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Abstract

Recently, uncertainty measurement is more and more recognizable in modern data management,
conformity assessment, and laboratory accreditation system because of its importance. In this
paper, a set of reasonable probability explanations are introduced and an effective method is pro-
posed to quantify the assessment indices for the uncertainty measurement of electrical testing la-
boratory. First of all, the influence from uncertainty factors during the test process is taken into
account. With the use of ISO/IEC Guide 98-3 standard and probability theory, the index and model
for the measurement uncertainty assessment of a laboratory is then derived. From the simulation
results of safety testing, laboratory uncertainty measurement assessment activity for actual elec-
trical appliances, and the confirmation of Monte Carlo simulation method, the appropriateness
and correctness of proposed method are verified.
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1. Introduction

Because of global free trade, increasingly competitive markets, and rising consumer awareness, whether elec-
trical test reports that are provided to numerous consumers by commercial electrical testing laboratories (per-
forming electrical testing for high-voltage equipment, electromagnetic compatibility, and energy efficiency) are
accurate and valid, satisfy market requirements, comply with laws and regulations, and are accepted by users are
issues that have received extensive national and international attention. Testing is an activity during which an
item or multiple items are measured by using specialized measurement equipment in the controlled environment
of a laboratory; furthermore, testing is conducted by using qualitative and quantitative analyses to obtain a quan-
tity of information about the characteristics of a research target [1]-[4].

Some evidence has shown that repeatedly measuring an identical quantity frequently yields inconsistent re-
sults. A difference between a measured value and its true value can result from incomplete measurement equip-
ment, an unideal environment, and the limited ability of staff or methods. To adequately measure, accurately
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process measurement data, fully understand measurement-related issues, and avoid difficulties caused by using
measurement results to determine whether products conform to requirements, the international community use
uncertainty to explain the quality of measurement results. Small uncertainty indicates high quality, accuracy, and
use value of measurement results; large uncertainty indicates low quality, accuracy, and use value of measure-
ment results [5] [6]. According to the accreditation requirements for commercial testing laboratories in Taiwan
and abroad, a commercial testing laboratory should develop procedures to measure and evaluate uncertainty to
estimate the uncertainty of final test results and to avoid mistaking the reported results of uncertainty. Therefore,
studies related to the evaluation, expression, and improvement of uncertainty in measurement are extremely cru-
cial.

2. Basic Concepts and Issues
2.1. Testing Laboratory

Testing laboratories are required to undertake two main tasks. The first task is to coordinate and optimize the
organizational framework, staff responsibilities, resource utilization, operation procedures, quality activities, and
various types of information to form an organic measurement service system that is compatible with its service
types, operation range, and workload. The second task is to ensure that reports on product testing (i.e. docu-
ments about test results or other related information) can satisfy customer requirements (e.g., the requirements
of government departments, accreditation organizations) and enhance customers’ confidence in product quality.

2.2. Measurement

This study used a mathematical function Y; (i.e., Equation (1)) to describe the information (i.e., measurement
results) pertaining to a quantity that corresponds to a property of a measured object. The measurement results
are typically represented by a single value and measurement errors, which are comparable, compatible, and tra-
ceable.

Y, =T, +é¢+a,+B +y +e 1)

where Y, denotes the obtained value for the i" measurement, T, denotes the true value for the i"" measurement,
¢ denotes the bias of the measuring instrument, ¢; denotes the influence of the measured object itself on the
i" measurement, B; denotes the influence of the measuring site on the i" measurement, % denotes the influ-
ence of staff’s knowledge on the i'" measurement, and & denotes the random errors of the measuring instru-
ment. To conveniently interpret, analyze, and ameliorate problems, the study used (2) to interpret (1):

Y =f(xw), (2

where X = [Xl,xz,---,XN] denotes parameters of uncertainty sources that influence the accuracy of measure-
ment results (e.g., staff’s knowledge, measuring instrument, measurement procedure, and sample treatment) and
w denotes decision-making parameters, such as prevention or correction measures.

2.3. Measurement Uncertainty

Numerous studies have shown that measurement errors are inevitable and universal. Typically, errors are ana-
lyzed according to hypotheses. Because no one knows the true values, errors cannot be actually calculated and
the term uncertainty is more appropriate than is the term error [7].

The meaning of studying uncertainty is as follows. First, using uncertainty rather than errors to represent
measurement results can be easily understood and uncertainty can be easily estimated. Second, stipulating the
format of the expression of measurement results can help users understand and accept measurement results.

2.4.1SO/IEC Guide 98-3

ISO/IEC Guide 98-3 is a crucial guide used worldwide to estimate and express uncertainty. Regarding the ac-
creditation system for laboratories and inspection agencies, the Taiwan Accreditation Foundation-Chinese Na-
tional Laboratory Accreditation-R06 (TAF-CNLA-R06) was formulated to request that testing laboratories and
inspection agencies under accreditation evaluation refer to ISO/IEC Guide 98-3 for the evaluation and expres-
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sion of uncertainty in measurement [1]. The evaluation method adopted by ISO/IEC Guide 98-3 is shown in a
cause and effect diagram in which factors influencing measurement results are quantified and then summed up
to obtain the measurement uncertainty [8].

2.5. The Influence of Measurement Uncertainty

The conventional principle for conformity determination is that a measurement value Y is compared with a
product specification limit value (or specification limit value) Y, to determine whether test results conform to
requirements. However, the measurement value possesses a dispersion characteristic, and therefore the afore-
mentioned conformity determination method cannot be used to determine conformity and a misjudgment can
occur, as shown in Figure 1. In Figure 1, Conditions 1 and 4 do not require a consideration of influence from
measurement uncertainty; however, for Conditions 2 and 3, whether measurement results conform to require-
ments may not be verifiable.

Assume that the allowable error range is +T/2. According to the conventional principle for conformity de-
termination, if a measurement value Y falls in the allowable range Y,,-T/2<Y <Y, +T/2, then whether
the measurement results conform to requirements can be determined. Similarly, the dispersion of the measure-
ment value results in a problem related to the margin of conformity with requirements, as shown in Figure 2. In
Figure 2, for Conditions 2 and 6, the probability of a qualified product is higher than is the probability of an
unqualified product, and therefore the conclusion that the product is qualified can be drawn; however, a mis-
judgment can occur, thereby resulting in mistakenly rejecting a qualified product. For Conditions 3 and 7, the
probability of an unqualified product is higher than the probability of a qualified product, and therefore the con-
clusion that the product is unqualified can be drawn; however, a misjudgment can occur, thereby resulting in
mistakenly accepting an unqualified product.

According to Figure 4 and Figure 5, determining whether measurement results conform to requirements must
consider measurement uncertainty to avoid mistakenly rejecting qualified products or accepting unqualified
products, violating regulations, causing trade disputes and unsafe consumption and usage, and affecting national
and corporate economic interests because of substantial measurement uncertainty or inadequate conformity de-
termination methods. This is the meaning of the evaluation, expression, and improvement of uncertainty in
measurement.

Measurement value Y
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Figure 1. Conformity relationship between measurement uncertainty
and measurement results.
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Figure 2. The relationship between the dispersion of measurement re-
sults and conformity determination.
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3. Probabilistic Approach of the Measurement Uncertainty Evaluation

The accuracy and reliability of measurement results obtained from testing operations in a laboratory are deter-
mined by numerous factors; thus, the adequacy of measurement processes and the accuracy and reliability of
measurement results must be represented by uncertainty, which serves as a basis for tracing and controlling
measurement processes to ensure that measurement results conform to requirements. Based on this, this study
proposed a method for the evaluation, expression, and improvement of uncertainty in electrical measurement.
The method is elaborated as follows [9]-[12].

3.1. Describing and Calculating the Measurement Quantification

Assume that for a testing operation, the measurement result Y refers to a function Y = f (x;,%,,--, X, ) con-
taining N other measured amounts x, and that its probability density function is f, (x). The function Y = f(x),
where x is uncertainty parameter, can be expanded by using statistical linear approximation based on the ex-
pected value of x (i.e. ), as expressed by (3).

2

N d 1 N N d
y= f('uxl"uxz"“”uxn)_{—;(xi _’uxi)d_){-l-EZl:Z(Xi _/JX,)(XJ' _quj)dx-df(- t-- (3)
i= i i= i0X;

Il
—

By removing all items after the linear term in (3), the approximate values of the expected value E(y) and
the variance Var(y) of y=f(X,X,,--,Xy) can be obtained as follows:

E(y)z f(/uxluuxzy"'n,uxn) (4)
and
2
N of (E of of
Var(y)= ) Var(x )| — 2 Cov(x,X: )| — — 5
(y) E (XI) o - + ;j;l V(X, XJ) OX; _— an . 5)
] i = Hyg Xj= X

where x; and x; (within [xl,xz,---,xN]) denote the parameters of measurement uncertainty sources,
Cov(x,x;) denotes the covariance of x; and x;, equaling the product of standard deviation a(xi)=1/Var(xi),
standard deviation o X; )=y Var(x;), and correlation coefficient p(Xi,X<). If x; and x; are independent of

each other (i.e., p(xi e ) =0), then (6) can be used to calculate the uncertainty of measurement result Y.

2

Var(y)ziZNl:Var(xi) g_f

(6)

X =My

3.2. Describing and Calculating the Dispersion of Measurement Results

Equations (5) and (6) can be widely applied to express the uncertainty of measurement results. Measurement
results are expressed using the formula Y =y+u_ (the probability of the true value of a measured event is only
68%). For commercial, industry, environmental, safety, and hygienic applications, measuring the dispersion of
measurement results is often required to estimate the rational range of measurement results and to evaluate
whether uncertainty influences conformity determination (i.e., whether uncertainty exceeds specification limits).
The dispersion of measurement results is called measurement uncertainty.

In this study, to easily interpret, analyze, and improve the dispersion and range of measurement results, the
measurement results function Y = f(x,,X,,--,X ) is converted into a confidence interval that corresponds to a
probability level «, to evaluate the dispersion of measurement results, as shown in Figure 3. Accordingly,
considering uncertainty (or dispersion), measurement results Y can be expressed as follows:

Y =E(y)t¢ " (a,)yVar(y) (7

where E(y) and Var(y) denote the estimated mean and standard deviation of f (X, X, %y), ¢ (e)
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Figure 3. The confidence interval of measurement results.

denotes the value of the inverse normal cumulative probability function of a probability level «, (according to
the table, ¢*(95%)=1.96),and ¢ (e )y Var(y) isthe estimated value of measurement uncertainty.

3.3. The Expression of Test Results That Consider Measurement Uncertainty

Two methods for expressing test results are numerical and nonnumerical methods. Regarding the numerical
method, when technical standards or customers require using a numerical method or uncertainty affects confor-
mity determination, the expression of test results must consider measurement uncertainty to ensure the validity
and accuracy of test results, as expressed by (8).

1 _ 4.
Uggo, = (]2.45 i3Q.5)V
Theend  Measurement measurement
result =  value (Average value) £ yncertainty

1.Symbol 2.Numerical value of measured quantity 3.Uncertainty(Confidence
interval 95%) 4.Unit (8)

Regarding the nonnumerical method (e.g., passing or failing a test), if a testing method has clearly defined
technical standards, customer requirements, and operation regulations, then it can be assumed that the testing
method has considered measurement uncertainty and therefore estimating uncertainty is not required (i.e., a spe-
cial case of risk sharing). The difference between the method and other methods and the degree to which the va-
lidity of the measurement results is affected must be evaluated and reported.

3.4. Amelioration of the Measurement Uncertainty Problem

As shown in Figure 4, regarding the measurement results (Y) for a designated test item in a laboratory, a
large measurement uncertainty U may lead to a misjudgment about whether products conform to requirements,
thereby resulting in mistakenly rejecting or accepting products. To ameliorate the problem related to measure-
ment uncertainty, a laboratory must take preventive and corrective measures to reduce the influence of mea-
surement uncertainty U and ensure that measurement uncertainty falls within an acceptable range Y, (i.e.,
U <U™). U" denotes the optimal value of measurement uncertainty, as expressed by (9).

U =g yVar(y) (9)
where
2
N * N-1 N * *
Var(y) = Var(x) a + 2> > Cov(x,x;) a a (10)
i=1 OX; X i=1 j=i+l i s OX; __#
(] 177 Xj= Xj

In (10), f*=f (x,w), where X = [Xl,xz,---,xN ] denotes the uncertainty source parameters of measurement
results and w= [Wl,Wz,---,WN] denotes the decision-making parameters for preventive and corrective measures.
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Figure 4. Amelioration of the influence of uncertainty in measurement results.

Such measures include establishing and implementing an adequate equipment management system, ensuring the
measurement traceability and accuracy of measurement equipment, maintaining the quality of measurement en-
vironments, and enhancing professional skills and knowledge among people who conduct measurements.

This study used the measurement traceability of instruments and equipment as an example to explain preven-
tive and corrective measures. Measurement traceability means that because a reading obtained from a measuring
instrument contains measurement errors and uncertainty (e), in one or multiple stages, standard devices or
samples are used to calibrate measurement equipment and identify the relationship between a reading and true
value and then a physical method is used to adjust and correct the measurement equipment (k denotes the cor-
rection procedure). Thus, the reading obtained from the measurement equipment can be compared with national
or international standard values. Through such a sequence of comparisons, the measurement results x, are

’

converted into the standard value x; based on the International System of Units (SI).

3.5. Enunciating the Method Implementation

The steps for implementing the method proposed in this study for the evaluation, expression, and improvement
of uncertainty in electrical measurement are elaborated as follows:

Step 1 Determine the measurement result equation (i.e., y=f (xl, Xy ooy Xy ));

Step 2 Determine the uncertainty source parameters (i.e., X, X,,---, Xy ) that influence measurement results y.
Uncertainty sources include staff, measuring instruments, environmental conditions, operation methods, and
sample treatment;

Step 3 Identify the descriptive parameters of a probability distribution, that is the expected value and standard
deviation, of uncertainty source parameters (i.e., X, X,,---,Xy ) according to sampling theory and probability
distribution;

Step 4 Use the expected value and standard deviation obtained in Step 3 and combine them with (5) and (6) to
calculate the probability parameters of the expected value E(y) and variance Var(y) of y=f (X, %, Xy);

Step 5 Substitute the expected value and variance obtained in Step 4 into (7) to calculate the measurement re-
sults with a probability level « ;

Step 6 After evaluating the measurement results and expressing the related uncertainty according to (8),
present the results in a test report. Stop and conclude the procedure.

Step 7 If a misjudgment about whether products conform to requirements occurs because of substantial mea-
surement uncertainty, then propose preventive and corrective measures testing staff, measurement equipment,
environmental conditions, and measurement methods according to (9). Then return to Step 1.

4. Application Case

This study used the actual operations performed by a commercial laboratory for electrical appliances safety
testing as an example to explain the feasibility of the method for the evaluation, expression, and improvement of
uncertainty in measurement [13]. The test sample is electric instant water heater, the main specification is AC
220 V 60 Hz 8.8 kW. The power consumption of the test sample was measured. The measurement method im-
plemented is based on Section 10.1 in the Chinese National Standards IEC 60335-1 and IEC 60335-2-59.
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4.1. Calculating the Uncertainty of Measurement Results

Assume that the measurement results for the power consumption of the electric instant water heater can be ex-
pressed by the equation P =EICosé and identify the uncertainty sources that influence the measurement re-
sults. Table 1 shows the statistics for the standard deviation or variance of each quantified uncertainty source.
The correlation coefficient Cov(x;,x; ) is 0.5. According to the specification limits for the power consumption
of the product based on IEC 60335-1 and IEC 60335-2-59, the allowable difference between the power con-
sumption of the product and the labeled rated power consumption cannot exceed the range of —10% to +5%.

According to the calculation results obtained from applying (5) to (7), the measurement value for the power
consumption of the electric instant water heater is 8998 W and the measurement uncertainty with a 95% confi-
dence interval is 1942 W. According to (8), the measurement results can be expressed as P, =8998+1942 W .
Subsequently, whether the measurement results for power consumption met the standards stipulated in IEC
60335-1 and IEC 60335-2-59 and were within the allowable range of —10% to +5% was determined. According
to the conventional principle for conformity determination, the measurement value for power consumption fell
within the allowable range (i.e., 7920 W <8998 W <9680 W ) and therefore the test results conformed to re-
quirements. However, considering the dispersion of measurement results, the measurement results for power
consumption exceed the upper limit of specifications and therefore a misjudgment may occur, as shown in Fig-
ure 5. Accordingly, qualified products may be mistakenly rejected, thereby resulting in demand for legal regula-
tion and trade disputes.

4.2. Reducing the Influence of Measurement Uncertainty

If it cannot be determined whether the aforementioned power consumption measurement value conforms to the
requirements within a particular confidence interval, the concepts and methods provided in Section 3.5 in this
paper can be used to identify factors that significantly influence the dispersion of the measurement value and
therefore related measures can be taken to improve or eliminate the factors (Figure 6), to reduce the influence of
measurement uncertainty, and to enhance the quality of measurement processes and results.

4.3. Comparing and Verifying the Proposed Method

Finally, this study used the Monte Carlo simulation to simulate and verify the proposed method for the evaluation,

Table 1. Variability in the sample testing process (c%).

Source of variation in testing process Probability distribution u(x) o(x)
Power supply x; Normal 220 2.8
Load current x, Normal 40.9 14
Repeatability of voltage regulator x; Rectangular 43
Repeatability of voltage regulator x4 Rectangular 6.7
Reliability of test staff xs Normal 5.8
Traceability of power meter calibration x; 3.8
Measurement valueY
A
Out of
10940  —/— } Specification
8998 | T
{ Specification
7056 — }
i Outof
' Specification

Power consumption

Figure 5. Power consumption measurement results.
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Figure 6. Strategies for reducing influence from measurement uncertainty.

expression, and improvement of uncertainty in measurement [14] [15]. The Monte Carlo simulation reflects the
randomness and uncertainty of an event and, thus, is an efficient and easily implemented simulation method. To
simulate the power consumption measurement shown in Table 1, 1000 simulative iterations were performed to
obtain adequate simulation results. The simulated expected value and variance differed from the estimated ex-
pected value and variance obtained using the method proposed in this study by only 3% and 5%, respectively.
This demonstrated the similarity of the results obtained through the proposed method and the Monte Carlo si-
mulation.

5. Conclusions

In the field of electrical testing, using test results that consider measurement uncertainty is extremely crucial and
can avoid the mistaken rejection of qualified products and the acceptance of unqualified products, thereby pre-
venting regulatory violations, trade disputes, and unsafe consumption and use.

Measurement uncertainty is used to rationally characterize the dispersion of a measurement value and para-
meters related to measurement results, helping ensure the accuracy and reliability of measurement results and
the accuracy of judgment regarding whether products conform to requirements, assisting in the acquisition of
laboratory accreditation. In response to actual requirements, this study used probability theory, a Monte Carlo
simulation method, ISO/IEC 17025, and ISO/IEC Guide 98-3 to establish and verify a probability analytical
model and evaluation method in order to evaluate, express, and improve uncertainty in electrical measurement.
This study also considered uncertainty sources such as measurement staff, measurement devices, environmental
conditions, operation methods, and sample treatment when quantifying measurement operations, estimated sta-
tistics for the dispersion of measurement results, explained the expression of test results, and described the me-
thod for improving and solving problems. Accordingly, the reliability of measurement results can be controlled
and the effective measures to regulate testing activities can be taken.

The method proposed in this study can be applied to product development, food and drugs, environmental
protection, lawsuits, product accreditation, factory quality control, insurance claims, sales, regulatory require-
ments, forensic science, and other testing-related problems.
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