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* Power system is designed to operate at frequency of 60Hz (fundamental).
« Harmonics are the integer multiples of the fundamental (typically, only odd)
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Fourier series establishes the equivalence between time- R N % \

domain and frequency domain, for periodic waveforms A St
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s(t) = Z - (cos (kwt) + 7 sin (kwt))

Fourier series establishes the equivalence between time-
domain and frequency domain, for periodic waveforms
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* Major source of harmonics are different nonlinear loads and devices

« Power-electronic loads:
—— THD 28%

/\/\ JH TF? 33; ‘ T\’TT o h (\/\;:D 33% —
ST -

Adjustable Speed Line Commutated Voltage Source Converters
Drives (ASDs) Converter (high power)

 Other nonlinear loads:

° THD 76% o THD 18% ST~ THD 10% 4 THD 6%
441 1
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Transformer Fluorescent lamp Induction motor loads

Grady, "Understanding Power System Harmonics", UT Austin, 2012
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Overheated transformers (current harmonics) | 17% loss in transformer kVA rating
due to eddy current loss factor of 0.1

Harmonics lead to inaccuracies in ZIP models | 63% error in ZIP model at 5% THD in
voltage [McLorn et al, 2017]

Blowing of capacitor fuses (voltage harmonics)| 40% increase in capacitor RMS
current due to 10% THD in voltage

Distributed generation (DG) increases harmonics

go(;: | Tian et al, 2017, demonstrated the impact of

E,,o‘; growing penetration of power-electronic distributed
2 o} generation on the THD of the network voltages
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Power Injection of DG (kW)

Grady, "Understanding Power System Harmonics", UT Austin, 2012
Tian, et al, “Harmonic reduction via optimal power flow and the frequency coupling matrix”, 2017
McLorn, et al, "Enhanced ZIP load modelling for the analysis of harmonic distortion under Conservation Voltage Reduction", 2017
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4 : : ~ S RMS of only the )

« Conventional ZIP: constant impedance fundamental components
(Z), current (I), and power (P), evaluated

_ only at the fundamental frequency —aVi+bVi+c ,
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_ S ~ RMS of only the
 Conventional ZIP fundamental components

—aVyi+bVi+c

« Adjusted ZIP: small multiplying factor to SV (4] allow a small correction )
account for current harmonics ~Vi- (11 + 1) ’ g

harmonics in current
= No consideration of voltage harmonics = 51(1+«)

. " Only cumulative, not individual harmonics y
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_ S ~ RMS of only the
 Conventional ZIP fundamental components

—aVyi+bVi+c

o Adjusted Z|IP allow a small correction
S~V - factor, accounting for
1
harmonics in current
— S
km . L
(- Norton Model: linear relationship between ¢ A inear relationsnip A
corresponding harmonic components of P voltage harmonics

the load current and voltage

= No cross-coupling between current and
\_ voltage harmonic components
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« Harmonic Load Models

- The HELM approach \ - Overall framework

- HELM modeling algorithms
* Current results and plan - Setup for data generation
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Demonstrate the impact of model enhanced
model on operations. Example: transformer
overheating, optimal dispatch

Electromagnetic modeling of PE and other
resources, and synthetic data generation

Data Generation and Use-Case Demonstration

G WD WIS S S S .-
- ean ean oEn an am o

: Validation (economic dispatch)
------- ety piierad D S D — b e A M I e ) -‘_l_----_
I |
’: S = f (Vl ) ‘/23 y ‘/:5 y ) :
Tt |
sensor measurements _ ! Harmonics-Enhanced : continually enhanced
|
7/

(current, voltage, power)’{\ Load Model (HELM)

Use time-series (point-on-wave) measurements to develop
the harmonic-enhanced models, using optimization and
machine learning (ML) methods

load models
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* Frequency Coupling Matrix (FCM)
= Allows cross-coupling between load current and voltage, via a linear relationship
= Also generalized Norton model, cross admittance matrix, harmonic admittance matrix
= Linear regression (least squares) algorithm to identify the FCM from data

Km o
S ~ Z Vk Ik Il
k=1 I3
km km :
= Ykt Vi Vi I,
k=1 1=1

FCM

Drawback: assumes linearity in relationship between harmonics
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* Nonlinear Coupling Model
» Allows cross-coupling between load current and voltage, via a nonlinear relationship
= Feedforward neural networks to perform nonlinear regression analysis

I fi(Vi, Vay oo, Vi) Al - B . q B
I f3(Vi, Vs, oo Vi) g 5 28 [N £6 SRz
| = : S -l O EEOE O B S E
: : § 3 c © - c Qo - = 8
c ) < ) < =
_Ikm_ _fkm(Vla‘/éaﬂ'aVk‘m)_ — - - O

More generalized model, but possibly higher data requirement
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« PSCAD-based simulation models for feeder-wide interaction between multiple
houses with PE and nonlinear loads: laptop, desktop, HVAC, PV inverter

« Generate synthetic harmonics data by varying the terminal voltage THD
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« PSCAD-based simulation models for feeder-wide interaction between multiple
houses with PE and nonlinear loads: laptop, desktop, HVAC, PV inverter

« Generate synthetic harmonics data by varying the terminal voltage THD
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« PSCAD-based simulation models for feeder-wide interaction between multiple
houses with PE and nonlinear loads: laptop, desktop, HVAC, PV inverter

« Generate synthetic harmonics data by varying the terminal voltage THD
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What We Cover Today

« Harmonic Load Models

 The HELM approach

* Current results and plan

- Validation results
- Ongoing work
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. — Reconstructed
- Accuracy of the identified ;:Jo_os N o T 0 =
harmonic load models 5 : 2o /\ /\ /\
- Low reconstruction loss (largely | £ =~ ! g o /
<1%) across all cases g o 37 \/ V \/
- Reconstructed current signal E o i 0
closely matches observation z Case l case 9 Case 13 T s




o

Pacific

Northwest  Results: Accuracy of FCM (linear regression)

- Contribution of non-fundamental
harmonic components to power

- Parasitic power observed to be
2-3% of the ZIP load estimate
(i.e., the fundamental power)

Parasite power is the cumulative
contributions to power from all
4 non-fundamental harmonics

o — o W

Parasitic Power (%)

Case 1 Case 9 Case 13

Accurate estimate of harmonic load model. Improvement over ZIP.
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« Real data from MIT REDD 2011 study used for validating neural net models
= Single house measurement over 1 month used for validation
» Different load compositions (clusters) identified based on harmonic patterns
= Comparing least squares (LS) and machine learning (ML) methods for accuracy

21
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[ LS Train
[ LS Test

1.2 l O ML Train

B ML Test - ML-based nonlinear regression model
requires high data

- ML (nonlinear) outperforms LS (linear) in
load composition 1 with most data-points

- LS outperforms ML in load composition 5
with the fewest data-points

Normalized Absolute Error (p.u.)

Nonlinear model outperforms linear FCM under high data environment
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» Continual update of load models
» Methods such as recursive least squares and transfer learning for online updates

« Studying the feeder-level impact of harmonics
= Eddy (harmonic) current losses causing overheated transformers
» |[naccurate load models leading to sub-optimal dispatch of DERs
= Extension to T+D studies with aggregated harmonic models

* Real-world experimental data collections and validation
= Ongoing discussions to collect house-level harmonic measurements at varying voltage

* Publication (ISGT 2022):

= Singhal, Wang, Reiman, Liu, Hammerstrom, and Kundu. “Harmonic Modeling, Data
Generation, and Analysis of Power Electronics-Interfaced Residential Loads”.
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Thank you

Questions?

Email: soumya.kundu@pnnl.gov




