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Real-Time Harmonic Identification
Under Varying Grid Conditions

Evgeniia A. Bulycheva!, Sergey A.Yanchenko!

Abstract: One of the challenges of the power quality management is a need for
reliable harmonic identification in grids with multiple non-linear loads. This paper
proposes a novel method to accurately determine time-varying harmonic
contributions of non-linear loads to the total grid voltage distortion. The use of the
invasive measurement approach and ternary pulse sequence as a stimuli guarantees
an accurate assessment of harmonic contribution with the account for time-
variating harmonic impacts. The application of proposed approach is demonstrated
by means of time-domain grid simulation with implemented white-box model of
a pulse sequence generator. Statistical estimation of the accuracy of the proposed
approach as well as comparison with typical harmonic identification methods
justify its effectiveness under non-stationary network conditions.

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

1 Introduction

Power quality management is a priority goal in modern electric grids that is
currently jeopardized by massive implementation of power electronics devices.
In general, improvement of energy efficiency is achieved by introducing
sophisticated control of equipment operating modes that in its turn leads to the
wide spread of converters featuring nonlinear nature. This leads inevitably to the
rise of harmonic voltage distortion, leading to accelerated wear-out of network
electrical equipment.

In order to limit the stress of equipment under distorted conditions, harmonic
sources should be correctly identified and their impact on the supply voltage
should be accurately evaluated. This resulted in the development of numerous
methods for assessment of harmonic contributions, which can be roughly divided
into two groups: fluctuation [1, 2] and regression methods [3 — 7]. Both groups
utilize the measured data representing a variation of network voltages and
currents in different operating modes. In order to assure accurate results
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fluctuation methods require prominent changes of the network operating mode:
e.g., turning on/off [ 1] or variation of the non-linear load [2], energizing of power
transformers or switching of power factor correction capacitors [2], etc.
Conversely, regression methods determine harmonic contributions based on
natural variations of network operating mode implementing statistical analysis
[3, 4], state estimation [5, 6] or machine learning techniques [7].

It follows from a more detailed comparison of these methods conducted in
[8, 9] that most of them require an accurate representation of the frequency
dependent network impedance, which is essential for correct calculation of
harmonic contribution. A common practice is to assume that the frequency
dependent network impedance is constant over the entire measurement interval.
However, network operation generally involves switchings of circuit breakers,
transformers and capacitor banks, variation of customer loads, etc. and thus
features non-constant grid impedance values. The neglect of these variations may
lead to inaccurate evaluation of harmonic contributions.

The present paper addresses the problem of harmonic identification under
nonstationary grid conditions by proposing a method that accounts for time-
varying frequency response of the network impedance in the real time. This is
accomplished by the use of short-term stimuli that allows accurate determination
of impedance characteristic with high time discretization. With the known time-
varying impedances harmonic contributions of customer and grid can be
calculated at each particular time instant according to common procedure [1].
This real-time capability of the proposed method can be useful for harmonic
identification in the grid with frequent switchings, low short-circuit capacity or
nonlinear customers with nonstationary operating mode.

The remainder of the paper is organized as follows. The general description
of'the method is provided in Section 2. The model of the pulse sequence generator
used for injecting measurement stimuli is described in Section 3. Section 4
presents a grid simulation model with connected stimuli generator used for
efficiency assessment of the method. A comparison with typical approaches for
harmonic contribution assessment is presented in Section 5. Finally, current
results of the research and its future extension are discussed.

2 General Description of the Proposed Approach

2.1 Calculation of harmonic contributions

In order to identify utility and customer harmonic contributions, they are
represented in the frequency domain by equivalent Norton models (Fig. 1),
including current harmonic sources J,» and J; in parallel with respective linear
harmonic impedances Z,;, and Z.
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Fig. 1 — Norton equivalent circuit of the system under study.

Based on the harmonic voltage U, and current [, measured at the point of
common coupling (PCC), the utility and customer contributions to voltage
distortion at PCC at each harmonic frequency can be determined as follows:

Z
vu.=u,-z,1,)—==—, 1
~uh (_h Zuh _h) Zuh +ZCh ( )
Z
u.=U,+7Z,1)—=~4—. 2
= ch (_h _ch_h) Zuh +Zch ( )

Since Uy and I, can be measured directly at the PCC, the key problem of
assessing the voltage harmonic contribution consists in correct calculation of the
utility-and customer-side harmonic impedances Z,; and Z,. This can be done by
measuring the response of the system to the generated stimuli according to the
invasive measurement approach. In this case, network is represented as a voltage
harmonic source Uy, in series with linear harmonic impedance Z,,. A pulse
sequence generator connected to the network is represented as a current harmonic
source J,;, with wide spectrum (Fig. 2).

Zun I, PCC

Quh Qh ‘Zn h

Fig. 2 — Equivalent circuit of network with pulse sequence generator.

When using the harmonic current source, it is possible to eliminate the error
due to preexisting harmonics by taking them into account. The harmonic

impedance Z,, is then given by:
U2h — th

Zyp=="—1T > 3)
" L, — 1,

where U,,, U,,, 1,,, 1,, — voltages and currents before and after connecting
harmonic current source.
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In order to eliminate the impact of preexisting grid harmonics impedance
characteristic can be defined in accordance with (4) on the basis of interharmonic
components of voltage and current produced by injected stimuli [2]:

U
z,==*, (4)
I,
assuming that no interharmonic components were present in the network prior to
the injection.
Then, the harmonic impedance is calculated as the mean of two adjacent

interharmonics:
Z,,+Z
Zuh — =hl  Zhtl . (5)
2
2.2 Ternary pulse sequence
Utility and customer impedance identification is produced by injection of a
ternary pulse sequence (Fig. 3a), that features various benefits if used as a
measurement stimuli [10 — 13], e.g.:
— wide almost uniform harmonic spectrum (Fig.3b);
— ability to adjust the spectrum in accordance with the studied network by
eliminating certain harmonic orders;
— high immunity against grid original distortion;
— low impact on the grid operating mode.
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Fig. 3 — (a) Three-levels of the ternary pulse sequence;
(b) Spectrum of the ternary pulse sequence.
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Ternary pulse sequences consist of bit streams of £1 and 0 occurring in a
predefined manner. Low amplitude of the pulses guarantees negligible impact on
the grid equipment and at the same time high resilience against noise due to the
energy uniformly distributed along the signal spectrum.

Furthermore, the prominence of the ternary pulse sequences can be improved
in the case of low signal-to-noise ratio by easily adjusting its length or amplitude,
thus, providing accurate results in non-ideal noisy conditions.

A Matlab-based package prs [14] is used in the current research for
generating the signal of the ternary pulse sequence. This allows to tune its
parameters in accordance with the short circuit power and structure of the
network and types of connected non-linear loads.

2.3 Structure of the method for harmonic identification

The structure of the proposed method for real-time harmonic identification
is shown in the flow chart in Fig. 4.

start

Generation and injection of the ternary
pulse sequence

Measurements of u(f), i(?), i.(f) ‘

Determination of harmonic components

of u(?), i(t), it)
v

Utility harmonic impedance
Zuh(t) :Qh(t)/lh(t);
Customer harmonic impedance
Zch(t) :(—ih (t)/lch(t)
Harmonic contributions U.(¢), U,(?) in
accordance with (1),(2)

end
Fig. 4 — Flow chart of the proposed approach.

First, multiple injections of ternary pulse sequences corresponding to the
studied time interval are generated at the PCC. Then, resulting voltage u(¢) and
current i(¢#) waveforms are measured and decomposed with the short-term Fourier
transform in order to acquire voltage Uj(¢) and current /(¢) harmonics in the time-
frequency domain. A ratio of time-dependent voltage harmonics at the PCC U(¢)
to the magnitude of the spectrum of the ternary sequence /;(f) represents time
variation of grid harmonic impedance Z,(f). Similarly, customer harmonic

33



E.A. Bulycheva, S.A.Yanchenko

impedance is calculated as a ratio of harmonic voltage U(#) to customer harmonic
current /(7). These are eventually, used to calculate the variation of harmonic
contributions according to (1) and (2).

3 Modeling Pulse Sequence Generator

As mentioned previously parameters of the ternary pulse sequence determine
the accuracy of measured impedances and consequently harmonic contributions.
Hereafter, a more detailed insight in the stimuli generation process is provided by
considering the operation of the pulse sequence generator. The respective white-
box Simulink-based model presents a single-phase voltage-source inverter [15,
16] with the control system determining the parameters of stimuli.

The model of the pulse sequence generator contains two main parts:

— Power plant including constant power source, DC capacitor, full bridge
inverter and input LCL-filter (Fig. 5);

— Control part containing phase-locked-loop (PLL), voltage and current
control loops and pulse width modulation (PWM) block (Fig.6).

Pulse sequence generator Utility

Inverter Control

I e Li Lg
S AT
J. B Rf
I el
H-B
Ve Tidge ¢ L] 220V

Fig. 5 — Grid simulation model with connected pulse sequence generator.

Vhomel

Fig. 6 — Control structure of the pulse sequence generator.

PLL control Ternary pulse
loop sequences
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The pulse sequence generator parameters are presented in the Table 1. A
ternary pulse sequence generated with prs package is added to the reference
current of the inverter thus a measurement stimuli is injected into the studied grid.
Resulting output current waveform and its spectrum are presented in Figs. 7a and
Fig. 7b respectively. It follows from the figures, that with relatively low level of
disturbance, wide and uniform spectrum of the stimuli is produced that allows
clear identification of high-order components of impedance characteristic.

Table 1
Parameters of a Pulse Sequence Generator.
LCL-FILTER
L; [mH] L, [mH] Cr [uF] Ry [Q]
7.292 5.728 1.97 50
PULSE SEQUENCE GENERATOR
DC-link PLL PI voltage PI current
control control
Voc[V] | Co[uF] | Kppr | Kppu [s'] | Kapu | Kpv | K [$1] Kpi | Kii[s']
450 1500 180 3200 1 30 200 0.35 1
Rated power Length of the
Vac [V] PWM frequency [Hz] [W] pulse sequence
220 20 000 200 1009-bit
=
= 1y
Zo
3-1-
52t : .
g‘ 0 10 20 30 40 50 60 70 80
C Time (ms)
(a)

Fundamental (50Hz) = 1.304 , THD=22.95%
4- ‘ -

3 L
2
1

0
15 10 15 20 25 30 35 40
Harmonic order
(b)
Fig. 7 — (a) The waveform of the injected stimuli;
(b) The spectrum of the injected stimuli.

Mag (% of Fundamental)
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Fig. 8 depicts a frequency-dependent input impedance of the pulse sequence
generator that justifies its negligible impact on the assessment of resulting
harmonic contributions. The contribution of the pulse sequence generator to the
total voltage distortion U. can be estimated by considering it as a customer
according to (2). Taking into account that the generator impedance Z;,, is much
higher than the utility impedance Z, (Fig. 8) equation (2) can be simplified to:

Qch (t) = Zuh !h (t) . (6)
The values of both stimuli spectrum /; and network impedance Z,; are quite
low in respect to customer and utility harmonic contributions resulting in
negligible impact of the pulse sequence generator on the calculation accuracy.
This is further justified by statistical accuracy assessment provided in the
following section.
400
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Fig. 8 — Frequency dependent input impedance of the pulse sequence generator.

4 Simulation Verification

In this section the use of the proposed approach for harmonic identification
is demonstrated under varying grid and load conditions. Statistical estimation of
the accuracy reveals good capability of the method to correctly reproduce non-
stationary harmonic contributions of utility and customer.

4.1 Online measurements and experimental verification

A grid simulation model used for application of the method is presented in
Fig. 9. A varying nonlinear load is represented by two sets of switchable harmonic
current sources of the 5™, 7™, 11" and 13™ orders in parallel with resistors Rn1,
Rn2 corresponding to the load at fundamental frequency. A grid impedance
variation is represented by several switchable sets of resistors R/, R2, R3 and
inductors LI, L2, L3. Finally, nonstationary levels of network distortion are
implemented by the switch connecting voltage harmonic sources. During the
measurement period a sequence of switchings is performed in order to produce
nonstationary harmonic contributions of utility and customer.

The impedance characteristic at each time instant was calculated based on
the interharmonic multiples of 12.5 Hz corresponding to the 4 excitation periods
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of the injected pulse sequence. Multiple injections of ternary pulse sequences
covering the whole measurement interval provide the time characteristic of utility
and customer harmonic impedances that are further used to calculate their
respective harmonic contributions in accordance with (1) and (2).

il

IrER

Rnl 5

.
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P Pulse sequence

7 11 13 generator Utility

8
tf

Fig. 9 — Grid simulation model.

A model of Fig. 9 was simulated multiple times with randomly varying
impedance values and switching instants providing voltage and current data that
were further used for determining time-frequency impedances and harmonic
contributions of utility and customer (exemplarily depicted in Figs. 10 and 11).
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Fig. 10 — (a) Time-frequency impedance of the utility,
(b) Time-frequency impedance of the customer.

Variation of the grid impedance leads to the rise of resonant conditions at
particular frequencies (Fig. 10a). Fig. 10b depicts the decrease of the customer
impedance at fundamental frequency and, consequently, increase of the load.
Fig. 11a presents a variation of the utility contribution for particular harmonics
that is affected by both varying original grid distortion and occurrence of network
resonant conditions. The behavior of customer harmonic contribution in Fig. 11b
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is affected not only by its operating mode but also by changing network
impedance.
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Fig. 11 — (a) Time varying harmonic contribution of the utility;
(b) Time-varying harmonic contribution of the customer.

Multiple simulations (appr. 50) conducted with the described model allowed
statistical assessment of the accuracy of the developed method. For each
simulation the impedance profile and voltage contribution plots at particular
harmonic frequencies were compared with corresponding references by
calculating the correlation coefficient p:

. > (6 D)~ 7)
p=—2 -2 ™)

(e3¢

O \/i(x,. SN

i=1
where x and y are calculated and reference values; 6, and o, are the variance of x
and y; oy, is the covariance between and x and y; ¥ and y are the mean values of

x and y.

The closeness of the correlation coefficient to 1 testifies the degree of match
between calculated and reference characteristics. Resulting plots showing the
distribution of the correlation coefficient for the utility impedance pz, and the
customer impedance pz# up to the 50™ harmonic are provided in Fig. 12 and
Fig. 13. Fig. 14 presents a distribution of the correlation coefficient for utility puus
(Fig. 14a) and customer pye; (Fig. 14b) harmonic contributions at particular
harmonic frequencies. It follows from the figures that good convergence level
with the reference data is achieved by the proposed method. In 95% of cases, the
values of the correlation coefficients for the utility impedance and the customer
impedance are greater than 0.97 and 0.9992, respectively. Similarly, values of the
correlation coefficients for the utility and customer harmonic contributions are
greater than 0.993 and 0.94, respectively.

38



Real-Time Harmonic Identification Under Varying Grid Conditions

1 T

+++++¢$+$*f;¢IéfgévET*éhrMT\ T T T T
Sipt (LERLGT LA BB
R R R R G U MR
- E + A Ll+¢ *t l l‘lllllllilllll
¥ | 1
510.98* ., T ) Eo
| * * 1 l ¥ + . .
+ +
097 | + LT . . 1
|
0.96 % 1 1 1 1 1 t t 1 1 1 1 L+ 4 1 \+ +\ 1 1 1
2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Harmonic order

Fig. 12 — Distribution of the correlation coefficient for the utility
impedance depending on the harmonic order.

EE
09998 -+ | - e N . )
200996 1L AT IITL e e e |
5’0.9994915%59@ 0o0000;30806000000000000020000833050080g
09992 * lel .
0.999 +‘ - T I . ) . J

| | | | |
8 20 22 24 26 28 30 32 34 36 38 40 42 44
Harmonic order

Fig. 13 — Distribution of the correlation coefficient for the customer
impedance depending on the harmonic order.
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Fig. 14 — (a) Distribution of the correlation coefficient for the utility harmonic
contribution depending on the harmonic order; (b) Distribution of the correlation
coefficient for the customer harmonic contribution depending on the harmonic order.

Due to certain challenges of constructing a DSP-based stimuli generator and

reference impedance setup only theoretical assessment of the method’s accuracy

is discussed in this paper. If

complemented with the noise related accuracy

analysis previously considered in [17] such theoretical verification can provide
an insight in error-prone procedures of the method and finally allow the
estimation of its feasibility in lab or real grid conditions.
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In fact, parameters of a DSP-based pulse sequence generator, e.g., preset
ADC resolution, PWM switching frequency, pulse sequence length and type of
the signal conditioning circuit are mostly responsible for the method’s
inaccuracies in real-life applications [13]. Their effects are not assessed by the
present theoretical analysis and will be the topic of the stand-alone paper
considering practical implementation of the proposed approach and, in particular,
the construction of a prototype of a DSP-based pulse sequence generator.

5 Comparison with Typical Harmonic Identification Methods

This section contains comparison of the proposed approach with typical
fluctuation and regression methods. At first short theoretical description of the
methods is provided followed by demonstration of their implementation in
particular simulation cases.

5.1 Fluctuation method

The fluctuation method [2] utilizes daily variations of voltage and current
harmonics at the PCC in order to form arrays of respective increments AU, and
Al, . A ratio of voltage and current increments corresponding to particular

harmonic order allows to define an array of complex impedance that is then
distributed between utility and customer, based on the sign of real part of its
elements.

/ N
(_ start )

‘ Measurements of u(t), i(¢) ‘

v
—4 Short term Fourier decomposition of u(f), i(f) ‘

Formation of arrays of voltage and current
increments
v
‘ Formation of the impedance array Z(f) ‘
v
Separation of the array Z(¢) on the utility-side
impedance Z,,(f) and the customer-side
impedarice Zei(t)

Harmonic contributions U,,(f), U.x(¢) in
accordance with (1),(2)

s N
(_end )

Fig. 15 — Flow chart of the fluctuation method.
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Defined impedance values enable calculation of harmonic contributions of
utility and customer according to (1) and (2). The algorithm of the fluctuation
method is presented in the flow chart of Fig. 15.

5.2 Regression method

The partial linear regression method [4] estimates harmonic contributions
during the considered period in accordance with the corresponding linear
equation:

y=DB+f, @®)

where y and D — matrices of measured real and imaginary values of harmonic
voltage and current, f — matrix of real and imaginary values of background
harmonic distortion, p — matrix of grid impedance.

(start)
‘ Measurements of u(?), i(t) ‘ 1 stage
v
—4 Short term Fourier decomposition of u(z), i(t) ‘
v

Determining the optimal window width
v
‘ Formation of a smoothing matrix
v
Formation of matrices of the current D

and voltage y
v
Calculation biased estimation of the harmonic
impedance and background distortion

—ﬁ Formation of complex matrices r u O ‘

Calculation the unbiased estimation by the
complex linear least squares method.
Determination of system impedance Z,,

—% Harmonic contribution U.(t)=Z, I.(t)

(end)

Fig. 16 — Flow chart of the partial linear regression method.

At the first stage the biased estimation of harmonic impedance and
background harmonic distortion are obtained by kernel smoothing estimation
method. These parameters are further used to construct a complex linear
regression model:

r=Q¢, )
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where O —matrix of measured current at the PCC; r —matrix of customer
harmonic contribution defined as a difference between the values of measured
voltage at the PCC and an estimate of background harmonic distortion.

An accurate estimation of harmonic impedance & can be calculated from (9)
using complex linear least squares method:

£=(Q0)"'0r. (10)
Finally, harmonic voltage contribution of the customer can be estimated by
(6) under the assumption that the customer-side harmonic impedance is much

greater than that of the system. The algorithm of the regression method is
presented in the flow chart of Fig. 16.

5.3 Harmonic contribution assessment by considered methods

Aforementioned fluctuation and regression methods for harmonic
identification were implemented together with the proposed approach into the
network simulation model of Fig. 9. The adopted scenario of switching events
within the model is described in Table 2.

Table 2
Switchings of the topolology of the network simulation Model.
EVENT Ne | TIME [s] EVENT
1 0.5 Decrease of background grid harmonic voltage distortion
2 1 Decrease of utility-side impedance
3 1.5 Increase of background harmonic voltage distortion
4 2 Decrease of customer harmonic emission
5 2.5 Increase of utility-side impedance
0.04
0.03 —Z,,
S — |[Event Ne2 Event No5¢— _ 7
- calel
5002, 7z
cale?|
0.01 Zculc3
0 L .
0 0.5 1 1.5 2 2.5 3

Time (s)

Fig. 17 — Comparison of time varying network impedances for the 7" harmonic
calculated by the proposed approach (blue line), fluctuation method (green line)
and regression method (magenta line) with the reference (red line).

Hereafter, resulting plots depicting the variation of impedance characteristics
(Figs. 17 and 18) and harmonic contributions (Figs. 19 and 20) corresponding to
the utility and customer are provided. Each plot contains comparison of the values
acquired by the proposed method (blue dashed line), fluctuation (green dash-dot
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line) and regression methods (magenta dotted line) with the reference (red solid
line). As the calculation procedure for different harmonic orders is essentially the
same, only the 7™ harmonic is presented in the plots for the sake of brevity.

It follows from Fig. 17 that only proposed approach (blue line) recognizes
the moderate changes of utility-side impedance. The fluctuation method (green
line, Fig. 17) does not identify the variation of the system impedance (green line)
probably due to the insufficiency of the corresponding current increments while
the regression method (magenta line, Fig. 17) inherently assumes a constant value
of the impedance.

1.5 1
s; ) — Zre/'
~ zZ
Nﬁ Event N94Le calcl
0.5 - = calc2|
0= |
0 0.5 I 1.5 2 2.5 3
Time (s)

Fig. 18 — Comparison of time varying customer impedances for the 7" harmonic
calculated by the proposed approach (blue line), fluctuation method (green line)
with the reference (red line).
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........................... el U
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b= :'. ﬁ{Evem Ne3 Ucu/cZ
2 A g E Ucu/c3
0\ e ew ww I
0 0.5 1 1.5 2 2.5 3
Time (s)

Fig. 19 — Comparison of the 7" voltage harmonic contributions of considered network
calculated by the proposed approach (blue line), fluctuation method (green line)
and regression method (magenta line) with the reference (red line).
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4 Bvent XSl =
o — Event Nel i ref
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S — N Event Ne2 — JEvent Ne4
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1 [I— Se— Uculc3

— Event Ne3
0 L J
0 0.5 1 1.5 2 2.5 3
Time (s)

Fig. 20 — Comparison of the 7" voltage harmonic contributions of considered non-
linear load calculated by the proposed approach (blue line), fluctuation method (green
line) and regression method (magenta line) with the reference (red line).
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The more prominent changes of the customer—side impedance in Fig. 18 are
accurately detected by both proposed approach (blue line) and the fluctuation
method (green line). The regression method is not able to determine customer-
side impedance.

The utility-side harmonic contribution in Fig. 19 is accurately represented by
the pulse sequence method over the entire time interval (blue line). The
corresponding results of the fluctuation method (green line, Fig. 19) feature
relatively good accuracy except for the time interval from 0.5s to 1s with
increased error. The regression method (magenta line, Fig. 19) produces the least
accurate characteristic of harmonic contribution that generally corresponds to the
reference however features significant errors probably due to the nature of kernel
smoothing.

Finally, the customer-side harmonic contribution is determined in Fig. 20
most accurately by the pulse sequence method (blue line). Conversely, the results
of the fluctuation (green line, Fig. 20) and regression methods (magenta line,
Fig. 20) feature significant deviations from the reference in the time intervals
from 0 to 1s and from 2.5s to 3s. According to (2) these inaccuracies originate
from the errors of produced utility impedance characteristics during the
respective time intervals (green and magenta lines, Fig. 17).

Table 3
Customer and Utility Impedances and Harmonic
Contributions Calculated by Considered Methods.

REFERENCE | FLUCTUATION PLRM TEggQAI?E‘;I%%SE
UTILITY-SIDE
Zun [Q] 0.0217 0.0152 0.0176 0.022
RMSEzu - 0.0101 0.0086 0.0018
Pz - 3.0798¢-12 4.1183¢-15 0.9727
Uun [V] 3.8623 4.0296 4.8097 3712
RMSEuu - 0.7802 1.4730 0.1179
U - 0.9624 0.9814 0.9995
CUSTOMER-SIDE

Za [Q] 0.7916 0.8045 - 0.796
RMSEza - 0.0229 - 0.0464
pzeh - 0.9946 - 0.9786
Uai [V] 2.8780 2.1528 2.3548 2.687
RMSEuve - 0.9972 0.8912 0.2417
Puch - 0.7606 0.7464 0.9860
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A quantitative accuracy estimation of the three methods is based on
calculation of the root mean squared error (RMSE) and correlation coefficient p
for impedance and harmonic contribution characteristics. The RMSE is
determined as:

RMSE =\|-2——— | (11)

where x, y are the calculated and reference values respectively.

The results of three methods including mean values of calculated impedances
and harmonic contributions, respective RMSE and correlation coefficients for
the 7" harmonic are shown in Table 3. The lowest values of RMSE correspond
to the pulse sequence method, as well as the correlation coefficient close to
0.97 - 0.99.

6 Discussion of the Results

Modeling results described in the previous sections justify good accuracy of
the pulse sequence approach for harmonic identification under non-ideal grid
conditions. Network operating mode with varying impedance characteristics,
multiple switchings of customer and utility equipment were implemented in the
network simulation model in order to emphasize the advantages of the proposed
approach for the real-time determination of harmonic contributions under
nonstationary grid conditions. Currently adopted approaches for determination of
harmonic contributions, e.g., fluctuation or regression methods, turn out to be
ineffective due to inherent limitations. For example, the fluctuation method fails
to produce accurate results in cases of weak grids or insufficient variations of
harmonic levels of the customer. Similarly, the regression method presents low
applicability for the assessment of nonstationary operating modes due to the
properties of the adopted kernel smoothing techniques.

Conversely, high time resolution and wide frequency range of determined
harmonic contributions, flexibility and low invasiveness provided by ternary
pulse sequences make their implementation favorable for harmonic source
identification in cases of frequently varying loads, weak grids with indistinct
sources of distortion or comparable harmonic contributions of utility and
customer. The main limitation of the pulse sequence method is the requirement
for the generator of the measurement stimuli.

A short summary of aforementioned analysis is given in Table 4.
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Table 4
Comparison of Considered Approaches for Determination of Harmonic Contributions.
TERNARY
CRITERIA FLUCTUATION PLRM PULSE
SEQUENCES
Initial Data Measured voltage and current at the PCC
Sufficient prominence Assumption of Generation of the
Limitations of of harmonic source at constant network ternary pulse
applicability any time instant is harmonic impedance sequence is
required is adopted required
Complexity High High Low
Determination of
varying harmonic %
contribution over the es
measurement interval
Account for varying Yes No Yes
customer impedance
For nonlinear variable Electric networks,
Application Area where Zun <<Zcn, No limits
loads _
and also Zu, =const

7 Conclusion

An effective method for the assessment of time-varying harmonic
contributions based on the use of the ternary pulse sequence is presented. The
verification of the method is produced within time-domain network simulation
model including developed white-box model of pulse sequence generator.
Comparison with state-of-art approaches for harmonic identification reveals its
advantages under non-ideal grid conditions. The real-time capability of the pulse
sequence method allows its application in the weak grids featuring frequent
topological changes, containing power factor capacitors and significant non-
linear loads with abrupt changes of operating modes. Further research will
involve development of a prototype of a pulse sequence generator and the
analysis of its efficiency in real-life applications.
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