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Intelligent Power Quality
Monitoring of Electrical Supply

Presentation Outline
 Power Quality (PQ)

— Definition and introduction
« PQ Events (Disturbances) Classification
 PQ Monitoring Equipment
e PQ Monitoring Techniques

* Intelligent PQ Monitoring
— Disturbance Extraction
— Event Categorization
— Feature Extraction
— Event Classification
— Harmonics Extraction
— Source ldentification
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« Deviation (steady-state or transient) of voltage or current
waveforms in an electrical supply system from a pure
sinusoidal form of a specified magnitude and frequency.

« This deviation deform the a.c. supply voltage waveform and
affect all loads connected to the supply point (Point of
Common Coupling).

So what?

— This “non-ideal condition” create problems for customers’
equipment as well as supply network, depending on the
components that cause the disturbance/distortion, their
magnitude, frequency and duration.

— Signal distortion is normally associated with relatively high
frequency components, which flow in the system, at
relatively great distance from their point of origin. /\
northumbria
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« Why now?

— Modern electrical equipment are sensitive to PQ
disturbances e.g. microprocessor-based controllers, power
electronic devices such as SMPS, variable speed drives, etc.

— Modern equipment (same equipment!) largely employ power
electronic switching devices and hence have become the

major source of degradation of PQ.
%

— Use of equipment that 20 7 voltage
S . o L distortion

employ power electronics is
continuously increasing.

10 +

* About £20 billion of power
electronic products 20 40 60 80 100

installed annually % of power passing through
power electronic devices

World wide Trend in products that
employ PE devices
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Power Quality Monitoring

 Why Intelligent?

— Power networks are becoming more complex and active
(Smart Grids)

— Power Quality events cover a wide range of disturbances
which continuously occur in different parts of power
networks.

— They could be of a transient or intermittent nature with very
short time scale (less than 1 ms).

— They can be very difficult to capture.
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Power Quality Events

o Steady-State Events

Long term abnormalities in the voltage/current waveform.

Information are best presented as a trend of disturbance
level over a period of time (relatively long), and then
analysed using statistical methods.

e.g. voltage imbalance, waveform distortions and harmonics.

 Transition Events

Sudden abnormalities of relatively short duration, occurring

Normally detected when the instantaneous value of the
voltage/current exceeds a certain threshold.

They occur between two steady-state events or
superimposed on a steady-state event.

e.g. fast transients, short duration variation in frequency or

voltage (e.g. voltage sag).
orinimri
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Disturbance Type

Typical

Tyvpical Voltage

Power

Quality
Disturbances

(Events)

Based on
|[EEE Standards
1159-1995

Duration__|Magnitude
Nanosecond | <50 ns
Impulsive Micro second | 50 ns~1 ms
- Millisecond [>1 ms
Transients Low freq. CNTYV
: Medium freq. | 20 S 0~8pu
OSCIIIatory High freq. 5pus 0~4pu
Instantaneous | 0.5~30 cycle | 0.1~ 0.9 pu
Short Sag Momentary | 30 cycl.~3s | 0.1~0.9 pu
- Temporary 3s ~1 min 0.1~0.9 pu
Du r_atl_on Instantaneous | 0.5~30 cycl. |1.1~1.8 pu
Variation swell Momentary | 30cycl.~3s |1.1~14pu
Temporary 3s~1min._ [11~12pu
. Momentary 0.5cycl.~3s | <0.1pu
Interruption Temporary 3s~1min. [<0lpu
Long Sustained Interruption > 1 min. 0.0 pu
Duration Under Voltages > 1 min. 0.8~ 0.9 pu
Variation Over Voltages >1min 11~12pu
Voltage Magnitude Imbalance Steady state
Imbalance  |Phase Imbalance Steady state
DC Offset Steady state |0~0.1%
Waveform Harmonics Steady state | 0~ 20%
Distortions Interharmonics Steady state |0~ 2%
Notching Steady state
Noise Steady state |0~ 1%
Voltage Flicker Intermittent | 0.1~ 7%
<10s .95~1.05 pu

Power Freqguency Variations




- Voltage / (V)

AR LA
P

time/{s)
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~ ShortDuration Variation

Sag
Decrease in the voltage level
t0 0.1 - 0.9 p.u.
Instantaneous (0.5-30 cycles)
Momentary (30 cycles — 3s)
Temporary (3s — 1 min)

Voltage (V)
15000

AL
S

Time (s)

Swell
A surge in the voltage level
Instantaneous (1.1-1.8 pu for 0.5-30 cycles)
Momentary (1.1- 1.4 pu for 30 cycles — 3s)
Temporary (1.1-1.2 pu for 3s — 1 min)

N AN b
VYV
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Duration is more than one minute

Sustained supply interruption

A complete loss of supply

Under-voltage
A sustained decrease of supply voltage in the range 0.8~0.9 p.u.

' northumbria
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Usually this is a steady-state condition.

Voltage magnitude imbalance

This is the ratio of negative or zero sequence component to
the positive sequence component.

Voltage phase imbalance

' northumbria
UNIVERSITY




Waveform Distortion

A steady-state deviation that deform the sinusoidal waveform

5080 Tvoltage (V)

AL LA

SIVTVTTV

D.C. Offset
Typical value <0.1 %

006 007

Harmonics

Periodic waveforms that have integer
multiple of the fundamental frequency.

\’h ) Typical value <20 %)
"N
ﬁ'\'\_/ Interharmonics

Periodic waveforms which are not integer

Notching multiple of the fundamental frequency.
A periodic voltage disturbance Typical value <2 %

Noise
A non-periodic distortion of the sinusoidal waveform
Typical value <0.1 %

¢ northumbria
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 Voltage Fiicker (Voltage Modulation)

=i
W R

An intermittent series of systematic voltage fluctuations
Typical value 0.1-7%
Typical modulation frequency 1-10 Hz




EMC refers to equipment compliance with the national standards
with regard to:

The conducted and transmitted distortion generated by the
equipment and

The equipment susceptibility to the distortion or
electromagnetic field caused by the supply system.

Electro Magnetic Interference (EMI)

EMI refers to the electromagnetic interference which affects the
operation of equipment.
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PO Monitoring Equipment

» Handheld e Portable

— Mainly single phase

— Voltage and current
measurement

— For monitoring and analysis of
a wide range of PQ problem,
e.g. transients, harmonics,
power, etc.

— On-the-spot analysis

— Specifications vary, but — 3 phase voltage and current

useful for initial measurement
investigation — Capable of recording for long
periods

— Allows post recording computer
analysis




PQ Monitoring Equipment

* Fixed PQ monitor/analyser

For long-term on-site
monitoring

Capture a wide range of PQ
problem

Can be linked to a PC for
immediate analysis

Ability to communicate via the
Internet (Ethernet-equipped
instruments).

Networked multipoint PQ
monitors

For continual monitoring on a
power network

Multiple Node Recorders and a
Centralised monitoring &
analysis unit

Allows a broad picture of PQ on
a network

Ability to communicate

At—lllmbria
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PQ Monitoring Techniques

* Time Domain
— Using filters or DSP techniques
— Straightforward design, but inflexible, complex & response can be slow.

— Does not provide much insight into the signal (e.g. frequency information
of the signal is not directly observable)

* Time and/or Frequency Domain
— Frequency analysis (e.g. FFT)
— Time/frequency analysis (e.g. Wavelet Transform)

— Good extraction capability for PQ analysis, flexible, but require large
computational power. FFT response is limited to one cycle of the signal.

o Artificial Intelligence
— Atrtificial Neural Networks (ANN)

— Good extraction capability, flexible, fast response, adapt to changes in
the system. Need appropriate training
Mmbria
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An ideal PQ Monitoring System would be

able to:
Capture and extract disturbance waveform >
A
Categorize disturbance (steady-state or transient) >

| 4

Extract disturbance features and identify components >

|

Classify the disturbance (according to IEEE standards 1159)>

Trend analysis >

. N

Contribution analysis and source identification >

YPQ Report and Advice

# northumbria
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‘Networked Multipoint PQ Monitoring System

oforms Voltage eforms Voltage

Distributed Distributed Distributed
Monitoring Monitoring Monitoring
Unit - Unit - Unit
SNl [DMU]

Captured
PQ Events
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‘Intelligent’ PQ Monitoring System (IPQMS)

Sampled Voltage and/or Current Waveforms

= -

Disturbance Extraction

Extracted Waveforms

~~

Event Categorization

Captured Transition Events

Captured Steady- State Events

\Z

N\

Transition Feature Extractor

Steady-State Feature Extractor

[ Transition Disturbance Feature Vector | |

Steady-State Disturbance Feature Vector

£s

15

<L

Contribution analysis

Transition Event Classification

Steady-State Event Classification

T 1
Transition Disturbance Types ‘

1 I
Source Oscillatory Impulsive Momentary
Identification Transient Transient Supply
Interruption
Voslfge Voltage
g Swell

- -4 bT¢

1
| Steady-State Disturbance Types |

Over Supply Harmonic
Voltage Interruption Distortion

Under
Voltage

Trend Analysis

Power Quality
Reports

c3e

)
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~ Disturbance Extraction

G A e
Re(C)-Vr(t) + Im(C) -Vr(t - I)
AT AR g

r=|c|
where,

C = ][v(t) () + ] V() VI (t -%)} dt

| Exvaced Dsures

— |
Voltage Waveform

-

RMS Variation
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~ Disturbance Extraction:

Voltage W aveform

Voltage (pu)

0.3extrac®4 Noise0-5

)
>
=3
N—r
)
o
©
=
o
>

0.3 RMS Q/ﬂltage 0.5

\/

0.4

' northumbria
UNIVERSITY



- Event Categorization

g

-

 Steady- | Transition

o

-

) Trans.itiqn :
| Sfat_é:-i

t d:' Intefﬁ:\é'di'ate |
Intermediate Steady-State
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~ Event Categorization: Example

ANANANANANANAN
VVVY NV VMVV VYV

.15 0.2 025 03 0.35 0.
a) Sampled voltage waveform

Wi
v T

.06 0.0 '0.1 0.12 0.14 0. . . . . . 0.15 / \0.2 0.25 0.3 0.35

Extre}zéd djsturbance waveform (b))’—:’xtra\:ted disturbance waveform
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! / |

/ |

0. 0. 12 014 O
a) Sampled voltage waveform
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U
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006 o008 01 0.12 ) . . } ) ) } b.2 0.25 0.3

(c) IState transition

(d) Captured PQ event waveform time(s) (d) Captured PQ event waveform time(s)




Feature Extraction

Captured Captured
Transient Steady-state
Event Event
Waveforms Waveforms
Transient Feature Steady-State Feature
Extractor Extractor
(Using DWT) (Using FFT)

Transient Disturbance Feature Vector
(63 elements)

Steady-State Disturbance Feature Vector
(2 elements )

I

|

northumbria
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AF No disturbaince
Under Voltage

0 0002 0004 0006 0008 001 0012 0014 016 0018
(b time(s)
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Event Classification

(63 elements)

Transition Event Feature Vector

(2 elements)

Steady State Event Feature Vector

S~ N
Transient Event Steady State Event
Classifier Classifier
( SAANN-1) ( SAANN-2 )
NA NA
Transient Event Classes Steady State Event Classes
Oscillatory Impulsive Momentary Over Supply l .
Transient Transient Supply Voltage Interruption Harmonic
Interruption | Distortion
Under Normal
Voltage Voltage Voltage Condition
Sag Swell

northumbria
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Amplitude

t (sec)

juency Response Time respo
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Fourier Transform: T
F(nw,) = —jf(t) e "t

Output of FT
(Magnitude of the 7th
order harmonic voltage)
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Fast Ind|V|duaI Harmomc Extractlon
SIS R (FIHE) S

mth order Harmonic Extraction

I 2m 2mz, | [

sin(ma,t) sm(ma)ot—T) sin(mat + 3 ) M, sin(nat)

cos(ma,t) cos(ma)ot—zT) cos(ma)ot+zT) :

M, sin(na,t +ZT)
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Fast Ind[VIduaI Harmomc Extractlcm
(FIHE)
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With higher order filter

With low order filter

By filter (2™ order filter) \ ' : By filter (6 " order filter) \

By FIHE

By FIHE

Amplitude

' northumbria
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(x,W)

V, =Y, ()?* + Y, (n)?




Response to a step increase of 5
harmonic component

o

Amplitude (p.uj)
=)

Amplitude (p.u)
=)

22 | |
0 0.01 0.02 0.03 0.04 b 0.05 0.06 0.07 0.08 0.09
()

T 1 | TE— T I T | T I
i s e e
o : : :
3o £ : . -
—= 1 E' 1 E 1 1
E T ! ] ! !
< [ | | | | | |

0 0.01 0.02 0.03 0.04 (c) 0.05 0.06 0.07 0.08 0.09
51 o T T | T | T |
& ¥ i : :
s ! : ! : : !
30 . : | . : ' | : .
2 | | | | |
E b : : ' :
< [ | | | | | | |

0 0.01 0.02 0.03 0.04 (d) 0.05 0.06 0.07 0.08 0.09

L actual 5th harmonic component
titne(s)

— extracted 5th harmonic component

2" order filter

6th order filter

ANN

northumbria
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— FIHE
— ANN IHE
—— FFT
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'-_f.:,ff_f'{MaX|mum Error |n FFT Caused by Normal
System Frequency Varratlons

—e— ERRORIN
FUNDAMENTAL
FREQUENCY

—=— ERROR IN 3RD
HARMONIC

ERROR IN 5TH
HARMONIC

—— ERRORIN 7TH
HARMONIC




‘_:-.;,:.f-fMaX|mum Error ln CWT Caused by Normal
System Frequency Varratlens

—e— FUNDAMENTAL
—#— 3RD HARMONIC

5TH HARMONIC
—>¢— 7TH HARMONIC




':_f.;._‘f_f‘MaX|mum Error m ANN Techmque Caused
by Normal System Frequency Varlatlons

—= 2% fundamental

—e—w fifth-order hamonic

—=—+ saventh-order harmonic

48.5 49.0 495 B0O.O BOS B1.0 515
frequency, Hz




e i f
oorrection i

System Freq .

« The error could be avoided if the sampling period is
adjusted digitally to make one wavelength of the
adjusted fundamental signal equal to one period of
the fundamental frequency (0.02 s for 50 Hz).

« Measurements, with e.g. FFT, will then give correct
results as far as the effects of frequency deviation are
concerned.

northumbria
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| Sou:rc‘e._.I"déntijfic-a_t“io'n_, usingANN b

A feature vector is applied to all the neurons in the network, and its Euclidean distance to
all neuron weight vectors is computed. The weights of the Best Matching Unit (BMU) and
neurons close to it in the SOM lattice are adjusted towards the input vector.

Movement
, ! of Neurons
%pal?[llﬁg =. : : represents

: adjustment
vector

of Neuron
weight
vectors to
more closely
resemble
those of the
input vector

' northumbria
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Architecture of the Self Organising Map

Mapping from the input vector X onto two
dimensional array of neurons

Every neuron ‘I' has a parametric model vector

m..

X Is connected to all neurons via weights w;;.

In the learning process, X is compared with
every m;, and the location of the best match

(m,) is: [x—m,

= min {x-m [}
Neurons close in the array learn from input X
which leads to global ordering.

The convergence limit with random initial values
of m;(0) is:
m, (t+1)=m, (t)+ h, (E)x(t)-m,(t)]
Where t = 0,1,2.. is the discrete time coordinate
h.(t) is defined as the neighbourhood function

The function h(t) has a central role for
convergence h(t) —> Owhent — o« .

Input layer neurons

Qutput layer neurons

Wr'j = ( Wr'jh Wr'j,':‘; rrarar wjr’rr]

e
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Examnle of Tvmcal Dlsturbances used for
R Source]dentlflcatlon R

Disturbances — swell

Disturbances — Voltage Flicker

_m “§“v”v“v“vﬂvﬂvﬂvﬂvﬂvﬂvﬁzﬁv

Disturbances — sag

?ﬁﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂé
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Licm, 4
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Feature vector produced from
disturbance atBus 7
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The U-Matrix shows the
organisation of the map
of neurons after self
training.

After self training, the
darker the colour the
more the neuron

Uliivl II

L-rmatrix

b 05e-005
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I ) 9.75 Labels
Similarity display BUsZ BusE Bl
showing Euclidean
distance between the S
Input vector 487 Buss | | Buetdl | L
produced from a
disturbance at Bus 5. Busk Blsi2

Bus11
The shorter the
distance the better is 0.00069
Bus13 Buis10 Bus9 Busl|7

the match and
brighter is the cluster.

Output of ANN showing bus

labels.
Red dot shows source of disturbance

Neuron Model Vectors in
trained Map (U-Matrix)

Similarity display and output of ANN showing correct
identification of a transient signal from Bus 5

northumbria
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Labels
Bus

Biis] BIl7

0.00108

Output of ANN showing bus
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'.-'-ﬁ;.:EXDerlmentaI Svstem Based umon Modlfled:-'::ﬁ-
e IEEE 6 Bus System s




U-Matrix shows the
organisation of the Map
neurons after self training.

The darker the colour the
more the neuron weights
differ from each other

Light colouring shows areas
of similarity — here signals

U-matnix

' northumbria
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Experimental Results for the Modified IEEE
6 Bus System

Labels

246 Busi3
I Bus)2
123 Bus/5

— 3.47e-018
BH4

Neuron Model Vectors in Output of ANN showing bus
trained Map (U-Matrix) labels.

Red dot shows source of disturbance

Similarity display and output of ANN showing correct
identification of 3@ harmonic signal from Bus 4

northumbria
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Graphical Interface of the IPQMS
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Summary

Power Quality monitoring is necessary in order to maintain a
good quality electrical supply

PQ monitoring and analysis equipment are becoming powerful,
low cost and smaller in size.

Most are capable of performing basic PQ monitoring and
harmonics analysis.

Portable, fixed and multipoint equipment are capable of

monitarin and anahicina DN Aictiirlhan~crac
|||U|||l.U||||U il IU allalya“lu l-\{ Uuioltuil ual ivuco.

Use of Digital Signal Processing (DSP) technigues in PQ
monitoring and analysis results in accurate, sophisticated and
powerful equipment.

DSP based equipment is capable of maintaining accuracy in the
“non-ideal environment” of power systems.

_.':'-'-/'i.' \
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ng Artificial Intelligence enables PQ mo
ent to:

tify, classify and locate the source of a disturba

rmine contribution levels of disturbances comin
rent sources.

orm long term feature analysis and learn from
2rience!

ide methods to identify trends over a period of t
sible solutions!
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