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Validation of Electrical Safety Testers
Ensuring the Reliability of Regulatory Test Results

The validation process for electrical safety test equipment is often overlooked by
manufacturers. However, performing regular verification is essential to ensure that safety
testers can accurately detect product failures and maintain the validity of regulatory
compliance testing. While establishing a test validation process may appear complex, the
right equipment and a standardized procedure can make the entire process simple, clear,
and easy to implement.

Why Validation Is Necessary

International safety certification organizations, including Underwriters Laboratories (UL),
CSA Group (CSA), VDE Testing and Certification Institute (VDE), TUV SUD (TUV), and
International Electrotechnical Commission (IEC), have established safety standards to
ensure electrical products meet required safety requirements.

The purpose of electrical safety testing is to verify that electronic products do not pose
electrical shock hazards to end users. However, the reliability of test results depends on
the accuracy and proper operation of the test equipment used. In manufacturing
environments, electrical safety testers may experience internal damage due to prolonged
use or external factors. Even without visible signs of failure, such issues can cause
inaccurate results in insulation resistance, leakage current, and dielectric withstand tests.

Therefore, regular validation of electrical safety test equipment ensures reliable
operation, maintains compliance with NRTL (Nationally Recognized Testing Laboratory)
requirements, and improves the reliability and regulatory compliance of electrical safety
test results.

According to the UL Mark Integrity Program document, Equipment Used for UL/C-UL/ULC
Mark Follow-Up Services, all measuring and test equipment must undergo regular
functional checks.

The document clearly states:

Inspection, Measuring, and Test Equipment (IMTE) used to determine product compliance
with UL requirements shall be functionally checked by the user on a daily basis to ensure
proper operation. If the equipment is not used every day, a functional verification shall be
performed before each use. [1]
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This requirement highlights the importance of maintaining and verifying the proper
operation of measuring equipment, including electrical safety testers. It also serves as a
key basis for requiring regular validation of electrical safety test equipment to ensure
reliable test performance and continued compliance with safety requirements.

Common Electrical Safety Tests: Overview of Key Test Methods
To ensure the safety of electrical products during operation, products must undergo a
series of rigorous safety tests. Electrical safety testing is primarily used to verify the
electrical integrity and safety performance of a product, ensuring that it does not present
electrical hazards to users under normal operating conditions or specified test conditions.
Common electrical safety tests include:

e Ground Bond / Continuity Test

e Dielectric Withstand / High Potential (Hipot) Test

e Insulation Resistance Test

e Leakage Current Test
Each test has its own specific test conditions and acceptance criteria, designed to identify
different types of potential electrical safety risks. Table 1 summarizes common dielectric
withstand test settings specified in various NRTL standards.

Standard | Harmonized DIELECTRIC WITHSTAND
Standard Testing Type Test

Test Voltage N \
25t Voltage Nax | Time

IEC/UL 60601-1 3rd  performance | s —m‘ﬂggr 707 - 5856 . 60s
Edition Mm:_llcal Electrical B i
Equipment Production 1000 — 3000 VAC 1or60s
1000 VAC + 2 x rated V or 2000
IEC 51?30:2 UL 1703 Performance WAC + 4 % rated 50 uA B0 =
Photovoltaic Modules &
Panels 1000 VAC + 2 x rated V or (1000
Production VDC + 2 x rated V) X 120% S0uA  [(l1ordls
T C TR 500 = 2400 VAC x rated V' + 2400 No 60 s
IEC 60335-1 Household VAC Breakdown
Electrical Appliances
Production 400 = 2500 VAC 5-30 mA 13
T — 5000 = 2400 VAC x rated V + Mo B0 5
UL 60335-1 Household 2400 VAC Breakdown
Electrical Appliances
Production 400 - 2500 VAC 5-30 mA 1s

Table 1 Common NRTL Hipot Parameters
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Ground Bond Test
The Ground Bond Test or Ground Continuity Test, is primarily used to verify the integrity
and reliability of the protective earth (Safety Ground) connection in electrical equipment.

When a product experiences abnormal conditions, such as component failure or
insulation breakdown, the protective ground must be capable of carrying the resulting
fault current and providing a low-impedance path to earth. This allows the fault current to
flow safely to ground, enabling protective devices such as fuses to operate promptly and
disconnect power, reducing the risk of electric shock and equipment damage.

To ensure this protection mechanism functions properly, all accessible conductive metal

parts of the product must maintain reliable continuity with the grounding pin or
grounding terminal.

Ground Bond Test Set Device Under Test
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Figure 1: Circuit for a Ground Bond Test

Figure 1 illustrates a typical Ground Bond test circuit.** During the test, the Ground Bond tester
applies a test current through the product’s grounding pin and uses the chassis or exposed metal
parts as the return path. While the test current is applied, the instrument measures the voltage
drop across the protective ground circuit and calculates the ground path impedance to evaluate
whether the protective grounding continuity meets safety requirements.

Common Ground Bond test conditions include a test current of 10-30 A, a ground circuit
impedance limit of 100—200 mQ, and a voltage drop typically not exceeding 6-12 V.

Dielectric Withstand Test

The Dielectric Withstand Test, commonly known as the High Potential (Hipot) Test or Hi-
Pot Test, is a critical electrical safety test used to evaluate the insulation performance of
electrical products.
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The purpose of this test is to apply a test voltage higher than the product’s normal
operating voltage to the insulation system, verifying whether the insulation materials
have sufficient withstand capability. If the insulation system can withstand a significantly
higher voltage for a specified period without dielectric breakdown or failure, it indicates
that the product is expected to operate safely under its rated voltage conditions, reducing
the risk of electric shock caused by insulation failure.

The Dielectric Withstand Test is a widely used electrical safety test. In addition to identifying weak
points within an insulation system, it can detect various potential safety issues, including excessive
leakage current, manufacturing defects such as pinholes and scratches, insufficient spacing
between conductors and grounded parts, and insulation degradation caused by environmental
factors. Due to its broad detection capability and effectiveness in identifying insulation-related
defects, the Dielectric Withstand Test is required by most Nationally Recognized Testing
Laboratories (NRTLs) as a mandatory 100% production line safety test.

The principle of the Dielectric Withstand Test is to apply a high voltage between the product’s
current-carrying conductors and conductive enclosure, with the enclosure serving as the return
path for current. During the test, the Hipot tester measures the leakage current flowing through
the insulation system to determine whether the product’s insulation performance meets safety
requirements.

The test voltage applied during a Dielectric Withstand Test varies depending on the
applicable safety standard. However, a commonly used calculation method is based on
the following formula:

Test Voltage = 2 x Rated Product Voltage + 1000 V

The Dielectric Withstand Test circuit can typically be represented using an equivalent
circuit model, which consists primarily of the device parasitic capacitance (Device
Capacitance, C), insulation resistance (Insulation Resistance, RL), and a small amount of
contact resistance (Contact Resistance, RA), as illustrated in Figure 2.
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Figure 2: Dielectric Withstand Circuit Diagram
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Insulation Resistance Test

The Insulation Resistance (IR) Test is not always a mandatory electrical safety test
required by safety standards; however, it provides valuable quantitative data for
evaluating a product’s insulation performance. Unlike the Dielectric Withstand Test, which
primarily measures leakage current, the Insulation Resistance Test directly measures the
insulation resistance value of a product, providing a more straightforward assessment of
insulation quality and degradation.

The Insulation Resistance Test directly measures the resistance of the insulation system.
According to safety certification requirements, the test voltage is typically set at 500 VDC
or 1000 VDC. Since this test applies a direct current (DC) voltage, once the capacitive
components within the insulation system are fully charged, the leakage current flowing
through the insulation is primarily resistive leakage current. This allows the actual
insulation resistance value of the insulation system to be determined.

The execution of an Insulation Resistance (IR) Test is similar to that of a Hipot Test. A high
voltage is applied to the product’s current-carrying conductors, while the return terminal
of the test circuit is connected to the product enclosure. For example, when performing
an IR Test on a solar panel, the positive and negative terminals are typically shorted
together before applying the test voltage, and the return terminal is connected to the
metal frame. This method applies electrical stress to the insulation system while the
insulation resistance tester measures the leakage current flowing to the exposed metal
enclosure, allowing the insulation performance of the product to be evaluated.

The IR Test is commonly used to verify insulation performance after equipment repair or
performed after a Hipot Test to confirm that the applied high voltage has not caused
damage to the insulation system.

Leakage Current Test

The Leakage Current Test is similar to the Dielectric Withstand Test, as both measure the
current flowing through the insulation system of a product, either through the insulation
material itself or along the surface of the insulation.

However, there are important differences between the two tests. The Leakage Current
Test is performed while the product is operating at its rated voltage or under an upper
voltage condition, typically 110% of the rated voltage. In contrast, the Hipot Test applies a
high test voltage while the product is not operating normally, in order to evaluate the
insulation withstand capability.

Another key difference is the method used to measure leakage current. In a Dielectric
Withstand Test, leakage current is measured through a current-sensing resistor located on
the return path of the test circuit, as shown in Figure 3.
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Figure 3: Hipot Detection Circuits

During a Leakage Current Test, the leakage current is measured through a test network known as
a Measuring Device (MD). Figure 4 shows an example of a typical MD configuration.

The purpose of the MD is to simulate human body impedance characteristics, allowing the
evaluation of the leakage current that a user may be exposed to when coming into contact with
the product under normal operating conditions. The measured value is then used to determine
whether the product complies with applicable electrical safety standard requirements.
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Figure 4: 60601-1 Measuring Device

Another key difference between the Leakage Current Test and other electrical safety tests
is that it includes the verification of fault conditions. These fault conditions are designed
to simulate the most severe scenarios that may occur during actual product operation,
allowing the safety performance of the equipment under abnormal conditions to be
evaluated.
The three most common fault conditions include:

e Opening of the Neutral Circuit

e Reversal of Line Polarity

e Opening of the Ground Circuit
Figure 5 illustrates a typical Leakage Current Measurement Network.

Associated Research

28105 N. Keith Drive Lake Forest, IL 60045 USA
T. 1-847-367-4077 www.arisafety.com



ASSOCIATED
RESEARCH

AN IKONIX BRAND

Line Configuration Setting

> o~ 0—t-6— /
T 3 ! ° ¢ ) )
: /s |MD

Figure 5: Leakage Current Configuration

Switch S1 represents the simulation of a Neutral Fault Condition, switch S2 represents the
simulation of Polarity Reversal, and switch S3 represents the simulation of an Open
Ground Condition.

The purpose of performing tests under different fault configurations is to accurately
evaluate the leakage current that a user may be exposed to when a product encounters
abnormal conditions during operation. By simulating a range of potential fault scenarios,
the safety performance of the product under non-normal operating conditions can be
verified.

If the measured leakage current remains within an acceptable low range under all
applicable fault conditions, it provides reasonable assurance that the product can
continue to operate safely throughout its service life without presenting an electric shock
hazard to users.

The acceptance criteria for Leakage Current Tests vary significantly depending on the
applicable safety standard. One of the most common Leakage Current Test requirements
is based on the third edition of the IEC 60601-1 standard for medical electrical equipment.
According to this standard, the Leakage Current Test must be performed at 110% of the
rated line voltage using a Measuring Device (MD, Figure 4) that complies with IEC 60601-1
requirements. The acceptable leakage current limits vary depending on the product
classification and application conditions, with allowable limits ranging from 10 pA to 10
maA.

The Importance of Test Verification
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Dielectric Withstand, Ground Bond, Insulation Resistance, and Leakage Current test
functions are commonly integrated into multi-function test systems or a single
comprehensive electrical safety tester. Since these instruments perform multiple safety
tests, it is critical to verify that the tester can correctly identify failures when measured
values exceed the specified limits. In high-volume production environments, a
malfunctioning test system may allow products that should fail the safety test to pass
inspection, resulting in potential safety risks.

Therefore, verifying all test functions ensures that the safety tester operates correctly
within the specified test conditions and parameter limits, providing reliable safety test
results. According to UL-related procedures, any test function that uses measurement
results to determine whether a product complies with electrical safety requirements must
be verified.

A case that highlights the importance of test verification is damage to the measurement circuit of
a Hipot tester.

Most Hipot testers are not designed to withstand an external voltage being applied to the return
terminal of the instrument. In actual production line environments, incidents have occurred where
operators accidentally applied the mains voltage to the return terminal of the Hipot tester due to
improper operation. To protect other internal electronic components of the Hipot tester, a
Transient Voltage Suppressor (TVS) is typically installed in the instrument’s return path to absorb
or limit abnormal transient voltages, as shown in Figure 6.
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Figure 6: High Voltage and Return Path with TVS on Return
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When an external power voltage is applied to the return terminal, the Transient Voltage
Suppressor (TVS) conducts and absorbs or limits the abnormal energy to protect other internal
circuits of the instrument. However, if the TVS is damaged due to excessive energy stress, it may
fail into a direct short circuit, causing the measurement circuit to be completely bypassed.

Under this condition, when performing a Dielectric Withstand Test, the Hipot tester may measure
a leakage current of 0.0 mA and incorrectly determine that the product has passed the test. For a
Hipot tester, zero leakage current represents an ideal condition of infinite insulation resistance,
causing the instrument to interpret the tested electrical product as meeting insulation safety
requirements.

By performing a simple functional verification on the tester, such failures can be immediately
detected. This alerts operators to potential abnormalities in the test system and prevents
incorrect safety judgments caused by malfunctioning test equipment.

The example above represents only one possible failure scenario. Other potential risks include
harsh environmental conditions, such as high temperature and high humidity. Long-term exposure
to these conditions may affect the measurement performance and accuracy of test instruments.

If the actual accuracy of test equipment deviates significantly beyond the specified measurement
tolerance range, products under test may be incorrectly classified as either pass or fail. By
performing regular test verification, such as weekly or daily verification of complete product test
functions, potential issues within the measurement circuits can be identified immediately.
Implementing simple and routine verification procedures can prevent more serious problems from
developing and reduce the risk of product recalls. Although establishing a verification process may
require additional time and resources initially, the investment is generally worthwhile compared
with the potential losses caused by test equipment failure.

Efficient Verification Process for Electrical Safety Test Stations

Routine product safety testing is primarily used to identify potential issues that may create safety
risks, including insulation failures, poor grounding, loose connections, component failures, internal
grounding abnormalities, unprotected live parts, and excessive leakage current that may result in
electric shock hazards. Simply creating short-circuit or open-circuit conditions between test
terminals can provide an effective method for confirming that the basic failure detection functions
of the test instrument are operating correctly. However, these simple methods cannot identify all
potential issues that may exist within the test equipment.

By configuring a simple resistor network and relays, operators can have a convenient
method to confirm whether the test equipment is functioning properly. The principle is to
use the resistor network to generate specific voltage drops and configure test limits that
intentionally trigger failure results, verifying that the instrument’s pass/fail judgment
function operates correctly.
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Furthermore, if the verification network is designed with easy-to-connect interface ports
and programmable control capabilities, the verification process can be executed
automatically during each validation cycle, improving efficiency and consistency.
Providing operators and technicians with a simple and user-friendly verification method
increases the likelihood of detecting abnormal measurement conditions before product
testing begins. Figure 7 illustrates a Test Box specifically designed for test equipment
verification.
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Figure 7: Associated Research TVB-2 Test Verification Box

Using the TVB-2 shown in Figure 7 as an example, a simple yet effective verification procedure can
be established and performed daily to confirm that electrical safety test equipment is functioning
properly.

The verification box consists of a series of resistor components. By selecting specific resistance
values, the box can generate expected leakage current levels or simulate designated impedance
values. The following examples demonstrate the verification methods for different electrical
safety test functions.

For each safety test function, the TVB-2 verification box provides two test terminals: one for
simulating a pass condition and the other for simulating a fail condition. This design uses different
resistor values connected between each test terminal and the RETURN terminal of the verification
box to generate the corresponding test results. The TVB-2 settings for each test item are listed in
Table 2.
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ACW DCW IR GC GB
PASS 2MQ 2MQ 4MQ 500m | 50mQ
Q

FAIL 120kQ | 120kQ 1MQ 20 200m
Q

Instrumen | 1240V | 2121V 500V 10 30A

t 10mA | 5000uA 2MOhm 100m

Settings Q

Ramp 2s 2s N/A N/A N/A

Table 2: TVB-2 Box Resistance Values and Test Settings

Dielectric Withstand Verification
When the Dielectric Withstand Test voltage is set to 1240 VAC, the FAIL verification circuit
uses a 120 kQ resistor, while the PASS verification circuit uses a 2 MQ resistor, according to
the data in Table 1.
Therefore, the Hipot tester requires two separate verification tests. The first test is the PASS
verification test. The Hipot tester should be configured with the following settings:

o Test Voltage: 1240 VAC

e Leakage Current Hi-Limit: 10 mA

e Ramp Up Time: 2 seconds

e Dwell Time: 1 second
During the verification test, connect the high-voltage test lead of the Hipot tester to the PASS
terminal in the ACW/DCW section of the TVB-2 verification box, and connect the return test
lead to the RETURN terminal of the TVB-2.
Using a simple Ohm’s Law calculation, the expected leakage current can be determined to
be approximately 620 pA:

Leakage Current = 1240V / 2,000,000 Q = 0.00062 A

The test result should be correctly identified as PASS. The next step is to perform the FAIL
verification test.
The Hipot tester remains configured with the same test parameters used for the PASS
verification. The high-voltage test lead is then moved from the PASS terminal to the FAIL
terminal in the ACW/DCW section of the TVB-2 verification box.
After performing the test, the expected leakage current should be approximately 10.3 mA.
Since this value exceeds the leakage current Hi-Limit setting of the Hipot tester, the test
result should be correctly identified as FAIL.

Leakage Current = 1240V /120,000 Q = 0.01033 A
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To comply with the requirements of applicable certification organizations, the test result
should be determined as FAIL within 0.5 seconds of the Dwell Time period. If the test does
not identify the failure condition within the specified time, it indicates that the test
instrument may not be accurately measuring leakage current. In such cases, the equipment
should be inspected, repaired, or recalibrated.

Ground Bond Verification
When the Ground Bond Test current is set to 25 A AC, the FAIL verification circuit uses a 200
mQ resistor, while the PASS verification circuit uses a 50 mQ resistor, according to the data
in Table 1.
Therefore, the Ground Bond tester requires two separate verification tests. The first test is
the PASS verification test. The Ground Bond tester should be configured with the following
settings:

e Test Current: 25 A AC

e Hi-Limit: 100 mQ

e Dwell Time: 1 second

During the test, connect the high-current test lead (red lead) of the Ground Bond tester to
the PASS terminal in the GB section of the TVB-2 verification box, and connect the return
test lead (black lead) to the RETURN terminal of the TVB-2. After performing the test, the
expected measured resistance value should be approximately 50 mQ, and the result should
be correctly identified as PASS.

Next, perform the FAIL verification test. The Ground Bond tester remains configured with
the same test parameters used for the PASS test. Move the high-current test lead from the
PASS terminal to the FAIL terminal in the GB section of the TVB-2 verification box. After
performing the test, the expected measured resistance value should be approximately 200
mQ, and the result should be immediately identified as FAIL.

To comply with the requirements of applicable certification organizations, the test must
identify the failure condition within 0.5 seconds of the Dwell Time period. If the test fails to
detect the failure condition, the tester may not be accurately measuring the ground circuit
impedance. Further analysis of the equipment condition should be performed to determine
whether an abnormality exists.
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Insulation Resistance Verification
The Insulation Resistance (IR) Test voltage used in this verification example is 500 VDC.
According to Table 1, the FAIL verification circuit uses a 4 MQ resistor, while the PASS
verification circuit uses a 1 MQ resistor.
The Insulation Resistance tester (IR instrument) requires two different verification test
conditions.
The first test is the PASS verification test. The IR instrument should be configured with the
following settings:

e Test Voltage: 500 VDC

e Low Limit: 2 MQ

e Ramp Up Time: 2 seconds

e Dwell Time: 1 second

Connect the High Voltage Lead of the IR instrument to the PASS terminal in the IR section of
the TVB-2 verification box, and connect the Return Lead to the RETURN terminal of the TVB-
2. During the test, the measured resistance value should be approximately 1 MQ, and the
test result should be correctly identified as PASS.

The second test is the FAIL verification test. The IR instrument remains configured with the
same test parameters used for the PASS test. The High Voltage Lead is then moved to the
FAIL terminal in the IR section of the TVB-2. During the test, the measured resistance value
should be approximately 4 MQ, and the result should be immediately identified as FAIL.

To comply with the requirements of applicable regulatory organizations, the test result must
identify the failure condition within 0.5 seconds of the Dwell Time cycle. If the test fails to
detect the FAIL condition, it indicates that the equipment may not be accurately detecting
insulation resistance changes. Further analysis of the equipment condition should be
performed to determine whether an abnormality exists.

Leakage Current Verification

Unlike other electrical safety test verification methods, Leakage Current Test verification
does not have a clearly defined verification approach. The TVB-2 verification box does not
include dedicated terminals for verifying leakage current measurements. However, the same
verification concept can be extended to confirm whether a Leakage Current tester is
operating within its specified performance range.

Since products are operated at their rated voltage during Leakage Current Testing, most
Leakage Current testers are equipped with a universal power outlet, as shown in Figure 8.
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Figure 8: Universal Receptacle Box

A simple fixture can therefore be developed and connected to the power outlet of the
Leakage Current tester. Using a standard power plug with two different resistor values
connected at the plug terminals provides a simple method for creating a Leakage Current
verification fixture.

Under normal polarity conditions, a Leakage Current tester measures the leakage current
between Ground and Neutral. Under reversed polarity conditions, it measures the leakage
current between Ground and Line. Therefore, different resistor values can be connected
between Line and Ground, as well as between Neutral and Ground, to simulate different
leakage current conditions for verification.

For example, a test plug can be created for Leakage Current verification:
e Connect a 2 MQ resistor between Line and Ground
e Connect a 200 kQ resistor between Neutral and Ground
The first Leakage Current verification test is configured as follows:
e Test Voltage: 120 VAC
e Frequency: 60 Hz
e Leakage Current High Limit: 50 pA
e Polarity: Reverse Polarity
e Dwell Time: 5 seconds
When a 2 MQ resistor is connected between Line and Ground, the expected leakage
current reading should be approximately 60 pA:

Leakage Current =120V / 2,000,000 Q = 0.00006 A
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The measured leakage current value should cause the test result to be identified as FAIL.
The second test is used to verify whether the Leakage Current tester can correctly detect a
failure condition under normal polarity conditions.
The second Leakage Current verification test is configured as follows:

e Test Voltage: 120 VAC

e Frequency: 60 Hz

e Leakage Current High Limit: 550 pA

e Polarity: Normal Polarity

e Dwell Time: 5 seconds
When a 200 kQ resistor is connected between Neutral and Ground, the expected leakage
current reading should be approximately 600 pA. Therefore, the test result should be
correctly identified as FAIL.
Although a Leakage Current tester contains various internal components, such as relays and
switching circuits, the primary verification objective is to confirm that the leakage current
detection function can correctly trigger a failure judgment when excessive leakage current
is present.
The two verification tests described above can be used to confirm that the Leakage Current
tester accurately measures leakage current and correctly identifies failure conditions when
the measured value exceeds the specified limit.

Conclusion

With the integration of microprocessor technology into electrical safety test equipment,
verification procedures have become increasingly complex. The advancement and integration of
new technologies have expanded the level of verification required for modern instruments
beyond that of traditional analog equipment.

Electrical safety testers typically include built-in suppressors designed to protect internal circuits.
However, damage to these protective components may also cause incorrect measurement results.
Performing simple daily verification procedures can help prevent significant issues and additional
costs, while reducing the risk of expensive product redesigns or recalls.

Connecting a resistor in series with the output of an electrical safety tester provides a simple
method to verify measurement results and confirm that failure detection functions are operating
correctly. Using a verification fixture consisting of multiple calibrated resistor values can further
improve the completeness and reliability of the verification process.

In addition, microprocessor-controlled safety test equipment typically provides functions for
editing and storing test programs. These programs can be configured to include operating
instructions and data collection capabilities.

A well-designed verification method provides operators with a simple approach to store
verification procedures and perform daily equipment validation. Regular execution of verification
processes ensures that all test equipment continues to meet the requirements of NRTL (Nationally
Recognized Testing Laboratory) standards.
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