coefficient on the vertical. The derivatives were calculated numerically with forward steps of 5 

percentage points. 

 

As can be seen in fig. 3.2 the sensitivity coefficient of average specific heat capacity of air 

varies between 5 and 90 depending on the conditions of humidity and temperature. The 

sensitivity coefficient is high at high temperatures and low values of temperature rise. This 

is due to the fact that specific heat capacity of air increases with growing temperature and 

so does the average of the specific heat capacities of inlet and outlet air. Increasing 

humidity increases the value of the sensitivity coefficient. This effect increases in strength 

as temperature grows.   
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Humidity sensors measure relative humidity at best with uncertainty of the scale 2-3 

percentage points (Visscher 2014). The uncertainty in the determination of average specific 

heat capacity caused by humidity measurement can be received with (1.7) i.e. by 

multiplying the sensitivity coefficient with the sensor uncertainty. As the sensitivity 

coefficient varies between 5 and 90 J/(kg∙°C) the uncertainty in the determination of air 

properties caused by humidity measurement for a 2 % humidity sensor ranges between 5 

J/(kg∙°C) ∙ 0.02 = 0.1 J/(kg∙°C) and 90 J/(kg∙°C) ∙ 0.02 = 1.8 J/(kg∙°C). As the average 

specific heat capacity of air varies between 1000 - 1050 J/(kg∙°C) in laboratory 

temperatures humidity measurement with a 2 % sensor influences the determination of air 

properties in the range of 0.01 % - 0.18 % depending on temperatures and humidity within 

the calorimeter. The uncertainty contribution to the power loss measurement is the same 

for a direct calorimeter according to (3.1) as the uncertainty in the determination of air 

properties.  

 

Temperature and humidity influence the uncertainty contribution and the uncertainty is at 

its greatest at high values of temperature and humidity. The exact value of average specific 

heat capacity is of lesser importance for balance calorimeters as it is only used for 

correcting the measured power against air property change between the main and balance 

tests. According to (3.5) the uncertainty of the balance calorimeter is relative to the relative 

difference of specific heat capacities of main and balance tests. As the difference in 

specific heat between the two tests is limited to 5 % (under extreme conditions) the 

uncertainty contribution of humidity measurement to measured losses is at most 0.009 % 

for a 2 % humidity sensor. Even if the humidity sensor uncertainty was 5 % the resulting 

instrumental uncertainty would be 0.045 % of losses at most, less in practice. For that 

reason the instrumental uncertainty (B-type) of humidity measurement and its influence on 

loss measurement through incorrect determination of air properties could be considered 

negligible for balance calorimeters.  
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3.1.3 Influence of Temperature Measurement on Uncertainty 

 

The sensitivity coefficient of temperature rise is modeled by calculating the partial 

derivative of the average specific heat capacity model of appendix 2 with respect to 

temperature rise. The result is given in figure 3.3.  

 

Fig. 3.3. Influence of temperature rise on the average specific heat capacity. Temperature rise is on the 

horizontal axis and the sensitivity coefficient of temperature rise on the vertical. The derivatives were 

calculated numerically with forward steps of 1 °C. As outlet temperature is kept constant at 30, 40 and 50 °C 

corresponding to the green, blue and red curves respectively, the temperature rise on the horizontal axis 

corresponds to decreasing inlet temperature. For this reason the sensitivity coefficient is negative.  

 

As can be seen in figure 3.3 the sensitivity coefficient of temperature rise varies between -4 

and -0.02. Increasing relative humidity increases the sensitivity coefficient of temperature 
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rise in absolute sense. In addition, increase in temperature rise decreases the sensitivity 

coefficient in absolute sense as this decreases the average temperature of inlet and outlet as 

outlet temperature is kept constant.  

 

With RTD technology and the temperature measurement system of (Aarniovuori 2012) 

discussed in example 2.4 in chapter 2.2.4. the worst case extended instrumental uncertainty 

in the measurement of temperature rise is roughly 0.16 °C. As the sensitivity coefficient 

varies between -0.02 and -4 J/[kg∙(°C)
2
] a worst case uncertainty under worst conditions of 

humidity and temperature, would be 4 J/[kg∙(°C)
2
] ∙ 0.16 °C = 0.64 J/(kg∙°C). As the 

average specific heat of air can vary between 1000 and 1050 J/(kg∙°C), uncertainty in the 

measurement of temperature can cause a relative uncertainty of 0.64 J/(kg∙°C) / 1000 

J/(kg∙°C) = 0.064 % at most in the determination of air properties with such a temperature 

measurement system. 

 

As the uncertainty in the determination of air properties factors directly to the losses 

measured by a direct calorimeter as suggested by (3.1) the uncertainty of the temperature 

measuring system of Aarniovuori utilized in a direct calorimeter, would have at most 0.064 

% impact on the measured losses. As the sensitivity coefficient used in the calculation 

represents a maximum value, which is impossible to reach in a practical measurement the 

calculated uncertainty value is greatly exaggerated. Even if a more inaccurate temperature 

measurement system with e.g. 1 °C uncertainty was used at more realistic conditions such 

as moderate humidity RH = 60 % and inlet and outlet temperatures at 20 and 40 °C 

respectively it would result in roughly 0.05 % uncertainty in the determined air properties. 

For balance calorimeters (3.5) limits the uncertainty to a fraction of 1/20 of that of direct 

air cooled calorimeters as the variations of average specific heat capacity are limited to 5 

% by extreme variations of air properties. It could be said that uncertainty in the 

measurement of temperature does not have significant influence in the determination of air 

properties i.e. the average specific heat capacity of air in air cooled calorimeters.  
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3.2 Uncertainty Contributions of Measurement Instruments 
 

B-type uncertainty contributions of measurement instruments used in calorimetric 

measurements to the uncertainty of losses are given in fig. 3.4 by type of open calorimeter 

and measurements associated with it. The uncertainties of the measurement instruments 

used in the calculation i.e. pressure, humidity and temperature sensors, mass flow meters 

and electric power meters are composed in table 3.1. The values represent extended 

uncertainties of good quality instruments in terms of accuracy.  

 

Table 3.2 Extended uncertainties by quantity of associated instrument. 

p ϕ T qm Pe 

0.1 % (of full 

scale) 

2 % (in 

percentage 

points) 

0.078 °C 

(sensor & data 

logger) 

1 % 

0.1 % of 

reading + 

0.1 % of range 

 

The uncertainty contributions of the balance calorimeter are calculated with the uncertainty 

model presented earlier consisting of eq. (3.3)-(3.5). The uncertainty contributions of 

pressure and humidity sensors are maximum values from the examples of the previous 

chapter related to air properties calculated under worst circumstances. The temperature rise 

and the temperature gradient are set at 15 °C. The uncertainty of the temperature 

measurement system of (Aarniovuori 2012) described in example 2.4 in chapter 2.2.4 is 

combined with the worst case method in the calculation of temperature rise and gradient 

uncertainties i.e. they are both 0.16 °C in the calculation. It is assumed that heat leakage is 

20 % of measured losses in both calorimeters and that the balance test is replicated 

accurately with a temperature rise difference not larger than 1 % between the tests in the 

balance calorimeter measurement.   
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Figure 3.4. B-type uncertainty contributions sourcing from direct measurements of pressure p, humidity ϕ, 

temperature rise ΔT, temperature gradient ΔTwall, mass flow rate qm and heater power Pe. The uncertainties 

given are extended uncertainties. The heater power uncertainty was calculated for the WT500 power analyzer 

assuming the measurement range to be equal to the measured power. For that reason the heater power 

uncertainty is, in practical terms, an under estimate.   

 

Figure 3.4 a) shows that the B-type uncertainty contribution of pressure measurement is 

negligible in a direct calorimeter as discussed in 3.1.1. The other measurement instruments 

all contribute notably to the total B-type measurement uncertainty. Figure 3.4 b) showing 

the second largest uncertainty contribution sourcing from the measurement of temperature 

rise at 0.014 % compared to the largest sourcing from the measurement of electric power at 

0.20 %, demonstrates that electric power is the only component contributing significantly 

to the total B-type measurement uncertainty in balance calorimeters.  
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It should be noted that the result is only valid if the B-type uncertainties of pressure, 

humidity and temperature sensors are considered to behave systematically during the main 

and balance tests. This assumption is supported by the facts that the same instruments are 

used during both the tests and the thermal conditions are kept identical. Furthermore, the 

uncertainties associated with pressure, humidity and temperature measurements were 

calculated with good quality instruments, in terms of accuracy. If instruments with notably 

lower accuracies were used, the result would not be so reliable especially so with 

temperature measurement. However, it should be noted in support of the result that the 

electric power measurement uncertainty was calculated with minimal range, effectively 

underestimating the B-type uncertainty associated with electric power measurement. 

 

3.3 Additional Uncertainty 
 

In calorimetric measurements uncertainty arises not only from the measurement 

instruments present in the calorimeter but from the DUT, the inaccuracy in the 

determination of heat transfer coefficient of the calorimeter walls and the inexact 

determination of thermal equilibrium. Chapter 3.5.1 discusses the determination of the heat 

transfer coefficient and the uncertainty associated with it. The discussion about the 

uncertainties related to the DUT is divided into two subchapters 3.5.2 and 3.5.3, which 

describe uncertainties associated with frequency converters and electric motors 

respectively. The final subchapter discusses the uncertainty in the determination of thermal 

equilibrium briefly.   

 

3.3.1 Determination of Heat Transfer Coefficient 

 

The heat transfer coefficient of the calorimeter can be determined experimentally. Before 

commencing the experiment the inlet and outlet air tubes of the calorimeter should be 

blocked with some insulating material such as glass wool and a blower should be placed 

inside the calorimeter to minimize the temperature distribution in the chamber. During the 

experiment a resistive heater the input power of which is measured warms up the 

calorimeter to a desired temperature. When thermal equilibrium is reached the temperature 

gradient through the calorimeter walls settles to a certain value. At this time all the heater 

power is dissipated through the chamber walls. After the experiment the heat transfer 

coefficient of the chamber walls can be solved from the result of the experiment with 
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 𝑈wall =
𝑆wall ∆𝑇wall

𝑃heater
,               (3.6) 

 

According to (3.6) the heat transfer coefficient of the chamber depends on its dimensions, 

the temperature gradient and the heater power. Provided the dimensions of the calorimeter 

are known to high precision the uncertainty related to the measurement of the heat transfer 

coefficient of the chamber depends on the uncertainty of the measurement of the chamber 

temperature, ambient air temperature and heater power. The uncertainty contribution of the 

temperature gradient is received by multiplying the uncertainty of temperature gradient 

with the partial derivative of heat transfer coefficient. The derivative of heat transfer 

coefficient (3.7) is received by differentiating (3.6) and then substituting (3.6) in the 

resulting expression 

 

 
𝜕𝑈wall

𝜕∆𝑇wall
=

𝑆wall

𝑃heater
=

𝑈wall

∆𝑇wall
.              (3.7) 

 

The partial derivative of heat transfer coefficient with respect to heater power is received in 

the same fashion. The partial derivative is 

 

 
𝜕𝑈wall

𝜕𝑃heater
= −

𝑆wall ∆𝑇wall

𝑃heater
2 = −

𝑈wall

𝑃heater
.             (3.8) 

 

The relative WC and RPM uncertainties (defined by 1.11 and 1.12) can be calculated using 

the known derivatives (3.7) and (3.8). The combined uncertainties are in respective order 

   

  
𝑢(𝑈wall )

𝑈wall
 =  

𝑢(∆𝑇wall )

∆𝑇wall
 +  

𝑢(𝑃heater )

𝑃heater
              (3.9) 

 

  
𝑢(𝑈wall )

𝑈wall
 =  

𝑢(∆𝑇wall )

∆𝑇wall
 

2

+  
𝑢(𝑃heater )

𝑃heater
 

2

.          (3.10) 

 

It is noteworthy that the experiment should be carried out at multiple points. The result of 

the heat transfer coefficient experiment is reliable, when carrying out measurements with 

approximately the same power. To increase the reliability of the heat transfer coefficient 

measurement the measurement should be repeated and data for the entire power scale of 

the calorimeter should be collected from which an overall heat transfer coefficient could be 
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determined. Otherwise the combined A and B-type uncertainties given by (3.9) or (3.10) 

for a single point measurement likely underestimate the uncertainty in the heat transfer 

coefficient measurement. 

 

3.3.2 Frequency Converter Measurements 

 

During the balance test, when the power of the converter is turned off and the resistive 

heater is operational, the blower of the converter should be kept operational in order to 

maintain similar air flow conditions within the calorimeter compared to the main test. The 

blower can be fed from an external DC source. This blower produces heat and the heat 

should be included by adding the blower power to the total heat produced within the 

calorimeter during the balance test according to (2.19). The uncertainty of the blower 

power adds up to the electric power measurement uncertainty.      

 

3.3.3 Electric Motor Measurements 

 

The impeller of a motor cannot be kept operational in the same manner as a frequency 

converter's. As the impeller is conjoined with the motor shaft the shaft needs to be rotated 

mechanically in order to keep the impeller rotating provided the motor is a Totally 

Enclosed, Fan-Cooled motor common in industrial applications. Drag hinders the rotation 

of the shaft and the impeller, turning part of the mechanical power used for rotating the 

shaft into heat within the calorimeter. Also other mechanical losses generate heat within 

the calorimeter. Furthermore, after the power of the motor is switched off some iron parts 

of the motor partially retain their magnetization state. As the motor is rotated to keep the 

blower operational this magnetic remanence causes losses in the motor iron. For that 

reason the motor acts as an extra heat source within the calorimeter. These phenomena 

cause additional uncertainty in motor measurements with balance calorimeters.      

 

In motor measurements conductive heat leakage needs to be considered. The motor 

requires a base for support. The shaft and parts of the support come through the walls and 

the bottom of the calorimeter respectively and extend outside. Heat is conducted out of the 

calorimeter through these channels. Heat leakage through the motor shaft and bed can be 

estimated with (2.24), which requires the measurement of shaft and support temperatures 
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within and outside of the calorimeter. This is necessary for accurate measurements as the 

surface temperature of the motor is greater during the main test than in the balance test, 

which leads to decreased conductive losses through the motor shaft and the bed during the 

balance test compared to the main test. The difference in heat leakage between the main 

and balance tests causes extra uncertainty in the measurements if not accounted for. This 

heat difference can also be minimized by employing an active motor base described by 

Baholo and others (1994), the idea of which is to heat up the motor base during the balance 

test.  

 

3.3.4 Measurement Time 

 

The losses of the DUT are determined at thermal equilibrium, where the heat transferred 

from the calorimeter equals the heat produced by the DUT. Every calorimetric 

measurement system relies on measurement of losses at thermal equilibrium, but in theory 

it takes an infinite amount of time for a thermal system to reach true thermal equilibrium. 

In practice, thermal equilibrium is considered to be reached, in a calorimetric 

measurement, when temperature rise stabilizes i.e. when the rate of change of temperature 

rise is considered small enough. An uncertainty arises from this marginally false 

assumption of thermal equilibrium.  
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4 UNCERTAINTY OF EFFICIENCY MEASUREMENTS 
 

Efficiency measurements of the driving apparatus i.e. a Siemens SINAMICS PM240 

frequency converter and an ABB 37 kW induction motor were carried out with the input-

output method and the calorimetric method using balance calorimeters with the 

measurement setup simplified in fig. 4.1 and illustrated with photographs in 4.2. 

 

Fig. 4.1. Schematic of the measurement circuit.  

 

As shown in fig. 4.1 a frequency converter feeds three phase power to the driving motor 

the shaft of which is connected via a torque transducer to the shaft of the load motor. The 

input and output powers of the driving converter under operation are measured using a 

power analyzer. Signals matching the input of the power analyzer are created with current 

sensors of the input and output currents of the driving converter. The torque and speed of 

the driving motor are measured with the torque transducer coupled with the shafts of the 

driving and loading motors. The progress of the measurement is observed and controlled 

with a computer, which stores the measurement data also for both calorimetric devices 

encasing the driving motor and converter.   
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Fig. 4.2. Measurement setup. Picture a) shows the motor chamber, the load motor and the torque and speed 

measurement using the torque transducer within the glass encasing. Picture b) is a rightward continuation of 

picture a) showing the power analyzers, DC- sources and the data logging apparatus on the left. The 

frequency converter chamber is on the right along with its pre-heater chamber in the front. Picture c) shows 

the load converter behind the motor chamber and the computerized control interface in the far left. Picture d) 

further illustrates the Labview based control and measurement progress monitoring interface. Pictures e) and 

f) show the drive motor under installation in the motor chamber and the interior of the frequency converter 

chamber respectively. The converter is in the top centre of picture f) and the heater in the bottom centre. The 

inlet and outlet ducts along with their diffusing plates are shown in the top left corner and the bottom right 

section in the picture respectively.      

 

The operation of the measurement setup was first tested by performing a measurement, 

where the results given by the calorimeter were compared to those given by the input-

output measurement. The test was carried out with sinusoidal supply to decrease the degree 

of uncertainty in the input-output measurement. The goal of the test was to ascertain the 
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functionality of the then newly-construct motor chamber and the related hardware and 

software. Two individual measurements were then carried out when driving the motor at 

nominal speed with 50 Hz supply and 50 % and 100 % loads respectively.  

 

Load torque was provided with a converter driven 110 kW induction motor. Hitec B2000 

current sensors were used to scale down the currents of the driving converter of fig. 4.1 to 

match the 5 A input element of the Yokogawa WT1600 power analyzer used to measure 

electrical power. The output power of the driving motor was measured with an HBM T12 

500 Nm torque transducer. A list of instruments used in the input-output and calorimetric 

measurements along with uncertainty values or reference to the calculation of uncertainty 

is given in table 4.1. 
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Table 4.1. List of measurement instruments used in the setup with reference to instructions for calculating 

uncertainty and distributions used in the calculations in the thesis.  

Input-Output 

Quantity Instrument 

Instructions for 

calculating 

uncertainty 

Distribution 

Pe 

Yokogawa WT1600 

Power Analyzer 

Power Analyzers 

section p. 31-32 
Triangular 

I 
Hitec B2000 Current 

Sensor 
Example 2.1 p. 36 Triangular 

n, M 
HBM T12 500 Nm 

Torque Transducer 
Example 2.2 p. 40-43 Rectangular 

Calorimeter 

Quantity Instrument 

Instructions for 

calculating 

uncertainty 

Distribution 

Pe 

Yokogawa WT500 

Power Analyzer 

Power Analyzers 

section p. 31-32 
Triangular 

T 
RTDs and a Data 

Logging System 

0.15 °C (sensor) 

0.06 °C (data logger) 

0.01 °C (resolution) 

Examples 2.23 & 2.24 

p. 56-57 

Triangular 

ϕ Humidity Sensor 2 pp of RH Triangular 

p Pressure Sensor 70 hPa Triangular 

 

An overview of the calorimetric measurement procedure for the converter at 100 % load is 

provided in fig. 4.3. The measurements were carried out in such a manner that; first as the 

converter and the motor were operating within their chambers thermal equilibrium was 

considered to be reached, when the inlet and outlet temperatures controlled by adjusting 

blower speed showed little deviation from target values. This point (in fig. 4.3) was 

considered to be reached roughly 9 hours in the measurement. Then, the blower speed was 

fixed, concluding the main test. After that, the driving converter and motor were switched 
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off and the balance test, recreating the thermal conditions of the main test by controlling 

heater power, was started. The result of the measurement was computed with the balance 

calorimeter loss model presented in chapter 2.2.3 from data comprising the last half hours 

of both the main and balance tests.  

 

Fig. 4.3 Overview of the balance calorimeter measurement procedure. Picture b) shows the variation of the 

blower speed over the duration of the main test. Picture d) shows the corresponding temperatures. Picture c) 

displays the heater power during the balance test, while e) shows the corresponding temperatures. Picture a) 

shows the moving average estimate of the losses of the DUT calculated with the balance calorimeter loss 

model presented in chapter 2.2.3 during the balance test. At the beginning of the balance test the heater c) 

spikes as it is switched on. At this time the converter and the motor as well as the balance test heater are 

running simultaneously for a moment, which causes the temperature spikes in picture e) at the beginning of 

the balance test.  

 

The sinusoidal motor supply test at 100 % load was concluded with measured losses of 

2366.34 W and 2290.33 W for the IO and calorimetric measurements respectively. With 

76.01 W or roughly 3.2 % difference from the IO result, the newly construct balance 
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calorimeter appeared to be functioning correctly as the measured losses were convergent 

with those measured with the input-output method with sinusoidal supply. The results of 

the measurements with converter supply at nominal speed and 50 % and 100 % loads are 

displayed in table 4.2 along with calculated values of uncertainty. 

 

Table 4.2 Measurement results and combined uncertainties. 

Measurement Results 

 

Ploss, 

conv, IO 

[W] 

Ploss, 

conv, cal 

[W] 

ηconv, 

IO [%] 

ηconv, cal 

[%] 

Ploss, 

mot, IO 

[W] 

Ploss, 

mot, cal 

[W] 

ηmot, IO 

[%] 

ηmot, cal 

[%] 

50 % 350.27 418.96 98.29 97.96 
1430.

24 

1314.

56 
92.91 93.49 

100 % 823.93 814.96 97.97 97.99 
2663.

04 

2659.

24 
93.31 93.32 

Total Standard Uncertainty of Losses (Converter) 

Converter 
Calorimeter Input-Output 

WC RPM WC RPM 

50 % 
[W] 8.76 3.31 109.71 22.33 

[%] 2.50 0.95 31.32 6.37 

100 

% 

[W] 14.42 6.00 185.53 37.22 

[%] 1.75 0.73 22.52 4.52 

Total Standard Uncertainty of Losses (Motor) 

Motor 
Calorimeter Input-Output 

WC RPM WC RPM 

50 % 
[W] 25.78 10.50 107.80 46.20 

[%] 1.80 0.73 7.54 3.23 

100 

% 

[W] 45.17 19.33 125.38 50.42 

[%] 1.70 0.73 4.71 1.89 

Standard Uncertainty by type (Converter) 

Converter 

Calorimeter Input-Output 

A WC 
A 

RPM 
B WC B RPM 

A 

WC 

A 

RPM 
B WC 

B 

RPM 

50 % 
[W] 0.83 0.51 7.93 3.28 28.33 13.42 81.38 17.85 

[%] 0.24 0.14 2.26 0.94 8.09 3.83 23.23 5.10 

100 

% 

[W] 0.82 0.44 13.60 5.99 40.69 19.21 144.84 31.88 

[%] 0.10 0.05 1.65 0.73 4.94 2.33 17.58 3.87 

Standard Uncertainty by type (Motor) 

Motor 

Calorimeter Input-Output 

A WC 
A 

RPM 
B WC B RPM 

A 

WC 

A 

RPM 
B WC 

B 

RPM 

50 % 
[W] 1.56 0.81 24.22 10.47 30.91 24.10 76.89 39.41 

[%] 0.11 0.06 1.69 0.73 2.16 1.69 5.38 2.76 

100 

% 

[W] 3.56 2.03 41.61 19.22 32.19 22.82 93.19 44.96 

[%] 0.13 0.08 1.56 0.72 1.21 0.86 3.50 1.69 
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The calorimetric measurement results of table 4.2 were computed from measurement data 

comprising the last 30 min periods of both the main and balance tests with the balance 

calorimeter loss model of chapter 2.2.3. The input-output measurement results were 

computed with an equal amount of data spanning roughly the last 15 minutes of the 

measurement. The motor loss values measured with the calorimeter have been corrected to 

account for the heat conducted through the motor supports with (2.24) based on measured 

support temperatures. Furthermore, the supply of auxiliary power to keep the blower of the 

converter running during the balance test is accounted for.  

    

The uncertainties of table 4.2 were calculated with methodology (1.8). The inputs were 

considered independent. The uncertainty figures contain uncertainties sourcing from all 

measurement instruments (listed in table 4.1) and the fluctuation of the readings. 

Furthermore, in calorimetric measurements the uncertainty from incorrect determination of 

the overall heat transfer coefficient of the walls (discussed in chapter 3.3.1) is included in 

the calculations with an assumed uncertainty of 5 %. The calculations were implemented 

with a software combining features of Matlab and Excel. The calculated distributions of 

uncertainty for the IO and the calorimetric method are discussed in chapters 4.1 and 4.2 

respectively. The results of table 4.2 are illustrated graphically in figure 4.4. and analyzed 

in detail in chapter 4.3.  
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Fig. 4.4 Illustration of measurement results. The measured efficiencies along with their 95 % confidence 

levels are shown in picture a) for both the driving converter and motor at 50 % and 100 % loads respectively. 

The black line with triangle points represents the efficiency values measured with the input-output method. 

Correspondingly the black line with square points represents the efficiency values measured with the 

calorimetric method. The blue zone around the triangle-pointed line represents the interval, where the actual 

values of efficiency should be with 95 % likelihood for the IO measurement. Correspondingly, the green 

zone represents the same probability for the calorimetric measurement. The darker hues represent the 95 % 

confidence values for the RPM methodology and the lighter that of the WC. Picture b) shows the distribution 

of worst case uncertainty by type. 
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Figure 4.4 a) shows that the results of the calorimetric and the input-output measurement 

fit inside each other's 95 % confidence intervals with the WC method at every point. On 

the other hand, it is unclear whether the RPM confidence intervals intersect at 50 % load. 

The intersection of the confidence intervals, would suggest that there is a common value 

for the losses estimated with the input-output and the calorimetric method. The absence of 

such a value, would suggest that one or more of the estimates could be erroneous.   

 

Figure 4.4 b) shows that bulk of the uncertainty in both calorimetric and input-output 

measurements is instrumental (B-type) uncertainty, especially so for calorimetric 

measurements, where A-type uncertainty constitutes less than 10 % of the total uncertainty 

in the measurements. This could be explained with the nature of calorimetric 

measurements, which require reaching thermal equilibrium. In such a state it is obvious 

that e.g. measured temperatures would be steady and thus fluctuate little.  

 

4.1 Input-Output Method Uncertainty 
 

In this chapter the distribution of uncertainty in loss measurement with the input-output 

method is discussed with the help of graphs showing the uncertainty contributions of 

individual sources of uncertainty to the total uncertainty of losses. In fig. 4.5 the 

uncertainty contributions of measured input and output powers to the uncertainty of losses 

for the converter and the motor at 50 and 100 % loads, are shown.  
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Fig. 4.5 Distribution of uncertainty by type and method at 50 % and 100 % loads from top to bottom 

respectively. The uncertainties represent the uncertainty contributions of measured powers to losses, as such, 

the uncertainties of the input and output powers are relative to the losses of the converter. Similarly, the 

uncertainties of measured input and output powers are relative to the losses of the motor. In essence, the 

values of uncertainty for the outgoing power of the converter and ingoing power of the motor are equal, if 

designated in watts. The values of uncertainty are standard uncertainties.    

 

It can be seen in fig. 4.5 that the uncertainties in the measurement of losses of the converter 

are clearly greater than those of the motor, which matches well with theory presented in 

chapter 2 (see fig. 2.1). Furthermore, it is apparent that the greatest contributions to loss 

uncertainty arise from B-type uncertainty. A-type uncertainty is a noticeable component in 

the total uncertainty of the input power of the converter and the output power of the motor. 
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Conversely, A-type uncertainty is very small compared to B-type uncertainty in the power 

flowing out from the converter to the motor. This is due to the fact that the output of the 

converter is regulated. The powers going in the converter and out of the motor are not 

directly regulated and thus fluctuate more. Distributions of B-type uncertainty by 

measurement apparatus are shown in fig. 4.6 and 4.7 for 50 % and 100 % loads 

respectively.   

 

 
Fig. 4.6. Distributions of B-type uncertainty by device and component in converter and motor measurements 

respectively at 50 % load. In figures a) and b) the first three column pairs are the reading, range and internal 

phase shift uncertainties of the power analyzer respectively. The following two are the reading and range 

uncertainties of the current sensor. The final column in picture b) refers to the total uncertainty of the torque 

transducer. The uncertainty values are standard uncertainties.    
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Fig. 4.7. Distributions of B-type uncertainty by device and component in converter and motor measurements 

respectively at 100 % load. In figures a) and b) the first three column pairs are the reading, range and internal 

phase shift uncertainties of the power analyzer respectively. The following two are the reading and range 

uncertainties of the current sensor. The final column in picture b) refers to the total uncertainty of the torque 

transducer. The uncertainty values are standard uncertainties.    

 

According to figs. 4.6 and 4.7 the current sensor appears to contribute little to the total B-

type uncertainty in both the converter and motor loss measurements at least with zero flux 

technology. The bulk of the uncertainty in converter measurement comes from the power 

analyzer with all three components: reading, range and phase shift uncertainty contributing 

to the total uncertainty. The phase shift uncertainty is the largest singular component 

contributing to B-type uncertainty in the measurement of the motor losses and one of the 
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largest if not the largest in the measurement of the converter losses. Furthermore, the range 

uncertainties of the power analyzer and the current sensor decrease with increased loading.  

 

The range uncertainty decreases, in relative terms, as loading increases, because the range 

of the power analyzer is set to allow the measurement of nominal power. This means that 

the range uncertainty is minimized at nominal power and conversely some of the potential 

of the analyzer is wasted, when measuring below the top of the range. Furthermore, the 

relative uncertainty of the torque transducer appears to nearly halve, when increasing the 

loading from 50 to 100 %. This suggests that bulk of the torque transducer uncertainty is 

bound to its measuring range.      

 

The high phase shift uncertainties and the differences in magnitude between the converter 

and the motor measurements can be explained with (2.11), the internal properties of the 

measuring power analyzer WT1600 (see table 2.1) and the power factors influencing the 

measurement. The converter input power factor (PF) is 0.72 and 0.76 at 50 and 100 % 

loads respectively and the converter output/motor input power factor (PF) is 0.62 and 0.70 

at 50 and 100 % loads respectively. The converter input power factor is clearly higher than 

the output power factor i.e. the motor input power factor regardless of loading conditions. 

As only the input power of the motor is measured electrically the phase shift uncertainty is 

greater in the motor measurement compared to the converter measurement, where both 

input and output powers are measured electrically decreasing the total phase shift 

uncertainty compared to other uncertainties present in the measurements. Furthermore, the 

power factors of the measurement circuit increase as the loading increases due to the fact 

that the power factor of the induction motor increases with increased loading. For this 

reason the phase shift uncertainty decreases with increased loading.  

 

As the phase shift uncertainty contributes greatly to the total uncertainty of an input-output 

measurement it is worthwhile minimizing it with the selection of the power analyzer. 

According to table 2.1 the WT1600 used in the measurement has a phase shift uncertainty 

coefficient of 0.15, while the WT500 and WT3000 power analyzers have coefficients of 

0.20 and 0.03 respectively. For comparison, if the WT500 was used the phase shift 

uncertainty, would be 33 % higher. But, if the WT3000 representing state-of-the-art 

technology was used, the phase shift uncertainty could be 80 % smaller.  
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4.2 Calorimetric Method Uncertainty 
 

 

In this chapter the distribution of B-type uncertainty in losses is discussed with the help of 

graphs showing the uncertainty contributions of individual sources of uncertainty to the 

total B-type uncertainty. In figures 4.7 and 4.8 the distributions of instrument related 

uncertainty of the converter and motor losses at 50 and 100 % loads respectively are 

shown. The uncertainties are grouped under the quantities of eq. (2.30) and (2.32), where 

(2.30) represents uncertainties sourcing from the determination of mass flow rate with the 

balance test and (2.32) the determination of losses with the main test. In chapter 3 the 

uncertainty formulas derived for balance calorimeters assume that instrument related (B-

type) uncertainty is systematic i.e. purely offset by nature. Such an assumption is not made 

in the calculation of the uncertainties of figures 4.7 and 4.8.  
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Fig. 4.7 Distribution of B-type uncertainty by quantity, type of DUT and method at 50 % load. Picture a) 

shows the distribution of uncertainty by quantities: mass flow rate qm, heat leakage Qwall, air properties 

consisting of relative humidity ϕ and pressure p, temperature rise ΔT and electric power Pe. Picture b) is 

associated with the uncertainties of the balance test and all together add up to the uncertainty in the estimated 

mass flow rate. The blue columns are related to the converter loss measurement and green to the motor loss 

measurement. The columns with lighter hue are received using the worst case method and the ones with 

darker hue with the RPM method. 
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Fig. 4.8 Distribution of B-type uncertainty by quantity, type of DUT and method at 100 % load. Picture a) 

shows the distribution of uncertainty by quantities: mass flow rate qm, heat leakage Qwall, air properties 

consisting of relative humidity ϕ and pressure p, temperature rise ΔT and electric power Pe. Picture b) is 

associated with the uncertainties of the balance test and all together add up to the uncertainty in the estimated 

mass flow rate. The blue columns are related to the converter loss measurement and green to the motor loss 

measurement. The columns with lighter hue are received using the worst case method and the ones with 

darker hue with the RPM method. 

 

Pictures 4.7 a) and 4.8 a) suggest that the majority of instrumental uncertainty arises from 

the determination mass flow rate and the temperature rise. Measurement of electrical 

power and determination of heat leakage are also noticeable components of uncertainty. 

The uncertainty in the measurement of air properties, on the other hand, is evidently 

negligible. Pictures 4.7 b) and 4.8 b) suggest that the uncertainty in the determination of 
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mass flow rate sources from the measurement of electrical power and temperature rise and 

determination of heat leakage. The uncertainty in the measurement of air properties does 

not contribute, with any significance, to the uncertainty of mass flow rate either.  

 

4.3 Analysis of Results 
 

An overview of the values of table 4.2 tells that the input-output and calorimetric 

measurement results at 100 % load are convergent. The difference between the converter 

losses measured with the IO and the calorimetric method at 100 % load is 8.97 W or 

approx. 1.1 %. The difference between the measured motor losses at 100 % load is 3.8 W 

or approx. 0.14 %. However, there is noticeable difference between the losses of both the 

converter and the motor measured with the input-output method and the calorimetric 

method at 50 % load.  

 

The differences between the results obtained with the IO and the calorimetric method are 

68.69 W or 16.4 % of the calorimetric result and 115.68 W or 8.8 % for the converter and 

motor respectively at 50 % load. The 95 % RPM confidence intervals are 350.27 ± 44.66 

W and 418.96 ± 6.62 W for the converter with the IO and calorimetric method respectively 

and 1430.24 ± 92.40 W and 1314.56 ± 21.00 W for the motor respectively assuming the 

uncertainty in the results is normally distributing. It is evident that the confidence intervals 

do not coincide for either the converter or the motor. When comparing the losses measured 

with the calorimetric method at 50 % load to the losses measured at 100 % with the IO and 

calorimetric method 823.93 W and 814.96 W respectively for the converter and 2663.04 W 

and 2659.24 W for the motor, clearly the losses measured with the calorimeter at 50 % 

amount to close to half the losses measured at 100 % with either the IO or the calorimetric 

method. As the losses measured with the calorimetric method at 50 % load match well with 

the losses measured at 100 % with the IO and calorimetric method the input output 

method, in this case, underestimates the converter losses and overestimates the motor 

losses at 50 % load. For the same reason it could be said that the RPM yields a too 

optimistic estimate for the uncertainty in the IO measurement at that point, at least at 95 % 

level of confidence. However, for instance, at three sigma (app. 99.7 %) level of 

confidence the converter losses at 350.27 ± 66.99 W and 418.96 ± 9.93 W respectively, 



93 

 

 

 

 

and the motor losses at 1430.24 ± 138.6 W and 1314.56 ± 31.50 W could still be 

considered convergent.  

 

The calculated worst case extended uncertainties of the converter and motor at 50 % load 

i.e. the points deviating from the rest of the measured values are with 95 % confidence 

219.42 W and 215.60 W respectively. These values seem clearly excessive when compared 

to the differences between the input-output and calorimetric measurement results as well as 

the measurement results at 100 % load despite the fact that the measurement points deviate 

from the rest of the measured values. For that reason, at least in the scope of these 

measurement results, the WC method appears to exaggerate the input-output method 

measurement uncertainty.  

 

The calculated RPM extended uncertainties of the calorimetric measurement of the motor 

losses at 50 and 100 % loads and the converter at 100 % load are all 1.46 % with 95 % 

level of confidence. This matches well with the theory presented in chapter 2 according to 

which the uncertainty in calorimetric measurements is directly proportional to losses i.e. 

constant in relative sense. The RPM extended uncertainty of the converter loss 

measurement at 50 % load that is 1.90 % deviates from the other points, because the lower 

bound of the measurement range of the calorimeter 300-3000 W was close to the expected 

losses and the measurement range of the calorimeter was extended by running the heater 

simultaneously with the converter during the main test. As the heat emanated in the 

calorimeter was greater than the actual losses of converter so is the uncertainty in the 

measured losses.  

 

The relative worst case extended uncertainties in the calorimetric measurements with 95 % 

confidence range between 3.4 and 3.6 % (5 % in the converter measurement at 50 % load) 

of measured losses. The relative RPM extended uncertainties in the input-output 

measurements are 12.74 % and 9.04 % for the converter at 50 and 100 % loads 

respectively and 6.46 % and 3.78 % for the motor at 50 and 100 % loads respectively. The 

corresponding WC loss uncertainties are 62.64 % and 45.04 % for the converter and 15.08 

% and 9.42 % for the motor in respective order. It is evident that the calculated 

uncertainties comprising all direct instrument related uncertainties and fluctuation in 

measured values are greatly smaller in the calorimetric measurements than in the 
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corresponding input-output measurements with the measurement system used at the levels 

of efficiency associated with the measurements i.e. roughly 98 % for the converter and 93 

% for the induction motor. Furthermore, an overview of the measured values shows that 

the losses measured with the calorimetric method are well in line with the bulk of the 

values, which shows reliability and justifies low measures of uncertainty in the measured 

values. Conversely, the deviating values of losses measured at 50 % load with the input-

output method could be considered to support a higher degree of uncertainty in the results. 

 

The results listed in table 4.2 and reviewed in this chapter, including the direct 

measurement results and the calculated uncertainties could involve some degree of 

uncertainty resulting from errors in either the implementation of the measurements, data 

processing or calculation of results as human factors are involved. Methodologies 

recommended by JCGM were applied in the calculation of uncertainties. Some of the 

guidelines are open to interpretation and can have a great influence on the total uncertainty, 

such as the choice of distributions associated with the calculation of instrumental (B-type) 

uncertainty. In this thesis triangular distributions were used, when recommendations were 

not found in manufacturer's documentation. The calorimeter B-type uncertainties were 

calculated by assuming independence between the sources of uncertainty in the main and 

balance tests i.e. that the uncertainties associated with the instruments used in the 

calorimetric measurement system were not purely systematic e.g. due to errors in 

calibration. An uncertainty model based on the complementing assumption was introduced 

in chapter 3. It was demonstrated that should B-type uncertainty be treated as purely 

systematic the total B-type uncertainty in balance calorimeter measurements, would consist 

of only the uncertainty arising from the measurement of electric power. In that case the 

instrumental uncertainty would be smaller resulting in a smaller total uncertainty in losses 

e.g. 0.50 % for the converter losses at 100 % load with RPM and 95 % level of confidence.   
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5 SUMMARY AND DISCUSSION 

 

The two central goals of this master's thesis were to serve as a guidebook on the 

determination of uncertainty in efficiency measurements and to investigate sources of 

uncertainty in efficiency measurements in the field of electric drives. The first half of the 

book constituted the guidebook part describing the methods of efficiency measurement of 

frequency converters and electric motors i.e. the input-output and the calorimetric method. 

It described the instrumentation required for efficiency measurements and provided 

instructions for calculating the measurement result and the measurement uncertainty 

accompanied by calculation examples. The instructions for calculating uncertainty were 

founded on the principles of Joint Committee for Guides in Metrology and uncertainties 

combined with either the worst case method or the realistic perturbation method.      

 

The second half of the book investigated the effect of individual sources of uncertainty on 

the total measurement uncertainty and compared the uncertainties of input-output and 

calorimetric methods. A literature review was done, mathematical models derived and 

measurements carried out. It was found that the selection of measurement instruments has 

great influence on measurement uncertainty.  

 

In input-output measurements the torque transducer and the power analyzer have most 

influence on the measurement uncertainty. On a general note, it is worthwhile selecting a 

power analyzer with low phase shift uncertainty and a torque transducer with low 

uncertainty resulting from temperature effects on sensitivity and the zero signal as well as 

low uncertainty resulting from influence of parasitic bending moments. In direct air cooled 

calorimeter measurements uncertainties of mass flow meters and temperature sensors have 

great influence on the accuracy of the measurement. If instrument related uncertainties are 

considered to be sourcing from systematic effects e.g. errors in calibration, only electric 

power measurement has influence on balance calorimeter uncertainty sourcing from 

measurement instruments. If such an assumption is not valid, then the temperature 

measurement systems of the calorimeter have greatest influence on the instrument related 

uncertainty. The uncertainties associated with the measurement of pressure and humidity 

when determining air properties are found to have little influence on the measurement 

uncertainties of air cooled calorimeters.  
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The losses of a frequency converter and an induction motor were measured with the input-

output method and a balance calorimeter at 50 and 100 % loads and the associated 

measurement uncertainties were calculated. The experimental results show that the losses 

measured with the input-output and the calorimetric method are convergent at 100 % load 

with all calorimetric values well in-line with the bulk of measured values and the IO results 

deviating at 50 % load. The WC method appears to exaggerate measurement uncertainty 

even at deviating points at least in the scope of these measurement results. With 95 % 

confidence the RPM method underestimates the measurement uncertainty in the deviating 

points. However, within 3 sigma (app. 99.7 %) level of confidence the results could be 

considered converging.  

 

The calculated RPM extended uncertainties of the calorimetric measurement of the motor 

and converter losses are 1.46 % with 95 % level of confidence. The relative RPM extended 

uncertainties in the input-output measurements are at 9.04 % - 12.74 % for the converter 

and 3.78 % and 6.46 % for the motor with smaller uncertainties reached at higher loads due 

to optimized range and phase shift uncertainties. Evidently the calculated uncertainties 

comprising fluctuation (A-type) and direct instrument related uncertainties (B-type) are 

greatly smaller in the calorimetric measurements than in the corresponding input-output 

measurements. This suggests that the calorimetric method is more accurate than the input-

output method with the instruments used in the measurement system at the levels of 

efficiency associated with the measurements i.e. roughly 98 % for the converter and 93 % 

for the induction motor.  

 

Some of the guidelines of JCGM applied in the thesis are open to interpretation and can 

have a great influence on the total uncertainty, such as the choice of distributions or how 

specific uncertainties are treated mathematically. The calorimeter B-type uncertainties 

were calculated by assuming independence between the sources of uncertainty in the main 

and balance tests i.e. that the uncertainties associated with the instruments used in the 

calorimetric measurement system were not purely systematic e.g. due to errors in 

calibration. An uncertainty model based on the complementing assumption was introduced 

in chapter 3. It was demonstrated that should B-type uncertainty be treated as purely 

systematic the total B-type uncertainty in balance calorimeter measurements, would consist 

of only the uncertainty arising from the measurement of electric power. In that case the 
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instrumental uncertainty would be smaller resulting in a smaller total uncertainty in losses 

e.g. 0.50 % for the converter losses at 100 % load with RPM and 95 % level of confidence. 

For such reasons the uncertainty in a measurement result calculated by an analyst depends 

on the views and choices of the analyst.   

 

The results of this thesis could involve some degree of uncertainty resulting from errors in 

either the implementation of the measurements, data processing or calculation of results as 

human factors are involved. However, these factors were not considered. This thesis 

approached measurement uncertainty by estimating the influence of existing instruments 

on the total uncertainty. Further work could be done by taking a different perspective and 

analyzing the effect of design choices of calorimeters to measurement uncertainty. 
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APPENDIX 1.  Efficiency Formulas 

 

As efficiency is defined as the ratio of output power Pout and input power Pin and input 

power is the sum of output power and total losses Ptl efficiency can be expressed as 

 

 𝜂 =
𝑃out

𝑃in
=

𝑃in −𝑃tl

𝑃in
= 1 −

𝑃tl

𝑃in
.           (A1.1) 

 

The input power can be expressed as function of efficiency and output power or losses. By 

solving (A1.1) we receive.  

 

 𝑃in =
𝑃out

 𝜂
=

𝑃tl

1− 𝜂
.            (A1.2) 

 

In similar fashion we can solve the output power and total losses from (A1.1) 

 

 𝑃out =  𝜂𝑃in =
 𝜂

1− 𝜂
𝑃tl            (A1.3) 

 

 𝑃tl = (1 − 𝜂)𝑃in =
1− 𝜂

 𝜂
𝑃out .           (A1.4) 

 

Furthermore, by substituting the first forms of (A1.2) and (A1.3) we can express the losses 

based on the definition 

 

 𝑃tl = 𝑃in − 𝑃out =
𝑃out

 𝜂
− 𝜂𝑃in .          (A1.5) 

 

Based on (A1.5) we can write the worst case uncertainty of losses as 

 

 𝑢(𝑃tl ) =
𝑢 𝑃out  

 𝜂
+ 𝜂𝑢(𝑃in ).           (A1.6) 

 

We get the relative uncertainty of losses by dividing (A1.6) by losses and substituting both 

forms of (A1.4) 

                  (continues) 



 

 

 

 

APPENDIX 1. (continuation) 

 

 
𝑢(𝑃tl )

𝑃tl
=

1

 𝜂

𝑢 𝑃out  

𝑃tl
+ 𝜂

𝑢(𝑃in )

𝑃tl
=

1

1− 𝜂

𝑢 𝑃out  

𝑃out
+

𝜂

1− 𝜂

𝑢(𝑃in )

𝑃in
.       (A1.7)     

 

As efficiency is smaller than one, we can simplify (A1.7) and express it in the form 

 

  
𝑢(𝑃tl )

𝑃tl
<

1

1− 𝜂
 

𝑢 𝑃out  

𝑃tl
+

𝑢(𝑃in )

𝑃in
 .          (A1.8) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

APPENDIX 2. Relationship between Two- and Three-Meter Electric 

Power Measurements 

 

Measurements of three phase power using both two- and three meters are shown in the 

circuit of A1.   

 

Fig. A1. Measurement of electric power using both the two- and three-meter method. In the two-meter 

measurement line-to-line voltages between phases one and two and three and two are measured in addition to 

currents of phase 1 and 2. In the three-meter measurement phase voltages and currents of all three phases are 

measured.    

 

The voltages of the three phases are shifted by 120° i.e. 2π/3 with respect to one another. 

Let us set the voltage of phase 1 at 0° angle and the voltages of phases 2 and 3 at 120° and 

240° (2π/3 and 4π/3) respectively. Thus, the voltage of phase 2 can be expressed with the 

help of voltages of phases 1 and 3 as 

 

 𝑈2 = 𝑈1𝑒j
2π

3 = 𝑈3𝑒−j
2π

3 .           (A2.1) 

 

The total 3-phase apparent power is the sum of the apparent powers given by the two-

meters in two-meter measurement. By definition  

 

 𝑆 = 𝑆12 + 𝑆32 = 𝑈12𝐼1 + 𝑈32𝐼3 =  𝑈1 − 𝑈2 𝐼1 +  𝑈3 − 𝑈2 𝐼3      (A2.2) 

 

By substituting (A2.1) in (A2.2) we receive 

            

                  (continues) 
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𝑆 =  𝑈1 − 𝑈1𝑒j
2π

3  𝐼1 +  𝑈3 − 𝑈3𝑒−j
2π

3  𝐼3 = 𝑈1𝐼1  1 − 𝑒j
2π

3  + 𝑈3𝐼3  1 − 𝑒−j
2π

3  . 

                        (A2.3) 

 

Using Euler’s Identity any complex exponential term along with its variable x can be 

expressed as a sum of a real cosine term and a complex sinusoidal term  

 

 𝑒j𝑥 = cos 𝑥 + j sin 𝑥            (A2.4) 

 

By using the Euler’s Identity (A2.4) eq. (A2.3) can be expressed in the form 

 

𝑆 = 𝑈1𝐼1  1 − cos
2π

3
− j sin

2π

3
 + 𝑈3𝐼3  1 − cos  −

2π

3
 − j sin  −

2π

3
  .     (A2.5) 

 

Substituting the values for cosine and sine in (A2.5) yields 

 

𝑆 = 𝑈1𝐼1  1 +
1

2
−

 3

2
j + 𝑈3𝐼3  1 +

1

2
+

 3

2
j .        (A2.6) 

 

Eq. (A2.6) can be expressed in the phasor form as 

 

𝑆 =  3𝑈1𝐼1𝑒−j
π

6 +  3𝑈3𝐼3𝑒j
π

6 =  3𝑆1𝑒−j
π

6 +  3𝑆3𝑒j
π

6 .          (A2.7) 

 

Since phase voltage and current have a phase shift υ, by referring 𝐼1 and 𝐼3 to the same 

phase angles as 𝑈1 and 𝑈3 respectively (denoted by *), the apparent power of (A2.7) can 

be expressed as 

 

 𝑆 =  3𝑈1𝐼1
∗𝑒j 𝜑−

π

6
 +  3𝑈3𝐼3

∗𝑒j 𝜑+
π

6
 
.         (A2.8) 
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Active power is received as the real component of apparent power. The two terms of 

(A2.8) are treated independently by binding the real axis to the phase angles of 𝑈1and 𝑈3 

in independent coordinate systems, because the readings of the two power meters in two-

meter measurement are also independent.  The total power flowing in a three phase circuit 

can be expressed as 

 

 𝑃 = 𝑅𝑒 𝑆 =  3𝑈1𝐼1 cos  𝜑 −
π

6
 +  3𝑈3𝐼3 cos  𝜑 +

π

6
 ,       (A2.9) 

 

which simplifies to 

 

 𝑃 =  3𝑆1 cos  𝜑 −
π

6
 +  3𝑆3 cos  𝜑 +

π

6
        (A2.10) 

 

or  

 

 𝑃 =  3𝑆1 cos 𝜑 − 30° +  3𝑆3 cos 𝜑 + 30° ,      (A2.11) 

 

when the phase shift angles are represented in electrical degrees. The total 3-phase power 

factor is received by substituting (A2.11) in the definition of power factor  

 

 cos 𝜑 =
𝑃

𝑆
=

 3𝑆1 cos  𝜑−30° 

3𝑆1
+

 3𝑆3 cos  𝜑+30° 

3𝑆3
=

1

 3
 cos 𝜑 − 30° + cos 𝜑 + 30°  , 

            (A2.12) 

where 

 

 𝑆 = 3𝑆1 = 3𝑆3.           (A2.13) 

 

 

 

 



 

 

 

 

APPENDIX 3. Specific Heat Capacity of Moist Air 

 

Heat capacity of air depends on the properties of air i.e. humidity, pressure and 

temperature. The average heat capacity, which is an average of the input and output heat 

capacities, is utilized to account for the variation of temperature in the calorimeter. As the 

air temperature varies between the minimum and maximum temperatures i.e. the inlet and 

outlet temperatures the average heat capacity can be calculated as an average of the outlet 

and inlet air specific heat capacities  

 

𝑐p =
(𝑐pout +𝑐pin )

2
.                                   (A3.1) 

 

Kosonen et al. (2014) give the equation (A3.2) to calculate the specific heat capacity of air, 

which  in thermodynamic sense consists of dry air and water vapor  

 

𝑐p = 𝑐pa  1 − 𝑥 + 𝑐pv 𝑥,                      (A3.2) 

 

where cpa is the specific heat capacity of dry air, cpv that of water vapor and x is the 

humidity ratio. The humidity ratio in turn depends on the partial densities of air i.e. the 

partial density of water vapor ρv and partial density of dry air ρa 

 

 𝑥 =
𝜌v

𝜌a
.             (A3.3) 

 

Kosonen et al. give the following relations for the partial density of air and partial density 

of water vapor respectively 

 

 𝜌a =
𝑝a

𝑅a 𝑇
             (A3.4) 

 

 𝜌v =
𝑝v

𝑅v 𝑇
,             (A3.5) 

 

                  (continues) 



 

 

 

 

APPENDIX 3. (continuation) 

 

which relate the partial densities to their respective partial pressures, pa and pv, and the 

prevalent temperature T.  

 

The gas constants of dry air Ra and water vapor Rv have values of 287.0 J/(kg∙K) and 461.5 

J/(kg∙K) respectively. Humidity ratio can be expressed using partial pressures by 

combining equations (A3.3) – (A3.5) 

 

 𝑥 =
𝑝v 𝑅a

𝑝a 𝑅v
.             (A3.6) 

 

Partial pressure of dry air can be calculated with the following relation as pressure of air p 

is a sum of the partial pressures of its components: dry air and water vapor  

 

𝑝a = 𝑝 − 𝑝v .                   (A3.7) 

 

By substituting (A3.6) and (A3.7) to equation (A3.2) we receive an equation for specific 

heat capacity of moist air 

 

𝑐p = 𝑐pa  1 −
𝑝v

𝑝−𝑝v

𝑅a

𝑅v
 + 𝑐pv

𝑝v

𝑝−𝑝v

𝑅a

𝑅v
                  (A3.8) 

 

As relative humidity ϕ is defined as a ratio of vapor partial pressure to the saturation 

pressure of vapor pspv, the partial pressure of vapor can be expressed as a product of 

relative humidity and saturation pressure of water vapor 

 

 𝑝v    =  𝜙𝑝spv .             (A3.9)  

 

Finally, if we substitute (A3.9) to (A3.8), we receive an equation for the moist specific heat 

capacity of air, which expresses the specific heat as a function of measurable quantities: 

humidity, pressure and temperature 

                  (continues) 
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  𝑐p = 𝑐pa (𝑇)  1 −
𝜙𝑝spv  𝑇 

𝑝−𝜙𝑝spv  𝑇 

𝑅a

𝑅v
 + 𝑐pv (𝑇)

𝜙𝑝spv (𝑇)

𝑝−𝜙𝑝spv (𝑇)

𝑅a

𝑅v
.     (A3.10) 

 

In eq. (A3.10) the specific heat capacities of dry air, water vapor and saturation vapor 

pressure are obtained by means of polynomial fits to existing measurement data. As the 

specific heat capacities and SPV vary with temperature the polynomials can be considered 

functions of temperature.  

 

The coefficients used in the determination of specific heat capacity in this thesis work are 

listed in table A1. The coefficients are listed in the order of ascending powers. The 

temperature input of the polynomials is in Celsius.  

 

     Table A1.  Coefficients of specific heat polynomials 

Order Vapor Dry air 

C0 1.859143350547994 1.004004576020365 

C1 0.000214904472768 0.000022385892564 

C2 0.000001071732376 0.000000578770016 

C3 -0.000000000902967 -0.000000002060605 

C4  0.000000000007900 

C5  -0.000000000000011 

 

The coefficients of table A1 for water vapor and dry air are received by fitting third and 

fifth order polynomials in least squares sense to the data of table A2 respectively.  

 

 

 

 

                                

                 (continues) 
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   Table A2. Polynomial data (Engineering Toolbox) 

Temperature [K] 

Specific heat 

capacity of vapor 

[kJ/(kg °C)] 

Temperature [°C] 

Specific heat 

capacity of dry 

air [kJ/(kg °C)] 

175 1.850 -150 1.026 

200 1.851 -100 1.009 

225 1.852 -50 1.005 

250 1.855 0 1.005 

275 1.859 20 1.005 

300 1.864 40 1.005 

325 1.871 60 1.009 

350 1.880 80 1.009 

375 1.890 100 1.009 

400 1.901 120 1.013 

450 1.926 140 1.013 

500 1.954 160 1.017 

550 1.984 180 1.022 

600 2.015 200 1.026 

650 2.047 250 1.034 

700 2.080 300 1.047 

800 2.113 350 1.055 

850 2.182 400 1.068 

 

The polynomials of table A1 are drawn as function of temperature along with the 

corresponding data in table A2 and shown in figure A1. 
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Fig. A1.  Polynomial fits of water vapor and dry air. The polynomial of picture a) is of third grade and b) of 

fifth.  
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APPENDIX 4. Uncertainty of a Direct Air Cooled Calorimeter 

 

Specific Heat Capacity 

 

The influence of the change of average specific heat capacity on the measured losses can 

be received by calculating the derivative of (2.26), which is 

 

  
𝜕𝑃tl

𝜕𝑐p   
= 𝑞m∆𝑇                        (A4.1)

        

By solving the product of mass flow and temperature rise from (2.26) and substituting it in 

(A4.1) we receive 

 

 
𝜕𝑃tl

𝜕𝑐p   
=

𝑃tl −𝑄leak

𝑐p   
<

𝑃tl

𝑐p   
.             (A4.2) 

 

The uncertainty contribution of average specific heat capacity to the total losses can be 

received with (1.7). The corresponding relative uncertainty is 

 

 
𝑢(𝑃tl )

𝑃tl
=

𝑢(𝑐p   )

𝑐p   
,                                                                                                      (A4.3) 

 

which suggests that the uncertainty of specific heat capacity influences the measured losses 

directly.  

 

Mass Flow Rate 

 

The partial derivative of power losses with respect to mass flow rate rise is received by 

differentiating (2.26). The partial derivative is 

 

 
𝜕𝑃tl

𝜕𝑞m
= 𝑐p 𝛥𝑇                        (A4.4)  

 

By solving the product of average specific heat capacity and temperature rise from (2.26) 

and substituting it in (A4.4) we receive 

                  (continues) 
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𝜕𝑃tl

𝜕𝑞m
=

𝑃tl −𝑄leak

𝑞m
<

𝑃tl

𝑞m
.            (A4.5) 

 

The uncertainty contribution of mass flow rate to the total losses can be received with 

(1.7). The corresponding relative uncertainty is 

 

  
𝑢(𝑃tl )

𝑃tl
=

𝑢(𝑞m )

𝑞m
             (A4.6) 

 

which suggests that the uncertainty of mass flow influences the measured losses directly in 

direct air cooled calorimeters. 

 

Temperature Rise 

 

The partial derivative of power losses with respect to temperature rise is received by 

differentiating (2.26). The partial derivative is 

 

 
𝜕𝑃tl

𝜕𝛥𝑇
= 𝑐p 𝑞m                         (A4.7)  

 

By solving the product of average specific heat capacity and mass flow from (2.26) and 

substituting it in (A4.7) we receive 

 

 
𝜕𝑃tl

𝜕𝛥𝑇
=

𝑃tl −𝑄leak

𝛥𝑇
<

𝑃tl

𝛥𝑇
.            (A4.8) 

 

The uncertainty contribution of average specific heat capacity to the total losses can be 

received with (1.7). The corresponding relative uncertainty is 

 

  
𝑢(𝑃tl )

𝑃tl
=

𝑢(𝛥𝑇)

𝛥𝑇
,            (A4.9) 

 

which suggests that the uncertainty of temperature rise influences the measured losses 

directly in direct air cooled calorimeters.             (continues) 



 

 

 

 

APPENDIX 4. (continuation) 

 

Heat Transfer Coefficient of Calorimeter Walls 

 

The partial derivative of power losses with respect to the heat transfer coefficient of the 

calorimeter walls is received by differentiating (2.26). The partial derivative is 

  

 
𝜕𝑃tl

𝜕𝑈wall
= 𝑆wall ∆𝑇wall           (A4.10) 

                        

By solving the product of calorimeter surface area and temperature gradient from (2.26) 

and substituting it in (A4.10) we receive 

  

 
𝜕𝑃tl

𝜕𝑈wall
=

𝑃tl −𝑐p   𝑞m 𝛥𝑇

𝑈wall
=

𝑄wall

𝑈wall
.        (A4.11) 

            

The uncertainty contribution of heat transfer coefficient to the total losses can be received 

with (1.7). The corresponding relative uncertainty is 

   

 
𝑢(𝑃tl )

𝑃tl
=

𝑄wal l

𝑃tl

𝑢(𝑈wall )

𝑈wall
,         (A4.12) 

             

which suggests that the uncertainty of heat transfer coefficient influences the measured 

losses directly in direct air cooled calorimeters. 

 

Temperature Gradient 

 

The partial derivative of power losses with respect to the heat transfer coefficient of the 

calorimeter walls is received by differentiating (2.26). The partial derivative is 

  

 
𝜕𝑃tl

𝜕𝛥𝑇wall
= 𝑈wall 𝑆wall           (A4.13) 

                        

By solving the product of calorimeter surface area and heat transfer coefficient from (2.26) 

and substituting it in (A4.13) we receive 

  

 
𝜕𝑃tl

𝜕𝛥𝑇wall
=

𝑃tl −𝑐p   𝑞m 𝛥𝑇

𝛥𝑇wall
=

𝑄wall

𝛥𝑇wall
.        (A4.14) 
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The uncertainty contribution of temperature gradient to the total losses can be received 

with (1.7). The corresponding relative uncertainty is 

   

 
𝑢(𝑃tl )

𝑃tl
=

𝑄wall

𝑃tl

𝑢(Δ𝑇wall )

Δ𝑇wall
,         (A4.15) 

             

which suggests that the uncertainty of temperature gradient influences the measured losses 

directly. 

 

Total Uncertainty 

 

By summing up the individual uncertainty contributions presented above, according to the 

Worst Case methodology (1.12), we receive a WC estimate for the total uncertainty     

 

  
𝑢(𝑃tl )

𝑃tl
 =  

𝑢(𝑐p   )

𝑐p   
 +  

𝑢(𝑞m )

𝑞m
 +  

𝑢(∆𝑇)

∆𝑇
 +

𝐻leak

𝑃tl
  

𝑢 𝑈wall  

𝑈wall
 +  

𝑢 ∆𝑇wall  

∆𝑇wall
  .  (A4.16) 

 

By summing up the individual uncertainty contributions presented above, according to the 

RPM methodology (1.11), we receive an RPM estimate for the total uncertainty     

 

 
𝑢(𝑃tl )

𝑃tl
 =   

𝑢(𝑐p   )

𝑐p   
 

2

+  
𝑢(𝑞m )

𝑞m
 

2

+  
𝑢(∆𝑇)

∆𝑇
 

2

+  
𝐻leak

𝑃tl
 

2

  
𝑢 𝑈wall  

𝑈wall
 

2

+  
𝑢 ∆𝑇wall  

∆𝑇wall
 

2

 .(A4.17) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

APPENDIX 5. Uncertainty of a Balance Calorimeter 

 

The uncertainty model, which is derived in this appendix, is based on the heater power 

correction model of eq. (2.33) and (2.34). The uncertainty model is founded on the 

assumption that instrument related uncertainty (B-type) behaves systematically. This 

suggests that uncertainty is not randomly distributing, but for offset by nature e.g. due to 

errors in calibration. This assumption is supported by the facts that the same instruments 

are used for the measurements both during the main and balance tests and the measurement 

conditions are close to identical. The uncertainty estimate given by this model comprises 

uncertainties sourcing from: the correction coefficient, heat transfer coefficient, 

temperature gradient and electric power measurement.     

 

Correction Coefficient 

 

The partial derivative of the correction coefficient is received by differentiating (2.33) and 

given by 

 

 
𝜕𝑃tl

𝜕𝐶
= 𝑃e,bal − 𝑄wall ,bal .           (A5.1) 

 

The corresponding uncertainty contribution is received with the method (1.7). The 

uncertainty contribution is of the scale 

 

 
𝑢(𝑃)

𝑃tl
=

𝜕𝑃 tl
𝜕𝐶

𝑃tl
𝑢(𝐶) =

𝑃e ,bal −𝑄wall ,bal

𝑃tl
𝑢(𝐶) ≈ 𝑢(𝐶).          (A5.2) 

 

The uncertainty in the correction coefficient comes from temperature rise 𝑢 𝐶 ΔT  and the 

average specific heat capacity of air 𝑢(𝐶)cp    . The worst case uncertainty number can be 

expressed with 

 

 𝑢 𝐶 =  𝑢 𝐶 ΔT +  𝑢 𝐶 𝑐p    .         (A5.3) 

 

Based on the method (1.8) the uncertainty contribution of temperature rise to the correction 

coefficient is given by                 (continues) 
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 𝑢(𝐶)ΔT =
1

2
 

cp ,main           

cp ,bal        

∆𝑇main+ 𝑢(∆𝑇)

∆𝑇bal+ 𝑢(∆𝑇)
−

cp ,main           

cp ,bal        

∆𝑇main− 𝑢(∆𝑇)

∆𝑇bal− 𝑢(∆𝑇)
 .        (A5.4) 

 

The terms of the expression can be combined and written as 

 

 𝑢(𝐶)ΔT =
1

2

cp ,main           

cp ,bal        
 

 ∆𝑇main+ 𝑢(∆𝑇)  ∆𝑇bal− 𝑢(∆𝑇) − ∆𝑇main− 𝑢(∆𝑇)  ∆𝑇bal+ 𝑢(∆𝑇) 

 ∆𝑇bal+ 𝑢(∆𝑇)  ∆𝑇bal− 𝑢(∆𝑇) 
 ,     (A5.5) 

 

which reduces to  

 

 𝑢(𝐶)ΔT =
cp ,main           

cp ,bal        

∆𝑇bal𝑢(∆𝑇)−∆𝑇main𝑢(∆𝑇)

 ∆𝑇bal+ 𝑢(∆𝑇)  ∆𝑇bal− 𝑢(∆𝑇) 
         (A5.6) 

 

after multiplication and subtraction of terms. Eq. (A5.6) can be further reduced to the form 

 

 𝑢(𝐶)ΔT =
cp ,main           

cp ,bal        

 ∆𝑇bal−∆𝑇main 𝑢(∆𝑇)

∆𝑇bal
2− 𝑢(∆𝑇)

2 .          (A5.7) 

 

As ΔTbal >> u(ΔT) in precision calorimetry and the variation of air properties between main 

and balance test is of small scale < 5 % eq. (A5.7) simplifies to 

 

 𝑢(𝐶)ΔT =
∆𝑇bal−∆𝑇main

∆𝑇bal

𝑢(∆𝑇)

∆𝑇bal
.           (A5.8) 

 

The uncertainty contribution of average specific heat capacity is received precisely in the 

same manner as the uncertainty contribution of temperature rise i.e. by substituting 

temperature rise with specific heat capacity in the formulas. The uncertainty contribution 

of average specific heat capacity is 

 

 𝑢(𝐶)cp    =
cp ,bal        −cp ,main           

cp ,bal        

𝑢(cp ,bal        )

cp ,bal        
           (A5.9) 

 

According to (A5.2) and (A5.3) the total uncertainty of the correction coefficient is 

                   

                             (continues) 
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𝑢 𝑃tl  C

𝑃tl
=  

∆𝑇bal −∆𝑇main

∆𝑇bal

𝑢(∆𝑇)

∆𝑇bal
 +  

cp ,bal        −cp ,main           

cp ,bal        

𝑢(cp ,bal        )

cp ,bal        
  .       (A5.10) 

 

It is evident in (A5.8) and (A5.9) that the first term represents the relative difference 

between the balance and main tests. The second represents the relative uncertainty of the 

measuring instrument, which is the same for the direct air cooled calorimeter.  

 

Heat Transfer Coefficient  

 

The derivative of the heat transfer coefficient of the calorimeter chamber is received by 

differentiating (2.33). The derivative of the heat transfer coefficient is 

  

 
𝜕𝑃tl

𝜕𝑈wall
= 𝑆wall ∆𝑇wall ,main − 𝐶𝑆wall ∆𝑇wall ,bal        (A5.11) 

 

The relative loss uncertainty is received by applying the method (1.7) and substituting 

(A5.11) in the resulting equation 

 

 
𝑢 𝑃tl  U wall

𝑃tl
=

𝜕𝑃 tl
𝜕𝑈wall

𝑢(𝑈wall )

𝑃tl
=

𝑆wall (∆𝑇wall ,main −𝐶∆𝑇wall ,bal )𝑢(𝑈wall )

𝑃tl
.    (A5.12) 

 

The equation (A5.12) can be expressed in the form 

 

 
𝑢 𝑃tl  U wall

𝑃tl
=

∆𝑇wall ,main −𝐶∆𝑇wall ,bal

∆𝑇wall ,main

𝑈wall 𝑆wall ∆𝑇wall ,main

𝑃tl

𝑢(𝑈wall )

𝑈wall
,    (A5.13) 

 

by factoring with ΔTwall,main/ΔTwall,main∙Uwall/Uwall and regrouping the terms or in a shortened 

form as 

 

  
𝑢 𝑃tl  U wall

𝑃tl
=

∆𝑇wall ,main −𝐶∆𝑇wall ,bal

∆𝑇wall ,main

𝑄wall ,main

𝑃tl

𝑢(𝑈wall )

𝑈wall
.     (A5.14) 

                  

                   (continues) 
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Temperature Gradient 

 

The temperature gradient can be expressed by applying (1.8) as 

 

 𝑢(𝑃tl )∆Twall
=

1

2
𝑈wall 𝑆wall  ∆𝑇wall ,main + 𝑢 ∆𝑇wall  − 𝐶  ∆𝑇wall ,bal +

𝑢∆𝑇wall−∆𝑇wall,main−𝑢∆𝑇wall−𝐶∆𝑇wall,bal−𝑢∆𝑇wall,    (A5.15) 

 

which reduces to the form 

 

 𝑢(𝑃tl )∆Twall
=  1 − 𝐶 𝑈wall 𝑆wall 𝑢 ∆𝑇wall  .       (A5.16) 

 

The relative uncertainty of temperature gradient can be expressed in the form 

 

 
𝑢(𝑃tl )∆Twall

𝑃tl
=  1 − 𝐶 

𝑈wall 𝑆wall ∆𝑇wall ,bal

𝑃tl

𝑢 ∆𝑇wall  

∆𝑇wall ,bal
      (A5.17) 

 

by factoring (A5.16) with ΔTwall,bal/ΔTwall,bal and reorganizing the terms. Finally (A5.17) 

reduces to  

 

 
𝑢(𝑃tl )∆Twall

𝑃tl
=  1 − 𝐶 

𝑄wall ,bal

𝑃tl

𝑢 ∆𝑇wall  

∆𝑇wall ,bal
.       (A5.18) 

 

 

 

 

 

 

 

 

 


