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Development of Test System for Motor Insulation
Jesper Björklund & Markus Lennartsson
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Modern pulse width modulated (PWM) inverters found in variable speed motor
drives, while enhancing energy efficiency, introduce rapid switching transients and
voltage overshoots that significantly increase electrical stress on motor insulation.
The rapid switching triggers partial discharges (PDs) within the insulation, accel-
erating material degradation and ultimately causing insulation and motor failure.
This thesis presents the design and validation of a programmable test platform that
subjects motor winding insulation to electrical stresses commonly found in mod-
ern PWM drives. The system was implemented as a LabVIEW program that with
the utilization of a PCI-6541 National Instrument (NI) digital I/O card controls
multiple fast high voltage push-pull switches to generate arbitrary PWM signals in
order to study PDs. To enable the NI card to deliver suitable current to control
the switches, gate drivers were implemented. The software allows for save and load
of test profiles, continuous or finite waveforms generation, and for stopping test se-
quences automatically if the current through the device under test (DUT) exceeds a
user defined limit. Validation of the system was done through experimental testing
with signal pulse widths ranging from 50 µs to 1 s. Tests were performed for three-
and four-level signals that confirm accurate generation for signals with pulse widths
above 500 µs and demonstrates the viability of NI I/O cards for generating square
waveforms. The testing results indicate that the primary limitations of the system
are imposed by the push-pull switching devices rather than the software. To en-
hance the system’s testing capabilities, the use of faster switching components are
proposed. Furthermore, future improvements could include the development of a
custom PCB layout and a more refined user interface.
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1
Introduction

1.1 Background

Frequent use of modern pulse width modulated (PWM) inverters in variable speed
motor drives has led to more e�cient energy utilization but also to greater electri-
cal stress on motor insulation. Rapid switching transients and voltage overshoots
caused by these motor drives can cause partial discharges (PD) within weak points
of the insulation material [1]. Repeated PD activity can lead to insulation break-
down, resulting in motor failure, unplanned downtime, and costly repairs.

It is essential to study insulation behavior under realistic electrical stress conditions
to better understand and mitigate these e�ects. This requires a controlled test envi-
ronment capable of reproducing the fast voltage transitions and high-voltage levels
typically generated by modern power electronics.

1.2 Purpose

The primary purpose of this project is to develop a test system capable of gener-
ating a range of square waveforms that are commonly produced by modern power
electronics. This system is designed to subject motor insulation to realistic electrical
stresses that enable analysis of PD phenomena.

1.3 Goals

ˆ Develop a LabVIEW-based software solution capable of controlling the test
system and generating customizable output signals.

ˆ Identify and implement a suitable National Instruments DIO card for signal
generation.

ˆ Design and construct a power ampli�cation stage using gate drivers to interface
the NI card with the high-voltage switches.

ˆ Integrate real-time current monitoring of the device under test (DUT), with
automatic signal interruption if a de�ned threshold is exceeded.

ˆ Verify the system functionality through a series of practical tests, and docu-
ment the resulting performance and limitations.

1



1. Introduction

1.3.1 System Concept

A LabVIEW-based program is used to control a National Instruments digital output
card, enabling the generation of user-de�ned voltage signals. These digital outputs
are used to control a set of high-voltage transistors, each connected to a �xed voltage
level. By switching the transistors on and o� in di�erent combinations, the system
can produce waveforms consisting of various voltages. These waveforms are then
applied to a motor winding to simulate real-world electrical stress conditions.

1.4 Limitations

1.4.1 Hardware constrains

The con�guration of the high-voltage transistors and the capabilities of the NI PCI-
6541 card directly determine which voltage levels can be generated, and conse-
quently, what test conditions the system can impose on the motor winding. The
number of output levels is limited by the number of available transistors and voltage
sources. Additionally, the overall system speed and response time are bounded by
the physical switching characteristics of the components used, including the gate
drivers and transistors themselves.

1.4.2 Measurements and validation limitations

The accuracy of the system's validation is inherently tied to the quality of the
measurement equipment. In this project, current readings were obtained using a
current probe and oscilloscope. While su�cient for general testing, more advanced
instrumentation could provide higher precision, better noise rejection, and faster
sampling, all of which would improve result �delity.

1.4.3 Time constrains

The limited time available for the project restricted the scope of both implementa-
tion and testing. With more time, additional features could have been developed
and integrated into the LabVIEW program, such as real-time data visualization,
automatic report generation, or a more advanced signal editor. The existing code
could also have been optimized further for performance and modularity, which would
improve long-term maintainability and execution e�ciency.

Additionally, extended development time would have allowed for broader testing
scenarios. Including tests with higher voltage levels and the use of more high-
voltage transistors in the switching grid. Testing the system at higher voltages
would more accurately re�ect its intended real-world application., and more switches
would enable a higher number of voltage levels and support more advanced waveform
generation.

2



2
Theory

2.1 Partial discharges

Partial discharges (PDs) are localized electrical discharges occurring within motor
insulation that do not completely bridge the insulation between conductors. They
occur when the electric �eld in a small region of the insulation exceeds the local
dielectric strength. This excessive stress is typically caused by insulation defects.
For example tiny voids or cracks in the insulation that provide a weak path for
ionization. Each PD event releases heat and reactive elements that gradually erode
the surrounding insulation material. PDs are considered a major contributor to
reduced insulation lifetime in high-voltage or inverter-fed motors [1].

2.2 LabVIEW and Digital Measurement Systems

National Instruments (NI) provides a versatile hardware and software platform
widely used in automated testing, measurement, and control applications. Lab-
VIEW is an application o�ered by NI that serves as a graphical programming envi-
ronment that integrates with instrumentation to enable control and data acquisition
tasks [2]. This project utilizes an NI PCI-6541 digital measurement card for gener-
ating precise digital waveforms.

The NI PCI-6541 card is speci�cally designed for high-speed digital signal gener-
ation and acquisition. It allows users to write waveform data directly to onboard
memory which is used to de�ne digital output signals. These stored data points are
sequentially output at de�ned intervals. By programming the card using LabVIEW,
users can easily customize the frequency, duty cycle, and pattern sequences of the
generated signals [3].

2.2.1 Producer/consumer framework

The producer/consumer framework is a design pattern in LabVIEW that separates
fast input handling from slower processing tasks by using queues to coordinate be-
tween them. This pattern can be seen implemented in LabVIEW in Figure 2.1. This
architecture enables multiple functions to operate concurrently without causing the
program to become unresponsive. In this structure, the producer loop executes
rapidly and is responsible for detecting user input and sending out queues that de-
scribe upcoming tasks. These tasks are then handled by one or more consumer loops,

3



2. Theory

where the actual operations are carried out. Multiple consumer loops can run in par-
allel, allowing the program to e�ciently manage di�erent processes simultaneously
[4].

Figure 2.1: Producer/consumer design pattern implemented in LabVIEW.

2.3 Gate driver

Gate drivers are electronic circuits to control the gate of a transistor, such as a
MOSFET. Their primary purpose is to ensure fast and e�cient switching by deliv-
ering the appropriate voltage and current to the transistor gate within very short
time intervals [5].

Power transistors often have signi�cant input capacitance, which must be charged
and discharged rapidly to switch the device on and o�. A gate driver addresses this
by providing high peak currents and low output impedance, ensuring fast transition
times and minimizing switching losses. This is especially important in high-speed
applications [5].

2.4 High voltage switch

High-voltage transistors are semiconductor switching devices designed to handle
large voltages and currents while switching rapidly between on and o� states. Com-
mon types include high-voltage MOSFETs and IGBTs, which are widely used in
power electronics applications such as inverters, motor drives, and high-voltage test-
ing systems [6].

4



2. Theory

In systems like the one developed in this project, high-voltage transistors are used
to selectively connect di�erent voltage levels to a shared output. The transistors are
controlled via their gate terminals which require relatively low-power digital signals
to operate. When a control signal is applied to the gate, the transistor switches
on, allowing current to �ow from drain to source, and e�ectively connecting the
associated voltage to the output [6].
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2. Theory
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3
Methods

3.1 Structure and requirements

The project began by de�ning the general functional requirements for the test sys-
tem. Based on these, an overview of the system architecture, see Figure 3.1, was
developed to identify the components needed to meet the speci�ed goals.

Figure 3.1: Complete system overview.

From the project requirements a set of features for the program was decided:
ˆ Square waveform input and display
ˆ Continuous or �nite waveform generation
ˆ Save and Load test con�guration
ˆ Automatic test stop when current goes over threshold
ˆ Data logging and display

The LabVIEW IDE was chosen for program development primarily because it is
developed by National Instruments and o�ers seamless integration with their hard-
ware. Since the project involved selecting between two National Instruments digital
output cards, using LabVIEW ensured easy integration and support for high-level
control through a graphical programming environment tailored for NI devices.

7



3. Methods

3.2 Selection of NI card

Initially, two di�erent National Instruments digital I/O cards were available for the
project: the NI PCI-6503 and the NI PCI-6541. At �rst, the PCI-6503 appeared to
be the more suitable option due to its simpler interface. However, after developing
an early-stage LabVIEW program that successfully transmitted a user-de�ned sig-
nal, it became evident that the PCI-6503 could not deliver an output with the time
precision needed. This limitation was caused by the card's lack of an internal clock.
Instead, it relied on the host computer's system clock, which was simultaneously
handling other processes. As a result, the output signal became inconsistent and
unusable for the intended application.

The NI PCI-6541 card, in contrast, is equipped with its own internal hardware clock,
allowing it to generate precise and reliable digital signals independently of the host
computer's operating system. This made it well suited for the requirements of
the project. Therefore the PCI-6541 was chosen and the LabVIEW program was
adapted to use its internal clock and National instruments NI-HSDIO driver for all
signal generation.

8



3. Methods

3.3 Development of the LabVIEW program and
digital signal generation

Figure 3.2: Highlighted subsystem for the software and digital signal generation.

As shown in Figure 3.2, the �rst task to address was the software and the digital
signal generation. The primary purpose of the LabVIEW program is to generate
a signal for output via the NI card, while also monitoring measurement data from
the DUT and interrupting the signal if a speci�ed threshold is exceeded. Addi-
tionally, features such as signal loading and saving were implemented to improve
user-friendliness. The output signal is de�ned as a sequence of digital values, where
each sample represents a speci�c bit pattern distributed across the pins on the PCI-
6541 card. Each bit is either high or low, and the combination of these states
corresponds to a prede�ned voltage level that is later produced by the high-voltage
transistor grid. This mapping enables the system to translate binary control data
into actual high-voltage waveforms for insulation testing. The complete LabVIEW
code can be found in Appendix B.

3.3.1 Program overview

The LabVIEW program was designed using the producer/consumer framework to
enable parallel execution of independent tasks. This structure was chosen to ensure
that the user interface remained responsive while other operations where executed
in the background.

In this implementation, the producer loop continuously monitors the graphical user
interface. Each button press or parameter change is interpreted as an event and
placed in a queue along with its associated data. These events are then processed
in one of several consumer loops, each dedicated to a speci�c type of task. For
example, one consumer loop handles signal generation and communication with the
NI PCI-6541 card, while another is responsible for saving and loading the signal
waveform to memory.

9



3. Methods

3.3.2 Graphical user interface

A graphical user interface (GUI) was developed in LabVIEW to operate and con�g-
ure the test system. The GUI was structured with two tabs: Control and Advanced,
to separate signal handling and system con�guration tasks. A complete software
con�guration guide for setting up a test is provided in Appendix A.

Figure 3.3: GUI control tab.

In the control tab (Figure 3.3), the following functions were implemented:
ˆ Manual input of voltage signal.
ˆ Option to run the signal continuously until aborted, or for a set number of

iterations speci�ed by the user.
ˆ Previewing the signal waveform (one iteration) prior to transmission.
ˆ Load signal.
ˆ Save signal.
ˆ Aborting signal when running.
ˆ Set max current, the signal will abort if this value is exceeded.

10



3. Methods

Figure 3.4: GUI advanced tab.

The Advanced tab (Figure 3.4) provides access to settings required for system con-
�guration:

ˆ Management of the bit-to-voltage mapping used for signal generation.

ˆ De�nition of the voltage levels available for selection in the Control tab.

ˆ Con�gure the oscilloscope, see input waveform and log values in a �le.

ˆ Adjustment of system clock rate.

ˆ Selection of the connected NI device.

3.3.3 Save and load function

The system includes a save and load feature to allow the user to save a test setup and
also reuse the same test con�gurations at a later date without having to recon�gure
the software again. The feature works by saving a ".ini" �le to the LabVIEW project
directory. This �le can then be accessed either through the computers �le explorer
or by pressing the "Load" button in the GUI's control tab. The user speci�es what
con�guration �le to use and presses the "Load" button, which populates all the
control �elds in the GUI. This eliminates manual re-entry and ensures that identical
test conditions are maintained across test runs.

11



3. Methods

3.3.4 Waveform generation function

The digital output signals generated by the NI card are dynamically controlled
through a LabVIEW function. The digital waveform generation occurs within a
dedicated consumer loop that receives commands and con�guration parameters
from the GUI producer loop. The Communication with the NI card is then man-
aged through the National Instruments High-Speed Digital I/O (NI-HSDIO) drivers.
These drivers require waveform data to be provided as a 1D array where each ele-
ment represents a single byte (8 bits). Each byte corresponds to the digital state of
the �rst eight DIO pins on the card and are outputted at a user speci�ed frequency.
Figure 3.5 shows a waveform array of three bits whose output forms a four-level
PWM signal.

Figure 3.5: Visualization of waveform data converted to multi-level PWM wave-
form.

The waveform array is dynamically generated based on voltage and timing speci-
�cations entered by the user through the GUI. Initially, an empty waveform array
is created in order for LabVIEW to allocate the required memory. The software
then iterates through the voltage-time array provided by the user. For each speci-
�ed voltage level, the program references a prede�ned lookup array that maps each
voltage level to its corresponding bit pattern. The matching bit pattern is repeat-
edly inserted into the waveform array according to the duration speci�ed by the user.

The duration for which a particular voltage level is outputted depends on the number
of repetitions of its corresponding bit pattern in the waveform array. The shortest
possible voltage duration is determined by the period time for the speci�ed fre-
quency. Longer durations are achieved by repeating the bit pattern multiple times
where the duration is a multiple of the period, as shown in (3.1) where N is the
number of times the certain voltage is outputted. Once the waveform array is pop-
ulated it is transferred via the NI-HSDIO driver onto the onboard memory of the
NI card. After loading, the card outputs the waveform sequentially at the frequency
speci�ed by the user.

12



3. Methods

N = tsignal � f clk (3.1)

3.3.5 Aborted signal ends on 'aborted value'

Originally, when a signal is aborted, the output pins on the NI card remain at the
values they held at the moment the abort command was pressed. However, setting
all output bits to 0 does not necessarily result in a 0 V output from the switching
grid. This is due to the way voltage levels are mapped to bit combinations. To
address this, an "aborted value" control was implemented. It is provided as a ring
selector in the user interface, allowing the user to choose the desired output voltage
that should be applied when the signal is aborted.

3.3.6 Oscilloscope function

The waveform acquisition functionality is implemented in a while loop that can run
in parallel with the waveform generation loop. Its purpose is to handle communica-
tion with the Tektronix TDS 2004B oscilloscope that has a current probe connected
on channel 1. Communication with the oscilloscope is managed by third party Lab-
VIEW drivers speci�cally designed for Tektronix TDS 200, 1000 and 2000 series
devices.

The function is called at the beginning of program execution if the user has se-
lected to use the oscilloscope, trough the "Use scope" button seen in Figure 3.4.
The function then initializes communication with the oscilloscope and executes an
automatic setup routine. Following this initialization step the function begins con-
tinuous acquisition of waveform data from the oscilloscope. The user can then decide
to log waveform data by selecting this option in the GUI. Additionally, the function
will automatically terminate an ongoing test if the measured current surpasses a
maximum threshold de�ned by the user.

13



3. Methods

3.4 Signal generation hardware

Figure 3.6: Highlighted subsystem for signal generation hardware.

Between the PCI-6541 card and the DUT, as seen in Figure 3.6, the system re-
quired additional hardware components. Speci�cally, a gate driver and a grid of
high-voltage switches.

The high-voltage switches used in the system have a 50W pull-down resistor con-
nected to each gate, resulting in a constant current draw when driven high. This
load exceeds the maximum drive current of the NI PCI-6541 card, which is limited
to 32 mA per output. To handle this, a power ampli�cation stage was necessary
between the NI card and the switches gates to ensure that the control signals could
be delivered without overloading the output channels.

3.4.1 Power ampli�cation using the TC4427 gate driver

To drive the switches in the test system, the TC4427 gate driver was used. The
TC4427 is a dual non-inverting MOSFET driver capable of sourcing and sinking
peak currents up to 1.5 A. It is designed for high-speed applications and provides
short propagation delays (typically 40 ns) and matched rise and fall times of ap-
proximately 25�30 ns, making it suitable for fast switching of capacitive loads such
as transistor gates. At 25°C, the TC4427's maximum on-to-o� �turnaround� time
for continuous square-wave operation is 140 ns. This corresponds to a theoretical
maximum toggle rate of about 7.1 MHz [7].

The choice of the TC4427 was based on several key advantages. Its current output
capacity meets the demands imposed by the gate input and pull-down resistance of
the high-voltage switches. The matched transition times help maintain clean and
predictable switching behavior, which is important for signal �delity. Additionally,
the driver provides protection against reverse current, preventing potential damage
to the NI PCI-6541 card. Since each TC4427 IC includes two independent drivers,
a single device can control two switches, which contributes to a more compact and
e�cient circuit design.

14
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