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Abstract: This paper describes a development of a hardware platform suitable for the
frequency domain spectroscopy (FDS) and frequency response analysis (FRA) applied for
high-voltage machine diagnostics. The principle of the FDS and FRA methods widely used
by maintenance technicians are briefly reviewed. Important technical requirements for the
instruments utilizing these methods are stated. A design of a hardware platform with
parameters fitting both of the method and engagement of the latest electronics components
is discussed. In order for verification of the design platform, a basic implementation of a
vector voltmeter is described. Long-term stability, phase shift sensitivity, and accuracy of
the platform are evaluated.
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1 Introduction

In the field of energetics, there are a number of high-voltage (HV) machines. As
an example, power transformers and generators directly used in the production
and the transmission of electricity, should be mentioned. The lifetime of the
machines are expected to be decades. To achieve the expected lifetime it is
necessary to plan the regular diagnostic examinations of these machines. Thus, the
machine operator avoids an unexpected shutdown of the machine or the entire
system [1]. In many cases, the power transformer can work in relatively good
conditions even if they exceeded their operational lifetime [2]. Therefore, it is not
economically effective to replace such machines solely because of exceeding their
expected lifetime. This fact is another reason to develop a non-invasive
assessment method of the machines.
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HV machines windings and their insulation systems are constantly exposed to a
combination of heat, electric and mechanical stresses [3], [4]. All of these factors
have an influence on the state of the machines winding insulation. The state of
winding insulation is one of the studied parameters that can detect an upcoming
failure. There are few measurement methods used in winding insulation state
assessment, such as: electric resistance measurement using DC current [5], partial
discharge measurement [6], [7], dielectric response measurement [8], capacitance,
and dissipation factor measurement measured at power grid frequencies, dielectric
spectroscopy [9] and frequency response analysis (FRA) [10]. The stresses
mentioned above and also aging and moisture generation induced by these stresses
have an influence on the conduction and the polarization processes inside the
insulation material.

This paper further deals with FDS and FRA diagnostic methods. Common
hardware requirements for both methods are found, such as: (parameters of
excitation signals of a device under test and sampling frequencies of the
measurement of device response). Baseed on these requirements, a design of a
hardware platform intended for the mentioned methods is described. The primary
goal of this work is development of an instrument fully suitable for practical
measurements utilizing the FDS and FRA methods. Another objective of this
work, is also an effort to increase the accuracy of the measurement and
improvement of parameters (frequency range, excitation voltage level, resolution,
linearity, etc.) in comparison with other instruments available in the market.

2 Frequency Domain Spectroscopy

Frequency domain spectroscopy (FDS) is one of the methods suitable for studying
polarization phenomena. Every kind of insulation material consists, at an atomic
level, of negative and positive charges. The charges are balancing each other, and
on the macroscopic level, they produce a neutral charge. When applying an
external electrical field E the charges become oriented thus, formate dipoles. The
positive charges are attracted to the negative pole and vice versa. This
phenomenon is called the polarization.

FDS is a method that utilized an AC current excitation of studied material
(transformer insulation). The capacitance and the dissipation factor are measured
as a function of frequency of the excitation signal [11], that can be expressed
using an equation

()= jaC(w)U(w) )

where (o) is the measuring current, C(w) is the capacitance of the measured
material sample U(w) is the excitation voltage. The frequency range is usually
between 1 mHz and 1 kHz, and a voltage level of hundreds of volts is needed [12].
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A base block diagram of an FDS analyzer with a typical connection to a device
under test (DUT) is shown in Fig. 1.

Figure 1
The block diagram of the dual channel FDS analyzer

The DUT is represented by a transformer with a primary winding H and two
secondary windings A and B. There are also shown parasitic capacitances Cua,
Cug and Chg that can be measured using the FDS analyzer. The FDS analyzer
consists of a frequency sweep generator (FSG), a high-voltage amplifier and two
ammeters. The FSG generates a sinus waveform with an adjustable frequency.
This signal is amplified using the high-voltage amplifier to an amplitude of
hundreds of volts. A studied parasitic capacitance of the DUT is excited by the
amplified signal. A current flowing through the studied capacitance is measured
by the ammeters. In order to perform the computation of capacitance and
dissipation factor, it is necessary to measure both the current amplitude and the
current phase with respect to the generating signal. The measured parameters are
calculated using the equation (1). A typical dissipation factor course measured
using the FDS method is shown in Fig. 2.

tan 6 [-]
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Figure 2
The typical FDS measurement result and factors affecting the dissipation factor, similar picture in [12]
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3 Frequency Response Analysis

The motivation for the FRA measurements is very similar to the methods
mentioned above. Many dielectric and mechanical failures in power devices like
transformers are caused by mechanical changes in the winding structure. These
defects, or displacements in the winding structure, may be the result of
transportation damage occurring between the manufacturer and the installation
location. Moreover, also powered devices by this particular transformer could
cause defects. For instance, low impedance fault on these devices could be
harmful [10]. Common problems are also natural effects of the insulation aging.
Early detection of these displacements of a dielectric failure can reduce unplanned
maintenance costs and provide the possibility of improving system reliability by
preventing these failures. In addition, when the damage is discovered, repairs may
be targeted to a specific place.

3.1 Theory

The main idea behind the FRA process is to measure the transfer function of the
inspected subsystem in some frequency span. Inputs and outputs of the particular
transfer function can be freely chosen to obtain various data.

Diagnostic result for the high voltage machinery FRA, is typically a relation
between the impedance of the DUT as a function of the excitation frequency. The
typical frequency range according to [10] is from 10 Hz up to 5 MHz. It has been
verified that even minor displacements in the geometric structure of the large
power transformer windings or changes in the dielectric parameters of the
insulation system will lead to the relevant changes in the FRA fingerprint. This
fact supports the results from simulations in [10] and [13]. To understand even
better the relationship between the transfer function estimation and the
transformer physical changes [13] provides a simplified equivalent schematic of
the transformer with explanation of what value is changed, by what defect. A
useful overview of these changes is documented in [14].

3.2 Swept Frequency Method

The first method, known as the swept frequency response analysis (SFRA)
method, uses the fact that the impedance (or admittance) of a transformer winding
varies with the frequency. A basic connection is shown in Fig. 3. The FRA
analyzer could be substituted with a network analyzer for simplicity. DUT is
excited with AC voltage with amplitude in a range of tens of volts, acc. to [10].
There is another voltage probe to measure actual voltage present on the DUT
terminal. This connection eliminates any mistakes caused by testing voltage cable
wiring. Current flown from neutral terminal of the DUT is the output measured
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value. The input impedance of the network analyzer could be used to convert
resulting current from the neutral terminal to the voltage as shown in Fig. 3.
Despite the simple data analysis, there are several disadvantages of this method.
At very low frequencies (in the range of some hundreds of Hz up to low kHz),
these instruments tend to lack sufficient power to appreciably excite a large power
transformer, due to the heavy inductive load presented by the steel core. This
problem is described more deeply in [10]. The fixed sensing impedance of 50 Q
could be insufficient to convert the current signal in the whole frequency range
properly. However, main advantages are simple hardware connection, easy data
analysis processes and possible usage of instruments like network analyzers. On
the other hand, disadvantages are in sensing impedance selection, cable length and
connections, together with repeatability issue. A significant performance obstacle
is an insufficient power to gain proper excitation of HV machines in the whole
frequency range. SFRA method testing together with results is described in [15]
and [16].

Phase t. Neutral terminal

Excitation AC voltage

/}/ \\_ A

o Input voltage signal
Network analyzer -
500
Resulting output current L
Figure 3

Typical test connection for a low voltage SFRA

DuUT

3.2.1  Measuring Principle

The FRA instrument that is using the classical SFRA must measure two voltage
signals, in which one corresponds to the voltage on the input phase terminal and
the second one on the sensing impedance, which corresponds to the current-flown
through DUT. The simplified electrical schematic is shown in Fig. 4.

-51-



J. Tomlain etal. A Hardware Platform for Frequency Domain Spectroscopy and Frequency Response Analysis
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Figure 4
Measurement principle of DUT impedance
Impedance is then given by:
U U, -u
— DUT __ in sense

Z= T - Rsense U— )

sense

3.3 Traditional Impulse Method

In contrast with, the previous method, the impulse method tries to compensate
several imperfections of the swept mode. The basic principle is described in [10]
and especially in [14]. Measurement is done in a frequency domain with single
impulse transition response analysis. A test connection for the impulse
measurement is shown in Fig. 5. A network analyzer is altered by the impulse
generator with a high-speed digitalization unit. The main idea behind this
measurement is to produce a single low voltage impulse to one terminal of the
DUT and measure particular response to this impulse on the neutral terminal.
Similarly, the current on the neutral terminal should be properly converted to the
voltage. There is a possibility to use another value of the sensing impedance in
contrast with internal one in the network analyzer. Once the time domain record of
the voltage (input) and current (output) are recorded, the transfer function is
calculated as the Fast Fourier Transform (FFT) of the output divided by the FFT
of the input. Unfortunately, this method has also its limitation. There are several
practical problems which cause difficulties with the repeatable results together
with the accuracy aspect. Present noise in the signal has a negative effect on the
final FFT result. Easiest elimination is to apply averaging of more than one result.
This is one of the recommendations in [10]. A good level of repeatability is
limited by another two factors. Test impulse should be the same for each single
measurement of the averaged set. The second, is the quality and performance of
the digitalization unit. The Impulse FRA method testing together with results is
described in [17] and [18].

-52-



Acta Polytechnica Hungarica Vol. 14, No. 8, 2017

Phase terminal

Impulse voltage «

/ Neu;ral

terminal
-\ =
Input voltage signal

8

DuUT

Impulse generator
High speed digitalization unit

Resulting output current

Figure 5
Typical test connection for a low voltage SFRA

4 Designed HW Platform

The FDS and FRA methods described in Chapters 2 and 3 do have some common
attributes. Both of the methods require a generation of an excitation signal and a
measurement of the DUT response. The measurement is based on sampling the
response signal, but the signal processing itself is different for both methods.
However, there is a possibility to integrate both methods and implements of them
into one platform.

Hardware for the whole diagnostic process consists of three main parts, see Fig. 6.
A core part of the digital signal analysis is an FPGA board, a data conversion and
acquisition is done on an analog daughterboard. A coupling front-end board
provides a power front-end to amplify signals generated by the daughter board.
The coupling front-end is designed to operate with excitation signal with a voltage
of 30 Vpp and fulfills requirements of the excitation signal in case of FRA
method. Thus, then a chain of FPGA board, daughter board and coupling board
forms whole FRA instrument. In the case of the FDS method, an external HV
amplifier is needed that is not discussed in this paper.

Analog Coupling
FPGA board daughter —p front-end — HV amplifier
board board

~
FRA measurement

FDS measurement

Figure 6
The block diagram of the platform

-53-



J. Tomlain etal. A Hardware Platform for Frequency Domain Spectroscopy and Frequency Response Analysis

The designed system will use frequency swept method, which is described in 3.2.
According to this method, designed HW should fulfill the possibility to work in
frequency spectrum from tens of Hz up to tens of MHz. In addition,
communication and interfacing the instrument must be robust with a usage of
modern communication interfaces like Ethernet.

41 FPGA Board

Core parts of the digital subsystems are placed in the field-programmable gate
array (FPGA) board. To obtain an easy implementation of real-time parallel tasks
and large scalability the FPGA architecture was chosen. Altera Arria V GX device
in FBGAG72 case provides a reasonable ratio between requested functionality and
price. Two memory interface for DDR3, a large amount of internal RAM and
high-speed GPIO interfaces are the essential parts. In addition, the user is able to
implement a high-speed System-on-the-chip (SoC) systems using Nios 2 Gen2
soft processor core, in this device family. Control between the FPGA board and
host/slaves systems is ensured via several types of communication standards.
Ethernet 10/100 Mbit/s interface is provided by an external TCP hard-wired stack
manufactured by Wiznet company. The W5500 chip provides up to 8 parallel full-
featured TCP/UDP stacks. The internal MAC possibility of the Altera device is
not used because of licensing policies. This solution provides comparable data
throughput and much fewer computation requirements to the host SoC system
inside FPGA. The full-duplex RS485 interface is implemented for an industrial
standard communication via twisted-pair buses. This interface is also isolated. For
convenient PC to HW communication the FPGA board is equipped with USB
interface. Internal RAM of 8 Mbits could be expanded with two DDR3 chips each
64 MB. High Speed Mezzanine Card (HSMC) 160 pin connector is designed on
the edge of the board for connection with the daughterboard. This interface
consists of 19 differential gigabit links, 32 LVDS differential connections, 20
LVTTL single GPIO and the power supply network. Character LCD display and
JTAG connector could be used for debugging or simple results visualization.
Power circuits consist of complex power supply solution for whole FPGA systems
with the proper voltage ramping and powering sequence. The simplified block
diagram is in Fig. 7.
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DDR1 || DDR2
LCD
RS485
Ethemet—l_ Arria V GX
USB
ITAG —|_ ‘
Power
Figure 7

The block diagram of the motherboard

4.2 Daughter Board

HSMC

A board equipped with an analog to digital (ADC) and a digital to analog (DAC)
converters was designed. The board is mainly intended for the measurement
method described in Chapter 2. A block diagram of the board is shown in Fig. 8.

DAC3282

|—>

3t

?@ DAC1/2

LI:L ADS42LB6S

30

= 2x
2 e <| ADC3/4
— 2%
ADS1263
32bit | Q —(-) abci/2
3A 2x
<—(©) REFTTL
Figure 8

The block diagram of the designed analog front-end board

The board consists of one dual channel DAC type DAC3282 (16-bit, 625 Msps).
Its output is led to an SMA connector. The board is also equipped with two dual
channel ADC. The first ADC is type ADS42LB69 with 16-bit resolution and 250
Msps sampling rate. An input signal led from SMA connector is coupled both AC
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(transformers) and DC (operational amplifier) ways. This topology allows using
the ADC in a wide frequency range of the input signals. The second ADC used
was, type dual channel ADS1263 with a 32-bit resolution, maximum sampling
rate 38 ksps and a sigma-delta architecture. In comparison with the first ADC, it
provides better resolution and accuracy in the range of low frequencies. Clock
impulses for DAC and ADC are generated using a circuit Si5338. The Si5338 is a
programmable any-output any-frequency quad clock generator. The board also
contains all necessary power supply circuits. The power supply circuits provide all
voltage levels for: ADC, DAC and signal preconditioning for analog circuits. An
REFTTL signal led into a high-speed mezzanine connector HSMC is proposed to
a sensing of a square wave reference signal. This can be used for internal phase-
locked loop synchronization.

4.3 Coupling Front-end Board

One of the important instrument parts is an analog interface board between the
analog daughterboard described in Chapter 4.2 and the particular DUT. The
proposed structure of this board is shown in Fig. 9.

daughter board
interconnection

\‘ 4 Tusaosz “‘-‘
DACL Gx +1 -

~ ’b
ADCL — 1/x —<. ln

LPF \

I-0
~ P
ADC2 1/x v - ¥ —;’/1;«]—
LPF " @

2vp 10 Vpp ~~_ L=+ 11A

pawerboard /| B2 [415" |15
interconnection m

Figure 9
Proposed design of excitation FRA board

As the output buffer, the THS3062 from Texas Instruments will be used. Its
frequency range in the gain range of about 1 is up to 300 MHz, which is fully
capable of the proposed design. It can supply up to + 145 mA per channel.
Interconnection of eight parallel channels will produce more than 1.1 A to the load
in the form of the DUT. The power output capability is not used continuously
because of the relationship between the DUT impedance and the particular
frequency.
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Figure 10
Photograph of the designed platform consisted of all three designed board

Input signals should be low-pass filtered to eliminate high-frequency noise and
amplitude of the signal will be adapted to the low-voltage signal for ADC inputs
on the daughterboard. A photograph of the whole assembled platform is shown in
Fig. 10.

5 Design of FPGA Software Core

Both of the methods described in Chapters 2 and 3 require measurement of
amplitude and phase of harmonic signals. Thus, a basic vector voltmeter
implementation was designed to prove a suitability of the designed platform for
the method described in Chapter 4. The implementation is running on the FPGA
board described in Chapter 4.1. A principle of used algorithm is shown in Fig. 11
and it is also well-known as a lock-in amplifier (LIA). The LIA is one the
commonly used techniques used to evaluate amplitude and phase of the harmonic
signals. The algorithm consists of two multipliers, two low-pass filters, and a
phase shifter. Us is an input sinus wave signal and U is a reference sinus wave
signal.

Then the output signals Ux and Uy can be expressed as

U, =%u5uR cos[(w, — )t +6, —(sz]—%usuR cos[(w, — @)t +6, +6;] ()

U, =%USUR cos[(w, — o, )t +6, —9R1+%USUR cos[(ws — we)t+ 65 +6,] (4)

that indicates that the output signal Ux is proportional to a real part of the input
signal and the output signal Uy is proportional to an imaginary part of the input
signal.
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LPF1

us Ny >< Uy
. ’—\ >
U Ny
LPF2
Uy
—»
Y
PHASE
SHIFT

90"

Figure 11
The principle of the lock-in amplifier

A complete overview of the designed FPGA core is in Fig. 12. The parallel tasks
connected with ADC readout together with mathematical computations are
implemented in the VHDL. While the data representation and communication
interface is implemented inside NIOS 11 processor.

Implemented
FPGA core

PlO Lo

UART

Controller fd8>

UART
Controller

USB PC

ADC e SPI
A 'VHDL driver

Arria V GX

Figure 12
Block diagram of FPGA core

A block diagram of a LIA VHDL implementation suitable for the FPGA board is
shown in Fig. 13. An ADS1263 VHDL driver serves an interface between ADC
and FPGA circuit. The driver provides continuous a reading of the samples, and it
also determines the sampling frequency. Sampled data are continuously provided
in the bus data. The sampled data are multiplied in multiplier MUL32. The second
input of the multiplier is fed by an all digital phase-locked loop PLL. The PLL
generates a sine wave and a cosine wave digital waveform with a phase shift
respected to the REF signal. The filtration of the frequency ws+ wr is provided by
a PERAVG and an MOVAVG filter. The PERAVG is designed as an average of
one period of the input signal, and MOVAVG is designed as a moving average
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filter. The filtered signal is led into a NIOS processor block that provides a
necessary computation logic.

MUL32 PERAVG MOVAVG
SPIADC | Aps1263 data |
VHDL driver i A X 6a[—P64 T 64—P|64 T 32+ 50
sin S
REF | data |.. _ _ )
M PLL |eos 3 X 6al—w 64 X 64[—P64 T 32| PIO
Figure 13

The VHDL implementation of the LIA

6 HW Platform Verification

A few experiments were made to verify the designed platform. For both methods
(FDS and FRA) the key result depends on the precise measurement of amplitude
and phase of two input signals with reference to excitation signal. Therefore, the
most important part of the whole FDS and FRA analyser consists in quality of
LIA implementation. The first experiment, was focused on the long-term stability
of used ADC, the second experiment was focused on the sensitivity of a phase
shift measurement, and the third experiment was focused on the accuracy of the
phase shift measurement. The block diagram of the first and the second
experiment is shown in Fig. 14.

FPGA board Daughter board
(—/;\
FLW 33522A
LIA ADS51263 ‘_@‘_ Dual channel
- 32bit waveform
NiOsS ZA generator
Figure 14

The block diagram of the stability and phase sensitivity experiment

In Fig. 15 is plotted data measured by the LIA algorithm (described in Chapter 5)
with a stable sinus waveform, with a frequency of 50 Hz led into the input of the
front-end board. During the two hours test, no drift was observed. The root mean
square error was evaluated as 1.5 pVrwms.
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The results of the phase sensitivity experiment

The second experiment was designed to prove the phase shift sensitivity close to
0.001° that leads to the tangent delta of 1.75+107°. The tested signal was generated
using an arbitrary waveform generator Agilent 33522A. A minimal phase shift
that can be generated using this generator in the arbitrary mode at the frequency of
50 Hz is of 0.00108°. The sensitivity of the phase shift change of 0.00108° is
visible from the measured data shown in Fig. 16. It is evident that the designed
measuring system is able to detect at least the phase shift changes of 0.00108°.

<10t ¥ part voltage Odeg and 0.00108 deg
T T : :

557

5.56 [~

\I‘W J[”I\q qll[ U} \Hi“ w 'W‘M(ﬂ}l

(‘-«. l"‘lll IL’ }'M ‘If‘"n‘

Y part voltage [Vrms]

I I
o 100 200 400 500 600 700 800
Time [s]

Figure 16
The results of the phase sensitivity experiment

The third experiment’s goal to prove the accuracy of the measurement of the
phase shift. A block diagram of the experiment is shown in Fig. 17. The front-end
was excited by sin waveform with the frequency of 50 Hz, and internal phase

-60-



Acta Polytechnica Hungarica Vol. 14, No. 8, 2017

shifter was set at different angles. Measured results are stated in Table 1, where
Uin is an RMS value of input voltage, ¢ is a phase shift set into the internal PLL
phase shifter, 6 is phase computed from output values of the implemented LIA
algorithm and ¢ is an absolute error with respect to the set internal phase shift.

FPGA board Daughter board
N ~

FLW DS360

out Ultra |
Lt AD51263 ,@7 el
32bit distortion

: PHASE ¢ 5
NIOS SHIFT A SYNC function
¢ 5 * generator

Figure 17

The measurement of phase shift accuracy

Table 1
The results of the angle measurement accuracy

Un[V] ¢ [rad] 0 [rad] ¢ [rad]

0.17966 011 -2.55+10°% 2.55¢10°%
0.17966 1/8 1 0.39267 2.91+10°
0.17966 1/4 11 0.78537 2.82+10°%
0.17966 3/8 11 1.17807 2.7210°%
0.17966 17211 1.57077 2.63+10°
0.35934 011 1.6 +10° 1.610°
0.35934 1/8 1 0.39272 2.09+10°%
0.35934 1/4 11 0.78540 1.84+10°%
0.35934 3/8 I1 1.17811 1.28 107
0.35934 1211 1.57078 1.63+10°

Conclusions

This paper describes a design of an HW platform intended for the frequency
response analysis and the frequency domain spectroscopy applied for HV
machines diagnostics. Briefly mentioned is the principle of the used diagnostic
methods and the requirements for an instrument implementing both methods are
pointed out. The motherboard provides necessary computation to implement an
algorithm of the FDS and FRA methods. To verify a functionality of the platform
a basic lock-in amplifier implementation was designed. It was observed that the
daughter board provides time stable results and the instrument is able to use the
measurement of the dissipation factor with a resolution of 1.75¢10° at the
frequency of 50 Hz necessary for the FDS method. It was also proved an accuracy
of 310 rad in measured angle, although without any sophisticated calibration.

To complete the FDS analyzer it is necessary to solve the output high-voltage
amplifier (see Chapter 2). The next work will be oriented toward the testing of a
commercially available amplifier. After verification of the amplifier in a practical
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FDS measurement, the integration of the amplifier into FDS analyzer will be
considered. Also, a calibration method of the analyzer is supposed to be
developed.
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