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Experimental Assessment of Harmonic
Contributions Using a Ternary Pulse Sequence

Evgeniia Bulycheval, Sergey Yanchenko!

Abstract: Harmonic contributions of utility and customer may feature significant
variations due to network switchings and changing operational modes. In order to
correctly define the impacts on the grid voltage distortion the frequency dependent
impedance characteristic of the studied network should be accurately measured in
the real-time mode. This condition can be fulfilled by designing a stimuli generator
measuring the grid impedance as a response to injected interference and producing
time-frequency plots of harmonic contributions during considered time interval.
In this paper a prototype of a stimuli generator based on programmable voltage
source inverter is developed and tested. The use of ternary pulse sequence allows
fast wide-band impedance measurements that meet the requirements of real-time
assessment of harmonic contributions. The accuracy of respective analysis
involving impedance determination and calculation of harmonic contributions is
validated experimentally using reference characteristics of laboratory test set-up
with varying grid impedance.

Keywords: Harmonic identification, Harmonic contribution, Impedance measure-
ment, Non-linear load, Power quality, Ternary pulse sequence.

1 Introduction

The sophistication of production processes, implementation of new types of
energy efficient industrial equipment and control techniques bring about new
challenges for power quality management. In fact, continuous changes of
equipment operating modes, multiple switchings of network topologies
complicate deterministic design-based assessment of power quality indices thus
favoring the use of more straightforward measurement based approaches. In this
way the introduction of measurement systems allowing continuous power quality
monitoring may not only provide the primary control of the indices versus the
standard’s limits but also allow more complex online data analysis, e.g. real-time
harmonic identification.
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Previously developed method for the determination of customer harmonic
contributions [1] provides real-time information on the grid impact of selected
nonlinear loads. The use of short-time stimuli allows to define the frequency-
dependent grid impedance in the range of up to 2 kHz with the time step of 80 ms
resulting in high-resolution profile of harmonic contribution for multiple
harmonic orders. This method for real-time harmonic identification was
implemented in MATLAB/Simulink and validated theoretically for the pool of
multiple simulations with randomly varying grid parameters [1]. Its main
limitation however, consists in the need for a stimuli generator, a programmable
voltage source inverter controlled via a digital signal processing (DSP) chip. The
purpose of the generator is to inject a specified measurement stimuli into
considered network, thus allowing determination of corresponding frequency-
dependent impedance and, hence, harmonic contributions. Challenges with the
practical implementation of the stimuli generator impeded the experimental
verification of the proposed approach in [1]. Therefore, the present paper aims to
compensate for this shortcoming by describing a built prototype of a stimuli
generator and demonstrating its use within the proposed method for real-time
harmonic identification.

The paper is organized as follows. Section 2 discusses the theoretical
background of the developed method. General description of the stimuli
generator is provided in Section 3. Experimental verification of the developed
generator is described in Section 4. Section 5 presents harmonic impedance
assessment in laboratory conditions for various generator parameters.
Experimental harmonic contribution assessment is conducted in Section 6.
Finally, current results of the research are discussed.

2 Developed Method for Calculation of Harmonic Contributions

A need for correct assessment of the influence of nonlinear loads on the grid
voltage distortion has led to the emergence of numerous methods for calculation
of harmonic contributions [2 — 3]. Nevertheless, generally they share a common
approach for the assessment of harmonic contributions that is based on the grid
representation of Fig. 1.
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Fig. 1 — Equivalent grid representation at particular harmonic frequency.
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Harmonic voltage U, at the point of common coupling (PCC) is formed by
the joint impacts of utility and customer that are modeled as current harmonic
sources J,;, and J., in parallel with respective linear harmonic impedances Z,;, and
Z., (Fig.1), where 4 is harmonic order up to 40:

Qh zguh +Qch ° (1)
Here Uy and U, are the utility and customer contributions to voltage

distortion at PCC at particular harmonic frequency that may be determined using
harmonic voltage U, and load current /; in accordance with:

Z
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As Uy and I, are derived from the measurement data, it follows from (2) and
(3), that accuracy of harmonic contribution assessment depends mainly on the
accuracy of determined harmonic impedances Z; and Z,.

Obtaining reliable information about the utility impedance is significantly
complicated by the multicomponent nature of modern network, the lack of
complete information about the structure and connected loads, and the random
nature of power consumption. In addition, a large number of nonlinear loads with
a capacitive characteristic of the input impedance in modern network collectively
create conditions for the occurrence of resonances. This is significantly
complicates the calculation of harmonic contribution.

In this paper, frequency-dependent impedances are estimated using
experimental active approach, i.e., by applying measured response of the studied
network to the intentionally constructed stimuli [4]. Thus, uncertainties of
theoretical calculation using rated data of network equipment are excluded and
real-time impedance value is provided.

Following this active measurement approach, previously developed method
for harmonic identification [1] uses a ternary pulse sequence as injected stimuli
in order to determine frequency-dependent impedance characteristics. Ternary
pulse sequence features multiple advantages over typically adopted stimuli
signals (e.g. sinusoidal frequency sweep [5 — 7] or network switching transients
[8 — 11]) that make it perfectly adopted for online impedance evaluation [12]:

— wide uniform spectrum assures sufficient signal-to-noise ratio and, hence,
accuracy over entire frequency range of interest;

— short length allows multiple injections and, hence, high time resolution of
impedance calculation;

— low magnitude guarantees negligible impact on the operation of sensitive
network equipment.
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Fig. 2 — Equivalent network representation with the pulse sequence generator.

With the ternary pulse sequence injected by the stimuli generator (Fig. 2)
signals of voltage u(f), load current i(f) and generator current ig(¢) at the PCC are
measured and decomposed with the short-term Fourier transform into time-
spectral components Uj(?), Ii(£), Igi(2). Customer and utility harmonic impedances
Z.y, and Z,;, are determined under the assumption of their linear nature, i.e. that
impedance values at particular frequency may be determined by the ratio of
respective voltage and current harmonics:

Uh

=t 4

Zch Ih ( )
Uh

Z, =m, (5

where U, is the harmonic voltage at the PCC, [, is the load current, /g is the
generator current.

These are further used to calculate time-varying network Z,(¢) and customer
Z.4(t) impedances at interharmonic frequencies thus avoiding the impact of
inherent nonlinearities of the network [4]:

Z.(6)= Z. (1) ZZhH 0 ©)

Impedance values at particular harmonic frequencies are inserted in (2), (3)
and corresponding harmonic contributions are determined.

If there are several harmonic sources in the network, the proposed method is
applied separately for each nonlinear load. That is, one harmonic source is
allocated as a customer, and the rest of the network is considered as a system.

The theoretical verification of the proposed method for harmonic
identification was produced in Matlab/Simulink in [1]. In this paper for the
experimental verification of the method a prototype of a pulse sequence generator
is designed and tested by analyzing the accuracy of the impedance estimation.
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3 General Description of the Ternary Pulse Sequence Generator

Basic structure of a ternary pulse sequence generator is shown in Fig. 3. The
ternary pulse sequence generator parameters are presented in the Table 1.
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Fig. 3 — Basic structure of a ternary pulse sequence generator.

Table 1
The Ternary Pulse Sequence Generator Parameters.
PWM rated power Length of the
Voe [V] Vic[V] frequency [Hz] [W] pulse sequence
380 220 20 000 200 1009-bit

Inherently, it corresponds to a standard single-phase voltage source inverter
with the output current programmed by the DSP-chip that is used to set the
parameters of the measurement stimuli. A power plant of the generator features
typical structure [13] including a DC-link based on a 380 V DC power supply, an
IGBT-bridge and an input LCL-filter. IGBT-bridge receives control signals
through drivers, which provide power amplification of control signals and
galvanic isolation between individual units of the device. Data acquisition system
includes grid voltage and current sensors and signal conditioning circuits in order
to comply with the input requirements of the ADC. Acquired signals are fed to
the DSP evaluation board with TMS320F28335 controller that is used to
implement the control algorithm of the pulse sequence generator. Hereafter, a
more detailed description of particular blocks of the designed generator prototype
is provided.

Control algorithm of the pulse sequence generator was first developed as a
Simulink-based model (Fig. 4) and then automatically converted into the C-code
implementable into the DSP controller. The model itself consists of the several
levels. The highest level (Fig. 4) contains the specified parameters for the
interrupt routine of the DSP-controller, blocks assuring the soft-start of inverter
and the input of the ternary pulse sequence.
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Fig. 4 — The highest level of the generator control model.

The medium level of the model (Fig. 5) represents a triggered subsystem that
is executed during the hardware interrupt and includes inverter control and
peripherals of the DSP controller: ADC and PWM modules. The ADC conversion
is started by the interrupt event at the beginning and at the end of the PWM period.

Px/C2833x

Serial Send1

Inverter Control

Fig. 5 — Medium level of the generator control model.

The measured data are processed by the inverter control block in order to
produce an input signal for the PWM block. Furthermore, data logging required
for subsequent calculation of impedance and harmonic contributions is
accomplished by the Serial Send subsystem. It converts the ADC output signals
and sends them via serial connection interface to an additional model (Fig. 6)
utilized for storing the measurement data in PC [14].
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Fig. 6 — Additional model for logging of measurement data.
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The lowest level of the model represents the structure of inverter control
system (Fig. 7) and consists of a phase locked loop (PLL) and a PI-based current
control loop with the grid voltage feed-forward [15]. The generator output current
is regulated in order to match with the reference signal that is composed by a
normalized grid sinusoid and a ternary pulse sequence.
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Fig. 7 — Inverter control subsystem.
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Fig. 8 — Power plant with IGBT-driver, inverter and LCL-filter.
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In this way, the implementation of the described three-level control model in
the DSP controller allows to produce PWM switching signals that ensure the
required harmonic content of the stimuli at the output of the pulse sequence
generator.

The electric circuit of the power plant, including IGBT-driver, single-phase
bridge inverter and input LCL-filter is presented in Fig. 8. Inverter IGBT-
switches are supplied with the PWM control signals from the DSP controller
through the IGBT optrons that provide signal amplification and galvanic isolation
of the controller circuitry [16]. High-frequency switching distortion of inverter
output current is attenuated by the LCL-filter.

Electric circuit of the signal acquisition and conditioning board is presented
in Fig. 9 and consists of voltage and current sensors and corresponding signal
processing elements [17] ensuring the compliance with the ADC. For example,
the output of the voltage sensor is scaled and shifted by the operational amplifier
producing a unipolar scaled equivalent of the grid voltage that is suitable for
further use in the control algorithm.
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Fig. 9 — Signal acquisition and conditioning: (a) AC voltage sensor; (b) current sensor
at the generator’s output, (¢) current sensor of nonlinear load.

Fig. 10 shows a general view of the designed ternary pulse sequence
generator consisting of previously described parts: 1 — LCL-filter, 2 — power
plant, 3 — DSP-controller, 4 — signal acquisition and conditioning board.
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Fig. 10 — Ternary pulse sequence generator (1 — LCL-filter, 2 — power plant,
3 — DSP-controller, 4 — signal acquisition and conditioning board).
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Fig. 11 — Measured current responses during
the injection of the ternary pulse sequence.
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Fig. 12 — Current spectrum before and after
the injection of the ternary pulse sequence.

Fig. 11 demonstrates the output current of the generator at the time of the
injection of the ternary pulse sequence. The spectrum of this current with and
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without interference is shown in Fig. 12. Produced ternary pulse sequence
features wide sufficiently uniform spectrum with relatively low harmonic
magnitudes.

4 Testing of the Developed Pulse Sequence Generator

In order to evaluate the effectiveness of the developed stimuli generator a
grid impedance test-bed was constructed in accordance with Fig. 13. The use of
capacitive and inductive elements along with the switches allowed to produce
switchings between multiple impedance characteristics including resonant.

Ternary pulse

sequence
generator

Fig. 13 — A circuit of grid impedance test-bed.

Testing activities implied connection of the generator, that was continuously
injecting stimuli, to the grid impedance test-bed and measurement of the system
response while varying the states of the switches (Table 2) and thus changing
impedance characteristics.

Table 2
Switching sequence of the grid impedance test-bed.
INTERVAL TIME [s] SWITCH1 | SWITCH2 | SWITCH 3
1 0-5.5 open
2 5.5-12.2 closed open open
3 12.2-16 open open closed

The resulting data were used to build time-frequency impedance plots
(Fig. 14) showing switchings between frequency characteristic at particular time
instants. Measured impedances feature distinct characteristics, e.g. resonant or
inductive, that are correctly reproduced with the help of pulse sequence generator.

Additionally, Fig. 15 presents a comparison of measured frequency-dependent
impedances (blue lines) with theoretical characteristics (red lines) calculated for
particular configurations of the test-bed using known values of circuit elements.
The matching is generally good over entire frequency range.
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Fig. 14 — Measured time-frequency impedance of the grid test-bed.
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Fig. 15 — Comparison of measured frequency-dependent impedance (dash lines)
with theoretical characteristics (square dot lines) (‘o’ — ‘open’, ‘c’- ‘closed’).

5 Optimizing Generator Parameters for Better Accuracy
of Impedance Estimation

This section analyzes the impact of the generator parameters on the accuracy
of experimentally determined harmonic impedance Resonant configuration of the
grid impedance test-bed (Interval 2 in Table 2, Fig. 15) was selected for the error
assessment of measured impedance in respect to the reference under varying
parameters of the pulse sequence generator: proportional gain of the PI-controller
and magnitude of the stimuli. For each case, multiple parameter values from

281



E.A. Bulycheva, S.A.Yanchenko

typical variation ranges were implemented in the generator control system and
corresponding frequency-dependent impedance was measured.

Hereafter, the bar plots (Fig. 16) that depict relative errors of harmonic
magnitudes in the frequency range of up to 2 kHz, are presented for some
characteristic values of each parameter. In Fig. 16a the variation of proportional
gain of Pl-controller is presented, in Fig. 16b the variation of the stimuli
magnitude. All characteristics feature similar behavior with the highest errors
observed for the low order harmonics and almost perfect matching in the higher
frequency range. These inaccuracies result from the presence of inherent
nonlinearities revealing themselves as low order harmonics of the grid voltage
and generator output current. These harmonics superimpose with the measured
system response and distort the results [12].

0.2 0.6 1]

35 7 9 11131517 192123252729 3133353739
Harmonic order

(@)

o251 Eiﬂé\

35 7 911131517 192123252729 3133353739
Harmonic order

(b)

Fig. 16 — Relative errors of harmonic magnitudes: (a) the variation of proportional gain
of Pl-controller, (b) the variation of the stimuli magnitude.

The integral estimation of the accuracy in considered frequency range was
produced for multiple parameter values by calculating the root mean square error
(RMSE) in accordance with:

(-~ 7)
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n
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where x and y are the calculated and reference values; 6, and G, are the
variances of x and y; 0, is the covariance between and x and y; X and y are the

mean values of x and y.

The resulting plots of RMSE variation are shown in Fig. 17. The increase of
the proportional gain of PI-controller generally reduces the error of the estimated
impedance (Fig. 17a) as the capability of the generator to accurately reproduce
the specified ternary pulse sequence is improved. Higher magnitude of the ternary
pulse sequence predictably provides better accuracy of impedance measurement
(Fig. 17b) as the signal-to-noise ratio of the measured data increases.
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Fig. 17 — RMSE for different values K,: (a) and for different magnitude of injection (b).
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Fig. 18 — Impact of proportional gain on performance of the stimuli generator: () input
impedance characteristics; (b) spectra of the output current.

The impact of proportional gain of Pl-controller on the accuracy of
impedance estimation was further studied by producing input impedance
characteristics of the pulse sequence generator. Impedance plots corresponding
to particular values of proportional gain (Fig. 18a) were produced by the
frequency sweep method [4] in the range of up to 5 kHz. It follows from the figure
that unreasonable increase of the gain results in a dip of impedance characteristic
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at 2.5 kHz representing arisen instability [18]. This gives rise to additional
harmonics appearing in the spectrum of the output current (Fig. 18b) that distort
the measured data of impedance estimation. Generally, selection of appropriate
proportional gain value represents a tradeoff between sufficient accuracy of
harmonic identification and significant operation stability of the pulse sequence
generator.

Conducted parameter optimization analysis reveals that generally optimal
magnitude and length of injected ternary pulse sequence are selected as a trade
off between the signal strength and allowed interference limit. The former affects
the accuracy of impedance determination while the latter preserves normal
operation of the grid under study. Thus for stiff grids with high short circuit
capacity higher magnitude of the stimuli is required while weaker grids may be
analyzed with low energy stimuli.

6 Harmonic Contribution Assessment
Within the Developed Method

The analysis presented in the previous section allowed to optimize parameter
values of the generator for more accurate impedance estimation and
experimentally implement the developed method for assessment of harmonic
contributions [1]. To this end, the effectiveness of the method is verified in
laboratory conditions using a specially designed test set-up shown in Fig. 19.
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Fig. 19 — Laboratory set-up for testing of the developed
method for harmonic identification.

The set-up consists of a utility model featuring voltage supply with inherent
harmonic distortion and varying frequency-dependent impedance; a customer
represented by nonlinear load; and a ternary pulse sequence generator. Adopted
switching sequence of the grid impedance is shown in Table 3.

Harmonic spectra of the grid voltage, customer and generator currents is
presented in Fig. 20 showing significant impact of customer operation on the
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resulting levels of the 3rd and the 5th voltage harmonics. Hereafter customer
contribution to the levels of these harmonics is determined using developed

method.

Table 3
Switching sequence of the grid impedance.

Interval Ne TIME [s] SWITCH 1 SWITCH 2 R,Q
1 0-0.7 open closed 4.6
2 0.7-1.4 closed closed 4.6
3 1.4-2.1 closed open 1.3
4 2.1-2.8 open closed 2.65
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Fig. 20 — Harmonic spectra of the grid voltage (a),
generator and customer currents (b).

Multiple injections of ternary pulse sequences with total duration
corresponding to considered time interval (Table 3) are generated at the PCC
using the developed generator. With the measurements of the frequency response
to generated stimuli the time-frequency impedance characteristic of the utility can
be determined during entire time period. Respective characteristic is presented in
Fig. 21 with the reversed frequency axis for better visibility.

A comparison of frequency-dependent impedances at particular time instants
(blue lines) with theoretically calculated characteristics (red lines) is shown in
Fig. 22 justifying sufficient accuracy of the measured impedance.

Assuming that customer features much higher impedance than the utility,
equations (2) and (3) for harmonic contributions can be simplified by neglecting
ZC},Z
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Fig. 21 — Time-frequency impedance of the utility.
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Defined impedance values at the 3™ and the 5™ harmonics can be used along
with measured time varying voltage and current harmonics to (8) and (9) in order
to obtain time-varying harmonic contributions of the customer and utility.
Corresponding results depicting customer and utility contributions, obtained by
the proposed method are presented as 3d bar plots (blue and yellow histograms)
in Fig. 23 along with the reference contributions (deep blue and green histograms)
for clearer comparison. It follows from the figures, that the developed method
accurately determines varying harmonic contributions in accordance with the
reference plots.

Time characteristics of the customer contribution at considered harmonics
(Fig. 23a) generally follow the variation of impedance at corresponding
frequencies. During the first 2 intervals (0 — 1.4 s, Table 3) grid impedance value
is high (Fig. 22) resulting in significant harmonic voltage drop and, hence, impact
of the customer on voltage distortion at PCC. Conversely, the 3™ interval (1.4 —
2.1 s, Table 3) features reduced impedance values at the 3™ and the 5™ harmonic
frequencies leading to a lower harmonic voltage drop and less prominent impact
of the customer on voltage distortion at PCC.

Unlike that of the customer, harmonic contribution of the utility (Fig. 23b)
does not feature any significant variation and represents distortion levels
inherently present in the grid.
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Fig. 23 — Comparison of the reference and
measured time-varying harmonic contributions
of customer (a) and utility (b) for the 3" and the 5" harmonics.
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7 Conclusion

In this paper, the prototype of the ternary pulse sequence generator is
designed and utilized in experimental verification of the recently proposed
method for real-time assessment of harmonic contributions. The accuracy of
impedance measurement provided by generator is analyzed for typical variation
ranges of the control system parameters. Optimized parameter values are further
implemented in the generator control system during experimental determination
of harmonic contributions for the case of nonlinear load connected to varying grid
impedance. Good matching of calculated harmonic contributions with reference
characteristics for both customer and utility justifies the applicability of the
developed method for the analysis of varying harmonic impacts.

At its current state proposed method of real-time harmonic identification is
limited by its single-phase low voltage properties. Introducing a capability to
define harmonic contributions for three phase medium voltage networks is seen
as a logical extension of the method’s functionality and will be considered in the
future research.
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