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Introduction

= Power Analyzers have long been used to measure power and efficiency in
electrical apparatus and power conversion systems

= Most Power Analyzers have been suitably adapted to measure power and
efficiency of distorted signals, e.g., pulse-width modulated (PWM) signals.

= However, the measurement and use model of a Power Analyzer is usually
such that it is measuring power and efficiency during steady-state (“static”)
operating conditions, and technical test standards assume this use model.

= Additionally, there is no known (to me) technical test standard detailing how
to measure efficiency during dynamic operating conditions, especially in
systems where the two sets of power signals (e.g., input and output) have
different cyclic periods.

= This issue is fully described herein, and comments on a dynamic efficiency
technigue that we have employed are solicited.
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Introduction, cont'd
What began this discussion within Teledyne LeCroy and with our customer contacts?
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Background:
Digital Sampling Power Measurement Technique

Using Cyclic Period Detection

The basic techniques for using an analog-to-digital converter (ADC) to sample a waveform and
then perform power calculations on the sampled data are described. This technique is
required for distorted waveforms, but also works for pure sinusoids. This technique produces
substantially the same result on different instrument types with equivalent ADC resolution.

”~‘ TELEDYNE LECROY

Everywhereyoulook™




“Distorted” Waveforms are Complex Sums of Sinusoids
Therefore, a digital sampling technique is required for measuring power in distorted waveforms

= Any “distorted” (e.g. PWM) waveform is composed of different amplitudes of odd
integer sinusoidal harmonics (“orders”)
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= The voltage and current sinusoid pairs will have different magnitudes for different
harmonic orders.

= The phase relationships between voltage and current sinusoid pairs for different
harmonic orders is not a constant.

= There is no practical method to measure phase angle between many voltage and
current sinusoid pairs, as would be required for distorted signals.

= If phase angle between all voltage and current sinusoid pairs for all harmonics
cannot be practically measured, then apparent power, reactive power, and total
phase angle (and power factor) cannot be calculated using a “traditional” approach.
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Measurement Step 1 — Digitally Sample the Waveforms
This approach is commonly used by Power Analyzers and, of course, modern oscilloscopes

= A‘“digital” acquisition system samples the analog signal at a given rate
(the “sample rate”) that is fast enough to capture all desired signal
frequencies (the “Nyquist criterion”)
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Measurement Step 2 — Determination of the Cyclic Period
Hysteresis band settings provide flexibility and improved utility
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A low-pass filter (LPF) is applied and a
/ software algorithm determines the beginning
_/~and end of each cyclic period
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Therefore, hysteresis adjustment is
|- sometimes provided to permit correct
=z calculation of the cyclic periods.

Some simple examples follow to demonstrate that a LPF and Hysteresis Band adjustment can be used for proper cyclic period detection of very
distorted signals under highly dynamic conditions. For more examples, see the Teledyne LeCroy Motor Drive Analyzer Software Instruction
Manual, http://cdn.teledynelecroy.com/files/manuals/motor-drive-analyzer-software-operators-manual.pdf, or

http://teledynelecroy.com/doc/3-phase-power-app-note
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Determination of Cyclic Period — Example 1
Sine-modulated PMSM Motor, “Sync” on Line-Line Voltage Signal
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Determination of Cyclic Period — Example 2
Sine-modulated PMSM Motor, “Sync” on Line Current Signal
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Determination of Cyclic Period — Example 3
Six-Step Commutated BLDC Motor, “Sync” on Line-Line Voltage Signal
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Determination of Cyclic Period — Example 4
Six-Step Commutated BLDC Motor, “Sync” on Line Current Signal
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Determination of Cyclic Period — Example 5
Dynamic operating condition, sine-modulated PMSM Motor
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Determination of Cyclic Period — Example 5
Dynamic operating condition, sine-modulated PMSM Motor with LPF and Hysteresis changes
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Determination of Cyclic Period — Example 5
Dynamic operating condition, sine-modulated PMSM Motor with LPF and Hysteresis changes
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Determination of Cyclic Period — Example 5
Dynamic operating condition, sine-modulated PMSM Motor with LPF and Hysteresis changes
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Determination of Cyclic Period — Example 5
Dynamic operating condition, sine-modulated PMSM Motor with LPF and Hysteresis changes
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Measurement Step 3 — Apply Cyclic Period to All Signals

= All acquired voltage, current, or other
signals (e.g. mechanical shaft speed,
torque, direction, etc.) have the cyclic
period time applied to them

= Note: more than one cyclic period may be
identified because cyclic periods may
substantially differ between waveforms

= e.g., AC 50/60 line input and variable
frequency drive (VFD) output

= e.g., VFD output and motor mechanical
shaft speed/torque sensing.
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Measurement Step 4 — Calculate Per-cycle Values

=  The digitally samples in each signal are now grouped into measurement periods (cycles), as
determined by the Sync signal.

=  For agiven cycle index i....

= the digitally sample voltage waveform is represented as having a set of sample points j in cycle
indexi...

=  Foragiven cycle index i, there are M, sample points beginning at m; and continuing through m;, + M,

= Voltage, current, power, etc. values are calculated on each cycle index i from 1 to N cycles.

Period 1 Period 2

H ~ . :—“i{ ~ . Example
M;= 18 points M= 18 points . Period 1 is cycle index i =1
: = There is a set of j sample points in Period
1, beginning with point 7 and ending with
point 24
. All Period 1 voltage, current and power
calculations are made with this set of points
. Period 2 is cycle index i = 2
= There is a set of j sample points in Period
2, beginning with point 25 and ending with
m; = paint 25 point 42
P P . All Period 2 voltage, current and power

calculations are made with this set of points
= And so on through Period N
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Formulas Used for Per-cycle Digitally Sampled Calculations
“Mean” values are calculated from the per-cycle data set

Per-Cycle Mean
Calculated Values Calculated Values

m;+M;—1 N
V Vrms; = i z V2 Vrms = lz Vrms;
RMS L M; J N ¢ L
Jj=m; i=1
m;+M;—1 N
| Irms; = |— 12 Irms = th‘ms
RMS L M; J N L
j=m; i=1
itM;—1
Real Power 1" 1%

) Pi:ﬁ V]*I] P=—ZP,:
(P, in Watts) . N &
Apparent Power 1%

pp S; = Vrms; * Irms; S = _Z S;
(S, in VA) N L
. N

Reactive Power magnitude Q; = /sﬁ—Piz e 120

I ign of Q; is positive if the fund tal volt N ‘
(Q, in VAr) e e =
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Formulas Used for Per-cycle Digitally Sampled Calculations
“Mean” values are calculated from the per-cycle data set

Per-Cycle Mean
Calculated Values Calculated Values

N
P; 1
Power Factor (A) A= g A=A
5; N L
i=
o _ -1 N
magnitude ¢; = cos™ " A; 1
P h ase An g I e ((p) sign of ¢i is positive if the fundamental voltage ¢ = ﬁ Z ¢i
vector leads the fundamental current vector i=1

These formulas are generalized and can differ somewhat based on the number of phases, the wiring
configuration and the number of wattmeters used for three-phase measurements. For complete detail
on all calculations, reference the Teledyne LeCroy Motor Drive Analyzer Software Instruction Manual,
see http://cdn.teledynelecroy.com/files/manuals/motor-drive-analyzer-software-operators-manual.pdf
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Accuracy Comparison
12-bit Digital Oscilloscope platform compared to 12-bit Power Analyzer

= |dentical Setups for
Capture Time
Sample Rate

Bandwidth
Setting

= Same Acquisition
(cross-triggered)

= |nstruments

Teledyne LeCroy
MDAS810 Motor
Drive Analyzer

Yokogawa
PX8000 Power

Analyzer
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Accuracy Comparison, cont’'d
12-bit Digital Oscilloscope platform compared to 12-bit Power Analyzer

= Device Under Test

= Texas
Instruments
Motor Drive
Evaluation Board

= PMSM

= Sine-modulated
controls

QOH:QM_‘

a DT
N22 50170, l P e

,"i‘; TELEDYNE LECROY
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Accuracy Comparison, cont’'d
Results Direct Comparison and Comments

2Vevs | ZVRrus 2lems S PF Phase
(L-L) (L-N)

Yokogawa 8.549V 4.924V 1.271A 6.438 W 18.777 VA  17.638 VAR .3429 69.95°

Teledyne 8.6063 V 4.9566 V 1.2619 A 6.406 W 18.764 VA  17.636 VAR 341 70.036°

LeCroy

% Difference +0.67% +0.66% -0.72% -0.49% -0.07% -0.01% -0.55% +0.12%
= Notes:

= The Teledyne LeCroy MDA810 is using voltage and current probes, whereas the Yokogawa PX8000
is using direct voltage and current inputs

= Results are very close between the two instruments

= Close correlation between the oscilloscope platform and the power analyzer would not have been
possible using an 8-bit oscilloscope

‘"~‘ TELEDYNE LECROY
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Measurement of Static and Dynamic System Behaviors

Typical approaches and equipment used to measure electrical and mechanical power
behaviors during “static” steady-state operation will be reviewed, and “dynamic” measurement

definitions, techniques and measurements will be introduced.

”~‘ TELEDYNE LECROY
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“Static” Power and Efficiency Analysis of Electric Motors

= Dynamometer Test Stand

= Power analyzer typically used for power
measurements

= Dynamometer applies known load

= Test Validation and Reporting

= Power measurements made at a single
speed, load, torque, temperature, etc.
condition

= Operating curves are derived from
compilation of separate static test events
(e.g. Torque vs. Speed, Efficiency vs. Speed)

= Generally not an integrated R+D test

= Conceived to validate power and efficiency
performance of larger motors (10% of unit
volume) that consumed >90% of electricity

= Efficiency standards are (mostly) written
around this test paradigm

..."“ TELEDYNE LECROY
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Static Power Analysis
Both instrument solutions provide calculated mean power values in a table

Teledyne LeCroy Motor Drive Analyzer Typical Power Analyzer

e TE - B
e

Current
Urms [v 1
Irms [A 1|
1]
va 1
[var]| -
[ 1]
[ 1
Mz 1
\l::J::v:erics . . ; ) ) F : He 1 I

A0 FrintTollm
2014/09/05 00:58:40. 069235 ] 2014/09/0% 01:16:30

,"\‘.. TELEDYNE LECR
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Dynamic Power Analysis
The Teledyne LeCroy solution also provides per-cycle calculations during dynamic events

P=— E P, P, =— * [
l l
N _ Ml , J J
=1 J=m;

One mean value One value per cycle.
per acquisition “N” values per mean value
time period. for one acquisition time

period.
Period 1 Period 2
M; = 18 points M; = 18 points

m; = point 7 m; = point 25

,"\‘.. TELEDYNE LECROY
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Static and Dynamic Power Analysis - Summary
Nearly identical capabilities for Static Analysis...But what should be done for Dynamic Analysis?

Capability Teledyne LeCroy Power Analyzer
Motor Drive Analyzer Instrument

Static Yes T — ™~ Yes

Short records. Il Short records
o : Constant load/speed K ya s Il Constant load/speed
AnaIyS|s Mean calculated values X ¥ B Mean calculated values

Dynamic Yes o Emmsesa | N ot in one
Power Long time durations - _ aCQUiSitiOn

: Variable loads/speeds : i
AnalyS|S Per-cycle calculations 1 ‘ record

Unmatched cyclic periods

To my knowledge...

=  Variable Frequency Drives can have line (50/60 Hz) inputs with variable frequency outputs.

=  During steady-state “static” operating conditions, efficiency calculations using mean input and output power
values would produce a valid mean efficiency value (one efficiency value per acquisition period)

= During “dynamic” operating conditions, how should efficiency be calculated dynamically (per-cycle)?
,."\"‘.. TELEDYNE LECROY
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Efficiency Analysis Formula and Approach Comparison

Static efficiency calculates substantially the same in both cases...

Typical Power Analyzer

Static Dynamic Static Dynamic
Efficiency Efficiency Efficiency Efficiency

p Simple compilation of multiple
Z n; Ny = < ) * 100% n = T2 static measurements made
T p1 under dlﬁergpt operating
conditions
One mean value One value per cycle. One mean value
per acquisition time  “N” values per mean value for per acquisition time =
period. one acquisition time period. period.

‘"~‘ ELEDYNE LECROY

APEC 2016 Industry Session, Ken Johnson 1/15/2016
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Example and Detailed Comparison:

480V Variable Freguency Drive
Input-Output Static Efficiency Analysis

This examples demonstrates the approach taken to measure per-cycle power and efficiency
during a “static” (steady-state) condition when the input and output power frequencies are not
the same. This example shows the use of the Teledyne LeCroy instrument, but substantially
the same numeric mean value efficiency result would be obtained with any suitable instrument.
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Static Power and Efficiency Analysis

— AC Line Input to Drive Output

500ms acquisition, 2 wattmeter method. Note that Efficiency # P(2RST)/P(2ABC)...Why?

AC Line Input
line-line
voltage

waveforms

(VAO VBC)

AC Line Input
line current
waveforms

(Ias 16)

Mean Value
Numerics Table {

“4

(= File ¥ verical e Timebase | Trigger & Display

Drive Qutput ~ Power & Efficie...

Sync Signals

CcH

J,,||||_HM|‘ il J”“]‘J‘“”

i
EJ el DCIM Bl DC1M [  Bwl DCIM Bwl DCTM

200 Vidiv 200 Vidiv 500 mA/div 500 mAJdiv
0.00 W ofst 0.00V ofst 0.0 mA ofst 0.0 mA ofst

vrms Irms p M
2808mA 141.782'W
6464 mA 108346 W 766.02e-3

Numerics
Fabc 48151V
Zrst 266.15V
TELEDYNE LECROY

TELEDYNE LECROY
Everywhereyoulook™

T
RN

¥ 1|H1HJ‘J|1 d -

Bul DCIM [

# Cursors | [l Measure @@ Math | Analysis X Utiliies @ Support

200 \“uy 200

Bwl DCIM

Numerics
Zabc
rst

p
141.782'W
108.346'W

M

766.02e-3

nim ODual - aghpa. Unde

I
[l

Sync Signals

i

Bwl DCTM Bl DCIM
2.00 Addiv
0.0 mA ofst

Idiv 2.00 Afdiv
ofst 0.0 mA ofst
Timebase -148ms Trigger c10C

50.0 ms/div Stop 0oV
5MSis |[Edge  Positive

1/13/2016 1:33:07 PM

2.5 MS
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Per-cycle Efficiency Waveform and Sync Waveforms with Overlay
One Sync signal (middle) is the AC Input and the other (bottom) is the Drive Output

Bl File ¥ Vertical #=* Timebase [ Trigger & Display # Cursors  [E| Measure @ Math | Analysis X Utilities @ Support *] @-Single  oshba bnda

AC Line Input  Drive Output Sync Signals

Time (500 ms)

Fy

«= Efficienc

29
AC Input
Sync Periods

22
Drive Output
Sync Periods

Timebase -148ms Trigger 1 DC

200 Vidiv 200 Vidiv 10.0e-3idiv 50.0 ms/div |Stop 0.ov
25MS 5MSis |Edge  Positive

50.0 ms/div 50.0 msidiv 50.0 ms/div Numerics p M.
Mean Value ::‘:n"clerics 491V5r;“3 2303";'.: 141 ?azvl\: 5 tabc 141.782W
NumeriCS Table g‘::is“cg 2;5(;2:; 6464 mA 108346 W 766.02e3 Trst 108.346'W 766 0283
Complete Sk Note: Waveform trace
i thickness has been

744 363

Statistics for 50 785.209¢ 3 . :
enhanced in this

9.878e3

Efficiency 5 image to improve
calculations TELEDYNE LECROY 113/2016 5:37:39 PW viewing on a projector
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Per-cycle Efficiency, Power(2ABC) and Power(2RST) Waveforms

Sync signals with overlays are in the same grid as their associated power waveforms

Per-cycle
Power(ZABC)
vs. Time
calculated
waveform
Per-cycle
Power(ZRST)
vs. Time
calculated
waveform

Mean Value
Numerics Table
Complete
Statistics for All
Calculations

“4

[l File ¥ Vertical =+ Timebase

AC Line Input ~ Drive Output

«= Efficienc

P Trigger

= Display

Sync Signals

# Cursors

B Measure

B Math | Analysis X Utiliies @ Support Flashba

Time (500 ms)

swil

———

===

AN

auin

mraiE

AVAY

NWZrst)

200 Vidiv
50.0 ms/div

200 Vidiv
50.0 msidiv

Numerics vrms
Fabc 48151V
Frst 266.15 V
Statistics M (Zrst)
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mean 766 02303
min 7443663
max 785.29e3
98783

50

v

TELEDYNE LECROY
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Fy

AREE
R

R

awANARANASARAE
¥ =7 =¥

LU -

YAV AVECAVAC A¥AVAVAY AVAP SV AVAVAY

L ——

10.0e-3idiv
50.0 ms/div

Irms

2808 mA
6464 mA
P(Zabc)
140,094 W
141785 W
139307TW
144 016 W
1512 W
29

v

P(zabc)
1.00 Widiv
50.0 msidiv

P

141782W
108.346W

P(zrst)

107911W
1083462 W
107 200W
110,058 W
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22
v

500 mWidiv
50.0 ms/div

n.

766.02e3
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Numerics P M —

zabc 141.782'W

Irst 108.346'W 766.02e-3
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Per-cycle Efficiency, Power(2ABC) and Power(2RST) Waveforms

Sync signals no longer shown...but otherwise the same as the previous slide

B File

T Vertical

AC Line Input

\

+=+ Timebase

Drive Output

P Trigger

= Display

Sync Signals

# Cursors

El Measure B Math | Analysis X Utilities @ Support *] @-Single  oshba
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Power(ZABC)
vs. Time

&)
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Fy
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L]

e —
. |
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v
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v

7
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0ov
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Per-cycle Efficiency, Power(2ABC) and Power(2RST) Waveforms

Per-cycle efficiency is calculated anew for every new AC Input or Drive Output Sync period

[ File ¥ Vertical |+ Timebase | Trigger @ Display # Cursors [ Measure @@ Math | Analysis X Utiities @ Support ) GSINge  chpa. Unde

AC Line Input ~ Drive Output wer & Efficie... NUSTHTEIIEIE

Each change in either of the per-cycle power values

] results in a new per-cycle efficiehcy calculation
Per-cycle

Power(ZABC) 29 Line Input

vs. Time Power
calculated Calculations

waveform
Per-cycl .
ercycle 22 Drive

Power(ZRST) .
vs. Time |_,_,_ Pov5e|-
calculated .

waveform i Calculations

Ti(Zrst) [ P{zabc)] [ P(Zrst)f Timebase -148ms Trigger C1DC
10.0e-3/div 1.00 Widiv 500 mWidiv 50.0 msfdiv |Stop 0.0V
50.0 ms/div 50.0 ms/div 50.0 msidiv 25MS 5MS/s [Edge  Positive

Numerics vrms Irms P N
Mean Value 2808mA 141782 W

sabc 13151V
H srst 266,15V 6464mA 108346 W 766.02¢3
Numerics Table Statistics . (2rst) P(zabc) P(zrst)
value 770283 140.094W 107911 W .
Complete mean 766022e3  141782W  1083462W Note: Waveform trace
. e min 7443663 139.307W 107 200 W thickness has been
Statistics for All max 785.29¢3 144 016W 110,059 W h in thi
. 987803 1512w 8181 mw enhanced in this
Calculations ) 29 2 image to improve
TELEDYNE LECROY 101312016 5:36:37 PM viewing on a projector
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Per-cycle Efficiency, Power(2ABC) and Power(2RST) Waveforms

Efficiency calculation detailed comparison

" Q-3ingle Unda
(3]
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Static Efficiency Analysis

Summary of methods and results

= The two methods and instruments used for calculating efficiency during a
static (steady-state) operating condition achieve substantially the same
result

= Within 0.5% to 1% of each other for power
= Slightly worse for efficiency (root sum of squares)

= Primary difference in results is due to use of probes with the one solution, which
results in some small, additional accuracy error

= Above correlation was confirmed during numerous in-house tests and field beta
tests

= To the best of my knowledge, technical test standards support use of either
calculation

N
1 : |
1. n= NZ"" with n; = (ﬁ)uoo%
i=1

(ZABO)i

2. _P; with P,and P, the mean output and input power values for the
7= P,  acquisition period

,.."\‘L TELEDYNE LECROY
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Example and Detailed Comparison:

480V Variable Freqguency Drive
Input-Output Dynamic Efficiency Analysis

This examples demonstrates the approach taken to measure per-cycle power and efficiency
during a “dynamic” operating condition when the input and output power frequencies are not
the same. This example shows the use of the Teledyne LeCroy instrument, and we are
seeking input from industry on the measurement methodology we employed.
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Dynamic Power and Efficiency Analysis — AC Input to Drive Output
10s acquisition from motor startup at no-load to some applied load — 44.92% Mean Efficiency
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Acquisition Detalil — Initial Drive Startup
Zoomed area indicates measurement gate — 15.39% mean Efficiency during this time interval
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Acquisition Detail — End of Acquisition
Zoomed area indicates measurement gate — 79.7% mean Efficiency during this time interval
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Acquisition Detall + Per-cycle Calculated Waveforms
All waveforms are shown here...but only a portion will be shown in the next few slides...
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Power and Efficiency Per-cycle Waveforms (Full Spectrum)
Startup to end of acquisition — 0.064% Efficiency at startup to ~80% at end (with load)
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Power and Efficiency Per-cycle Waveforms (Full Spectrum)
Startup to end of acquisition — 0.064% efficiency at startup to ~80% at end (with load)
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Power and Efficiency Per-cycle Waveforms (Fundamental Only)
Startup to end of acquisition — 0.276% Efficiency at startup to ~80% at end (with load)
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Power and Efficiency Per-cycle Waveforms (Harmonic Orders 2-50)
Startup to end of acquisition — 0.6% Efficiency at startup to 72.8% during startup
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Power and Efficiency Per-cycle Waveforms (Harmonic Orders 2-50)
Startup to end of acquisition — 0.6% Efficiency at startup to 72.8% during startup
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Dynamic Efficiency Analysis
Summary of methods and results

Traditional methods for calculating mean efficiency from mean power values
produce results in some circumstances that do not accurately reflect performance.

= e.g., dynamic operating conditions with different input and output operating
frequencies

= To the best of our knowledge, there is no technical standard that describes how
efficiency should be calculated during dynamic operations when the frequencies of
the inputs and outputs are different.

= We have created some new measurement capabilities for dynamic efficiency, and
are proposing the described method as one possible method for dynamic efficiency
calculation.

= We are seeking industry partners to learn from and work with.

= Contact:
= Ken Johnson, Director of Marketing, Product Architect ken.johnson@teledynelecroy.com
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