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INTRODUCTION

OVER THE PAST FEW DECADES, PROFOUND CHANGES IN PRINCIPLES OF
OPERATION AND CONTROL OF POWER SUPPLY SYSTEMS TOOK PLACE IN
GENERATION, TRANSMISSION AND DISTRIBUTION SYSTEMS, AS WELL AS ON THE
CONSUMPTION SIDE (AND CHANGES ARE CONTINUING...)

IN TERMS OF MODERN POWER ELECTRONIC EQUIPMENT

EXTRAORDINARY INCREASE OF VARIOUS POWER ELECTRONIC EQUIPMENT AT
ALL VOLTAGE LEVELS, FOR DIFFERENT APPLICATIONS AND IN ALL POWER RANGES

Improved Controllability

Higher Part-Loading Efficiency

Enhanced Control

Better Regulation of Voltages and Reactive Powers (PF, Harmonic Emission...)

Easier Monitoring, Networking and Remote Control

...FROM A FEW WATT LED LAMPS TO MULTI-MW-RANGE HVDC SYSTEMS...



INTRODUCTION

...FROM A FEW WATT LED LAMPS TO MULTI-MW-RANGE HVDC SYSTEMS...

Order of power Application

1W-10W LED lamps, phone charger

10 W-100 W Laptop power supply, CFLs

100 W -1 kW TV power supply, typical 1-phase SMPS

1 kW -10 kW Rooftop PV system inverter , EV charger (on-board )
10 kW - 100 kW EV charger (fast ), large 3-phase SMPS

100 kW -1 MW Standalone PV system inverter

1MW -10 MW Wind turbine converter, large inverters

10 MW -100 MW Static Synchronous Compensator

100 MW -1 GW HVDC station
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CHANGES IN POWER ELECTRONIC EQUIPMENT

SIGNIFICANT DIFFERENCE FROM A PERIOD AS RECENT AS A DECADE OR TWO AGO
WHEN MOST POWER ELECTRONIC EQUIPMENT HAD ONLY SIMPLE TOPOLOGIES
WITHOUT POWER FACTOR CORRECTION (PFC) CIRCUIT, OR WITH ONLY PASSIVE PFC

POWER ELECTRONIC EQUIPMENT: SWITCH-MODE POWER SUPPLIES (SMPS’)

SELF-REGULATION OF HARMONIC EMISSION
(OLD TYPES OF SMPS’ WITH NO PFC, OR WITH PASIVE PFC)
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HARMONIC LIMITS ARE ESTABLISHED BASED ON THESE TYPES OF POWER
ELECTRONIC EQUIPMENT — ARE THESE LIMITS STILL APPLICABLE TODAY?



EVALUATING CHANGES IN POWER ELECTRONIC EQUIPMENT
FOR EVALUATION, WE NEED SOME “PERFORMANCE INDICATORS”

Some formulas (Old & New): All Distortion (LF Harmonics, Sub-Harmonics,
Interharmonics & HF Harmonics)
H | (P)
fund
THC = ) FF(P) = —5+
2.1 ) = e P

H
THD, = [S(1, ) x100 = THC 100 TDC(P) = Inon_funa (P)
| fund V h=2 | fund Itot(P)

H Itzt(P)_Iz a(P)
TDD -~ L 50,) x100= 7€ 100 =\/ i e
h=2

rated Irated I tot(P )
= /1 —FF2(P)

LF Harmonics Only (up to 40t or 50t")

THC(P) THD;(P) -FF(P)  Total Harmonic Factor (for LF Harmonics)
Ito: (P) 100 Total non-LF-Harmonic Distortion

Lo ram(P) /1o (P)= 15 (P)=THC?(P)
lw(P) e (P)

THFLF(P) -

TNHDF (P) = = J1=FF*(P)-(1+(THD, (P)/100)*)
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EVALUATING CHANGES IN POWER ELECTRONIC EQUIPMENT
FOR EVALUATION, WE NEED SOME “PERFORMANCE INDICATORS”

Some more formulas (Old & New):

LF Harmonics “Total” Efficiency
h=40
P Poc ot + Pa
THDS[LF — 2 (Sg h) anJ _ PPE ,out _ PE ,OUI'[3 PE out
\ h=2 Sg 1 PE ,in PE ,in
LF Interharmonics “Fundamental” Efficiency
P 1
h=40 I 2 n'PE 1 = M
TIHDSILF — z ( ng,h) I:)PE in
h=2 ISg,l
\ “Distortion-Adjusted” Efficiency

HF Harmonics & Interharmonics
PPE out

PpE eq

n PE,dist — (X n tot)

= 1000 2
TH&IHDS, ;5 = Sg h ‘Sg ")
V sg 1 sg 1

See later...



CHANGES IN POWER ELECTRONIC EQUIPMENT: SMPS’

SIGNIFICANT DIFFERENCE FROM PERIOD AS RECENT AS A DECADE OR TWO AGO
WHEN MOST POWER ELECTRONIC EQUIPMENT HAD ONLY SIMPLE TOPOLOGIES
WITHOUT POWER FACTOR CORRECTION (PFC) CIRCUIT, OR WITH ONLY PASSIVE PFC

MODERN POWER ELECTRONIC DEVICES HAVE ACTIVE PFC CONTROLS

THERE IS STRONG POWER-DEPENDENCY OF CHARACTERISTICS
POWER ELECTRONIC EQUIPMENT: SWITCH-MODE POWER SUPPLIES (SMPS’)
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CHANGES IN POWER ELECTRONIC EQUIPMENT: SMPS’

TESTS WITH INDIVIDUAL HARMONICS USING LIMITS FROM [EN 50160]:
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CHANGES IN POWER ELECTRONIC EQUIPMENT: SMPS’

SIGNIFICANT DIFFERENCE FROM PERIOD AS RECENT AS A DECADE OR TWO AGO
WHEN MOST POWER ELECTRONIC EQUIPMENT HAD ONLY SIMPLE TOPOLOGIES
WITHOUT POWER FACTOR CORRECTION (PFC) CIRCUIT, OR WITH ONLY PASSIVE PFC

MODERN POWER ELECTRONIC DEVICES HAVE ACTIVE PFC CONTROLS

THERE IS STRONG POWER-DEPENDENCY OF CHARACTERISTICS
POWER ELECTRONIC EQUIPMENT: SWITCH-MODE POWER SUPPLIES (SMPS’)
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: PVIs
SURPRISING RESULTS FOUND FOR SOME PV INVERTERS (PVIs)
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: PVis

SURPRISING RESULTS FOUND FOR SOME PV INVERTERS:
- WF1: SINUSOIDAL
- WF2: “FLAT-TOP”

- WF3: “POINTED-TOP”
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: PVis

SURPRISING RESULTS FOUND FOR SOME PV INVERTERS:

- WF1: SINUSOIDAL 251 ~0
- WF2: “FLAT-TOP” Z252: REFERENCE SOURCE IMPEDANCE

- WF3: “POINTED-TOP”

24
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: PVis

SURPRISING RESULTS FOUND FOR SOME PV INVERTERS:
- WF1: SINUSOIDAL

- WF2: “FLAT-TOP”

- WF3: “POINTED-TOP”
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: PVIs
SURPRISING RESULTS FOUND FOR SOME PV INVERTERS:

- WF1: SINUSOIDAL
- WF2: “FLAT-TOP”
- WF3: “POINTED-TOP”
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: PVis

EFFICIENCY vs WAVEFORM DISTORTION :
- WF1: SINUSOIDAL 251 ~0

- WF2: “FLAT-TOP” Z252: REFERENCE SOURCE IMPEDANCE
- WF3: “POINTED-TOP”
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: SMPS’

LOST PERIODICITY:
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: SMPS’

LOST PERIODICITY:
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: SMPS’

LOST PERIODICITY:
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PERFORMANCE OF POWER ELECTRONIC EQUIPMENT: SMPS’

LOST PERIODICITY:
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PHENOMENA OF LOST PERIODICITY
MODELLING (COMPONENT-BASED MODEL):

7 _J Pdc1/(abs(u)+1e-4)
[Vep] = 1S+1 __ -‘ﬁM/—ﬂ F Fen
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powergul \pfs 1 >
Workspace Continuous per il F4 A
Ideal Switch Constant . ‘
nibber, Ron,
Saturation gain ﬁl ki2 J
KlKe Current controller ~ Add5
Goto10 Addb
/ Te.s+ -
4 + L]
Ge-Bs<ts ‘T
Divide2 <
> 1yl g KVAC*1 ¥ ra Ko
KV
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PHENOMENA OF LOST PERIODICITY
COMPARISON OF SIMULATIONS & MEASUREMENTS:
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PHENOMENA OF LOST PERIODICITY

Analysis of Power-Dependent Changes:
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PHENOMENA OF LOST PERIODICITY
AGGREGATE IMPACT ON LV GRID (Monte-Carlo Simulations):

Standard

Mean output

Operatin . .. . Duty cycle
P g power deviation Input ac current period { y
mode % of %
A’ o Prated W
Active 40 25 Period-1 (50 Hz) 30
Idle 20 10 Period-3 (16.7 Hz) 20
“Sleep” 10 10 Period-2 (25 Hz) 50
0.1 1 0.2 1 0.15 i - 1
= . .
0.08 o Hz| {0.8= 0.16 0.85  0.12 0.82
2 - < . £
£0.06 | 062  £0.12 0.68 =0.09 | 0.6
2 o = N S
20.04 04Z 20.08 0.4Z '£0.06 | 0.4
0.02 | 028 0.04 025 0.03} 025
© O O
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6 9
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16.7 Hz (period-3 subharmonic)
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25 Hz (period-2 subharmonic)

24



EQUIVALENT SINUSOIDAL (FUNDAMENTAL) REPRESENTATION...

LET US CONSIDER A SIMPLE HALF-WAVE RECTIFIER CIRCUIT:

Current (A)

300

Component Value
i Vi 120V
Ry 1 3
- IRg 142
i Ry 152

2000

-100 +

-200 -

-300

100} /

i4-100

-200

1 1 1
0 10 20 30

Time (ms)

1
40

60

Voltage (V)

(a) Fundamental/Nonfundamental

(b) Active/Nonactive
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EQUIVALENT SINUSOIDAL (FUNDAMENTAL) REPRESENTATION...?
FULL-CYCLE ANALYSIS:

LA HO) V) ) Parameter  Value

0(DC) 4502  + 900  — I 70.7L A 1"
1 50.00 0 11000 0 I 50.00 A : —
2 2122 90 424 90 Iy 5000 A AN A W [ i
4 L0400 085 90 v 110.45 V T 1Y 1V
6 .82 -90 036 90 " HO.00 v N
8 .01 9 02 90 Vi 1000V

THD; 100%
THD1 9‘090/-(;

10 0.64 -90 0.13 90

(a) Individual harmonics _ .
(b) Distortion parameters

Parameter Value Parameter Value Parameter Value
5000 W N 4 6000 VAr PF 0.64
5500 W ()1 0 VAr PF; 1.00
Dy 5500 var PFy 0.64
Dy 500 var
Dy 0 var
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EQUIVALENT SINUSOIDAL (FUNDAMENTAL) REPRESENTATION...?
HALF-CYCLE ANALYSIS (TWO DIFFERENT HALF-CYCLES USED TO RECONSTRUCT TWO

FULL CYCLES):

200

ent (A)

Sl

e LE@A) B ) ViE V) ey ()
0 (DC) 0 - 0 -
1 100 0 100 0
> 2 0 - 0 -~
(a) Positive/First half cycle
he I (A) By () Vi (V) oy ()
0 (DC) 0 - 0 -
1 0 - 120 -180
> 2 0 - 0 -

(b) Negative/Second half cycle

1wo} §

|||||||

200

g
=
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1 100A 0A
I 100A 0A
Iy 0A 0A
% 100V 120V
1 100V 120V
Vi oV ov

THDry 0% 0%

THDy 0% 0%

S}\." =

(¢) Half cycle distortion parameters

/+)2 7=)2
Y (a3 L U
2 2
I= VU— =T70.71A

S 10 VA

)P+ )
2
=78

52 — 52 = 6000 VAr
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EQUIVALENT SINUSOIDAL (FUNDAMENTAL) REPRESENTATION...?

FUNDAMENTAL COMPONENT = FOURIER TRANSFORMATION FUNDAMENTAL, BUT
ARE THERE DIFFERENT FUNDAMENTALS...?

300 . . . . . 200

200

100 |/,

Current (A)
=
Voltage (V)

-100 | ;
i4-100
-200 - i

-300 : : : : S ——— oo

0 10 20 30 A0 g L
Time (ms) Re | o |

.....................................



EQUIVALENT SINUSOIDAL (FUNDAMENTAL) REPRESENTATION...?

FUNDAMENTAL COMPONENT = FOURIER TRANSFORMATION FUNDAMENTAL, BUT
ARE THERE DIFFERENT FUNDAMENTALS...?

300 . . . . . 200
200
__ 100}/ -
= ) >
4+ ah]
s 0 2
= =
O 100 L : -
i4-100
-200 + j
-300 ' ' ' | I Parameter Value
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WHAT ABOUT HARMONIC MITIGATION, E.G. BY ACTIVE FILTERS...? Py -500 W
(THERE IS 500 W DIFFERENCE) 29



CONCLUSIONS

CHANGES IN EQUIPMENT CHARACTERISTICS (AND PRINCIPLES OF OPERATION OF
SUPPLYING NETWORKS) REQUIRE NEW METHODOLOGIES, MODELS, TOOLS AND
METRICS (NEW PERFORMANCE INDICATORS) FOR ANALYSING, EVALUATING AND
UNDERSTANDING EFFICIENCY AND POWER QUALITY PERFORMANCE OF
MODERN LV POWER ELECTRONIC EQUIPMENT

GENUINELY NEW ISSUES ARE IDENTIFIED FOR CERTAIN OPERATING MODES OF
MODERN LV POWER ELECTRONIC EQUIPMENT, WHICH REQUIRE CAREFUL
EVALUATION AND IMPLEMENTATION OF NEW APPROACHES FOR THEIR ANALYSIS

UNDERSTANDING AND MODELLING THE IMPACT OF SOPHISTICATED CONTROLS
OF MODERN LV POWER ELECTRONIC EQUIPMENT IS CRUCIAL FOR EVALUATING
THEIR PERFORMANCE — USING ONLY CIRCUIT MODELS IS NOT SUFFICIENT

UPDATING TESTING PROCEDURES TO ACKNOWLEDGE BOTH PRESENCE OF
TYPICAL DISTORTIONS IN LV POWER SUPPLY SYSTEMS AND OPERATION OF
EQUIPMENT AT LOW POWERS MIGHT BE A GOOD IDEA

SAME REASONING MIGHT APPLY TO THE UPDATING OF EXISTING DISTORTION
LIMITS IN STANDARDS, GRID CODES AND OTHER REGULATION
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