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HBK — Who we are
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Briel & Kjeer H BM

Reliability, durability, propulsion

Complementary

) . Sound, noise and vibration efficiency, electrical properties,
discipline expertise

weighing

Complementary _ _ .
domain expertise Frequency domain Time domain

Combined covering the complete measurement chain

Sensors Data acquisition Data preparation Data evaluation Engineering
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As the product physics experts

We deliver valuable insights through three physical domains

SOUND & VIBRATION

ELECTRICAL

DoodlyocoocooE& 0o

SUB-DOMAINS SUB-DOMAINS
Noise Sound power

Sound quality Acoustics

. S ———
EXAMPLES OF OUR TASKS

Designing optimal car sound quality — inside/outside
Evaluating acoustics in new buildings

Improving cabin comfort in passenger aircraft
Ensuring mobile phone production sound quality
Vibration testing sattelites before launching into
space
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Electrical Current
Signals Speed
Voltage Temperature

—_——

« Testing inverters powering electric vehicles
» Checking the reliability of power grids
» Optimising performance and range of electric

vehicle motors
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Agenda

S - < A

Electric power train

Conventional electric power calculation
Dynamic electric power approximation
Comparative measurements
Accelerated efficiency mapping

Conclusion
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Electric Power Train

Automation

Measurement

Power source and PC

inverter temperatures

Inverter

Voltage and current
of power source

eMachine
vibration

Voltage and current
of inverter output

eMachine and
inverter noise

Torque and speed at
eMachine output

eMachine (winding)
temperature
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How to Measure Voltages and Currents

Recommendation for Power analysis [5,6] TS[

Uy

Uy

4 \Voltages may be measured (
* against any arbitrary common reference potential r {

* Phase to phase with different reference phases

4 Calculate phase to natural zero voltages u,(t)

Urg

before analyzing power quantities
4 Measure the line currents

4 Zero-sum quantities for power analysis

3=1 iv (t) =0 er)l=1 uv()(t) =0

d
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How to Measure Voltages and Currents

Phase to ground /

Phase to common arbitrary reference potential

ChA_ul ~

ChAil ~

ChAu2 ~

u 2 ChAi2 v

i

i3

I u 3 Fl ChAL3 ~
\J

Phase to phase

ChA u3d ~
_—
Inverterout.u_1 2 * RTFormulas. Inverter.out.u_1G ) - RTFomulas . Inverder.out u_2G - RTFomulas. Inverteroutu 3G ) 7 3
Inverter.out.u_2 (12" RTFomulas.Inverter.out.u_2#35 ) - RTFomulas. Inverter.out.u_3G - RTFomulas. Inverter.out.u_1G ) 7 3
Inverterout.u_3 2 * RTFomulas. Inverter.out.u_3G ) - RTFomulas . Inverder.out u_1G - RTFomulas. Inverteroutu 2G ) 7 3
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i1
¥
* A Ch ALl v
u_12 u_31
ChA ul ~ ChA uld ~
L ] i 2
¥
* | ChA2 ~
u_23
ChA_u2
' (] ~ I_3
L™
Ch A3 ~
,
Inverterout.u_1 [ RTFomulas.Inverer.out.u_12 - RTFomulas. Inverter.out.u_31) 7 3
Inverter.out.u_2 [ RTFormulas. Inverter.out u_23 - RTFomulas. Inverter.out.u_12 ) 7 3
Inverterout.u_3 [ RTFomulas. Inverer.out.u_31 - RTFomulas. Inverterout.u_23 ) 7 3
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Conventional Electric Power Calculation

4 Input power of the machine

. Torque
1. Measurement of the line currents and Battery ~Inverter __Machine . ducer

voltages 7
_ N
2. Detection of the fundamental cycle

(based on smooth current waveform)

o AR U SRR — /v
. I

o \‘ [0
L "

0 u?,o/V

-20
Ll A Iy \
! 02 t/T Lo Cycle is the basis of all calculations related to
10 ] | ' the fundamental period, such as:
0 / / iy /A RMS values, active, reactive and apparent
\ ———5 - CycleDetect(i;) «"F
- \./ NN power
-10 | l |
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Conventional Electric Power Calculation

Calculation of the instantaneous power [1-6]

p(t) = ugo(t) - i1 (t) + uzp(t) - i2(t) + =+ Ung(t) - in(t)

Calculation of the active power as the average of the instantaneous power related to the

fundamental period T [1-6] - fundamental period is defined by the previously determined

NSNS a/ |

1 / 7, ia /A

P=p®)| ==- d

p( )|T T ép(r) T O/ !/\:N\\ \// 5'/CI§/cleDetect(i1)ﬂ
E I |

0 0 1.5 2

10

cycle

-10

t)T

Further cycle-based parameters, such as power quantities, RMS values, fundamentals, etc.,
may be implemented analogously
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Configuration of the ePower Suite

% Recording011.pnrf - Perception (Primary) 8.19.21230.1633

¢ File Edit Control Automation Window Sheets Help

D=EZBHHE RB:

g

F

0

z Mext experiment name
T Acquisition

4

=

@

z

2

=

=

H

o Acquisition setup

E 2M5/s
s

-

z On start of acquisition
o

2

:
=

@ Settings

Optional
Analysis

Generic
ﬁ’é

Functionality

Create

Mapping

F
Review
Formulas

Setpoint storage (0]

Enable (" o]
| |

>bET
| B Active || 3 settings || [A Formula ‘,m,‘ €P Input Signals || €P Power || €P SpaceVectors || €P Phasors |

‘0@ =i

[ = Powersource ]

_ fowersowes |
- T

=

Inverter l

9,03

———— |
Collective ~
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. 14,69

W -236,42 y | w0226,18|9 o e
frewer 74,97 . .39765|0

i 7496 g
Voltages: TRV ~ Volt WDDV

A
Motor_Eff |
SCOPE of "System overview” METER of "System overview"

5447 A A
Powersource.out.i e e e ————————————————..~ = | Powersource. out |
Powersour:c;;u;.uA \I; 236,42 :_mean 48115 |:“—'“e"" - 4’91 |3 = 48,15|

16,89 A 1
Inverter.out.i_1 Gl 4’91
Inverter.out.u_1 i Inverter out |

-16,89 A 1 1.2 [EE] j

lF,SD A A 9,00 A 9,03 A - 9,04 A - 9,03
e il 14,72 | 14,72 . 14,61|7" . 14,68

045 4 || 74,86 |." 7590|." . 75,35|. . 226,11
imerruti 3 Vi 132,53 |\ 132,92\ . 132,13|. . 397,58

s a = 109,37 |%° 109,12 (%" . 108,54 |2, . 327,02

= 0,56 | 0,57|* 0,57/ 0,57

Motor.out.M_inst | Motor. out |
i1,1005 | T 10,00 medv T T T 11,2005 |/[P_mech 175 2 " 1400 2 M 1 19| v

Active Recording: None

7 d) P

0816

20.08.2021

HBK

HOTTINGER BRUEL & KJZER



Automatically Created ePower Suite Formulas

5 N Allocation of

measured phase

T A4 START of Varable allocation IE,I
T 45 Inverterouti_1 Recorder_A Inverter.outi_1 A
T 46 Inverter.out.i_2 Recorder_A Inverter.out.i_2 A
T 47 Inverterouti_3 Recorder_A Inverter.outi_3
T 48 Inverter.out.u_1 Recorder_A.Inverter.out.u_1
49 Inverterout u_2 Recorder_A Inverter.out.u_2
50 Inverter.out u_3 Recorder_A Inverter.out.u_3 W

guantities

1
a

mm) Cycle detection

Defining cycle parameters

Inverter.out Cycle_source Recorder_A Inverter.out.i_1
Inverter.out Cycle_count 1

Inverter.out Cycle _lavel 0

Inverter.out Cycle_hyst_mode 1

Inverter.out Cycle_hyst 5

Inverter.out Cycle _holdoff 0.00

Inverter.out Cycle_fitter_type 1

Inverter.out Cycle_cutoff_frequency 1000

Inverter.out Cycle_direction 0

Inverter.out Cycle_timeout 1

Inverter out Cycle_source_filt

@HWFilter | RTFormulas. Inverer.out Cycle_source ; RTFomulas. Inverter.out Cycle_filker_type ; RTFomulas Inverter.out Cycle_cul

End of cycle parameters

Hendregion Cycle Parameters

Hregion Cycle computation and Cycle check

START of Computing the CYCLE MASTER

1 R R R R R R A

NS EBBLB AR TIV28E8YGH

Inverter out Cycle _Master

@CycleDetect | RTFomulas. Inverter.out Cycle_source_filt ; RTFomulas. Inverter.out Cycle_count ; RTFomulas. Inverter.out Cycle_

12|
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Automatically Created ePower Suite Formulas

mm) Power Calculation

L%.B'_ 101 A= a first intermediate step the instantaneous power per phase is computed below l:::l
L%.E‘_ 102 Inverter.outp_1 RTFomulas.Inverter.out.u_1 ° RTFomulas. Inverter.out.i_1 W
L%,B‘_ 103 Inverter out p_2 RTFomulas. Inverter.out.u_Z * RTFormulas. Inverter out.i_2 )
L%.E‘_ 104 Inverter.outp_3 RTFomulas.Inverter.out.u_3 * RTFomulas. Inverder.out.i_3 W
L%.B'. 105 Then the total instantaneous power is the sum of the phase inst power in W] IE:I
L%,B‘_ 106 Inverter.out p RTFomulas. Inverter.out p_1 + RTFomulas. Inverter.out p_2 = RTFomulas. Inverter.out.p_3 )
L%.B'. 107 Then then mean over a cycle of each instantaneous power gives the active power below IE:I
L%,B‘_ 108 Inverterout.P_1 ECycleMean | RTFormulas. Inverter.out p_1 ; RTFomulas. Inverter.out Cycle_Master | )
L%,B'_ 109 Inverter.out.P_2 @ZCycleMean | RTFormulas.Inverter.out p_2 ; RTFormulas. Inverter.out Cycle_Master | W
L%,E‘_ 110 Inverter.out P_3 @CycleMean | RTFormulas. Inverter.out p_3 ; RTFomulas. Inverter.out Cycle_Master | )
L%.B'_ 1 The sum of the active power per phase gives the total active power IEI
L%,E‘_ 112 Inverter out P RTFomulas.Inverter.out.P_1 + RTFomulas. Inverter.out . P_2 + RTFormulas. Inverter.out P_3 )

13|
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Dynamic Electric Power Approximation

4 Input power of the machine

) . Torque
1. Measurement of the line currents and Battery Inverter Machine L " iicer

voltages

2. Detection of the switching cycle

(based on pulsed voltage waveform) [6,9] u1o;u20;u3oi= | :ii i1, s, i3
- T
mnmn ww us / V
Hiff M U30/V
&mu [ ‘10 . CycleDect(ulo)
1 . T[] 7\/ [1 M1 [1
t/T i u;g/ \Y i
10 0 - L - Us3p / A% -
L —— 10 - CycleDetect(u19)
ol o U—u U =

1.23 1.235 1.24 1.245 1.25 1.255 1.26 1.265 1.27
t/T

14 | t/T HOTTINGER BRUEL & KJZER
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Dynamic Method to Estimate Electric Power

Calculation of the dynamic active power as average of the instantaneous power related to the switching
period T [6,9] = switching period is defined by the previously determined switching cycle

| 1 [T T 1

u/V i
UQQ/V e

1 [T
" = FS . EB(T ) dt 0 al “‘J r 1 [ (l |\ [ | (‘ _llbg)o-‘/C\}/fcle]‘)ete?t(um)’»
s 20 |

1

.23 1.235 1.24 1.245 1.25 1.255 1.26 1.265 1.27
t/T

den =p(t)

This method is applicable for numerous PWM-methods
Provides an approximation of the conventional active power definition during steady state

Combines the information of the instantaneous power p(t) (during transients) and the active power P (during steady

state) in a new dynamic active power definition Pgy,
The quality of the approximation becomes better the larger T is compared to T, i.e., f; > f, resp.

It can be mathematically proven that the dynamic active power and the conventional definition of active power are
analytically identical, see[6],...

... in the theoretical ideal case of infinitely high switching frequency

... certain restrictions are observed when generating the PWM

HBK
k4
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Comparative measurements — startup of a PMSM

1 |
i1/ In
0,5 CycleDetect (i1 ) |
0
0,5
-1
6,5 6,55 6,6 6,65 6,7
t/s
Image ref [6]
15 |
p/ Uz - In)
1 Payn / (Uzk - In)
P/ (Uz - Ix)
0,5
0
——
-0,5
6,5 6,95 6,6 6,65 6,7

t/s

—> Drastically increased dynamic and

update rate of active power information

16 |
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4 No load acceleration from standstill to

constant speed

4 Due to causality, the first value of P can only
be calculated after the first fundamental
cycle is completed
—> at this point, the startup is already

finished

4 Pg4yn Is delayed only by one inverter
switching cycle
—> provides a representative dynamic

average of inst. power
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Transition between different steady state operating points

4 1 1
’ p/ (Uzk 'IN)‘
2
0
)
11,5 12 12,5 13 13,5
t/s
Image ref [6]
4 |
den / PAP
——— P/ Pyp
2
0 L
2
11,5 12 12,5 13 13,5

171 t/s

4 |
Piyn / Pap
3t —— P/ Pap
i1/ Iap
ol W CycleDetect (i1)
T e S et M e an s
0}
T SRt N O S SO OOt N SUUUUS N OO S OO
2L
_3 | 1 | 1 |
11.4 11.45 11.5 11.55 11.6 11.65 11.7

t/s Image ref [6]

4 P and Pg4y, are very similar during steady state
fs = 100 - f for this measurement

4 Pg4yy provides significantly more dynamic information

—> Precise active power approximation during steady state

HOTTINGER BRUEL & KJZER
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Dynamic Fundamental Quantities

1

0.5

-0.5

T

T

T

i1/ In
CycleDetect (i1)
6.5 6.55 6.6
t/s

6.5 6.55

6.6

t/s
Ush1,dyn / UZK\/
usn1 / Uzk
6.5 6.55

6.6

Image ref. [6]

18|

4 Switching cycle-based averaging of the

inverter output voltages, with v € {1,2,3}

Uyr hidyn = Uyr (t)

1
I, =FSL Uy (7) dt

S

4 Subtraction of the zero-sequence voltage

3
Uy hidyn = Uyrhidyn — Z Uyr hidyn
p=1
- Dynamic approximation of the fundamental

waveforms

HBK
S
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Fundamental Space Vectors

(Uoht,dyn + JUphi,dyn) / Uzk
(wan1 + jugn) / Uzk

0.5 (Clark-transformation) [4]

———— Un1,dyn / Uzx
a1 / Uzk

4 Applying the space vector transformation

0,5

0,4
A / 2 1 1y
0,3 ﬂ o 0 (uahl,dyn) 3 3 3 ulhl,dyn
- = . 2h1,dyn

0,2 & UBh1,dyn 1 1

V 0 — —— U3h1,dyn
o1 LI V3 V3

4 Calculate the magnitude or phase angle of the

0 Lo 0,5
65 655 6,6 6,65 6,7 0,5 0 0,5

Image ref. [6] ¢ /s R{...} space vector

- Dynamic space vectors may be used to verif A~ _ 2 2
y P y y Un1,dyn = [Ugh1,dyn T YBh1,dyn

and assess the quality of the inverter control
- Fundamental dgO-Transform (Park-Transform) ®h1,dyn = atanz(uam,dym uﬂhl,dyn)

can be calculated -~

19 | HOTTINGER BRUEL & KJZER
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Dynamic RMS Values

| |
05— U1/ Uz
Unt,dyn / Uzx
0,4 & Ul [ Uz seitvosenamnmmnton o e e e oee s o drmondvoie
0,3 | |
17 17,1 17,2 17.3 17,4 17,5 17,6 17,7 17.8
t/s
0.8 M e s oo T oo
’ L/ In \
0,6 | Inyayn / In —
I / In \v\
0,4 | | Vv viva IVAPNIPY.° Y. -v’\rv\,h/\ PN ANV
17 171 172 17,3 174 175 176 17,7 17,8
t/s

Image ref. [6]

20 |
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4 Assuming a balanced 3-phase system
- RMS values are calculated from the
approximated fundamental space vector
magnitude

U _ Uni,dyn
hl,dyn - \/—
2

4 Same procedure for the current
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Dynamic RMS Values & Power Quantities

0.3 B PR RV e W v e
—— P/ (Uzk - In)
Piyn / (Uzx - IN) —_—
0,2 — Py / (Uzk - In)
| | [ | S I
17 17,1 17,2 17,3 17,4 17,5 17,6 17,7 17.8
t/s
0,4 | | |
——Q/ (Uzk - In) L

0,2

Quni / (Uzk - In)

Qnidyn / (Uzk - In)

WCTRIAR DU 7Y | ATl ioevioiphitmdioipeidin b i e

o AT A
17 17,1 17,2 17.3 17,4 17,5 17,6 17,7 17.8
t/s
| |
04— 8/ Uz - Ix)
0,3 3 Shidyn / (Uzk - I) Prrebosdoee

S/ (Uzk - In)

\

0,2 H | |

o L LA P Van AL PN _ LA P A 40
MVV\, e e G e e

17 171 17,2
Image ref. [6]

17,3 17,4 17,5 17,6 17,7 17,8

t/s

21 |
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4 Dynamic (fundamental) active power

! JT p(t)dt

Ts Ts

den =p(t)

S

4 Dynamic (fundamental) apparent power

Sh1,dyn = 3 * Un1,dyn * Ih1,dyn

4 Dynamic (fundamental) reactive power

— 2 _ p2
th,dyn — \/Shl,dyn den

HBK
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Accelerated Dynamic Efficiency Mapping

—
ot

Z.
S|
[~
30,5
£
0
> 1 I I
< h’g h’g
§ 0,5
0
0 5 10 15 20 25
Image ref. [6] t / Tap
1,5
=
g 1
[~~~
20,5 JI
£
0
- 1
= s
\% 0,5
<
= 0
0 5 10 15 20 25
Image ref. [6] t / Tap
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4 Conventional method

- Steady state set-point values of speed and torque are
driven sequentially

- Conventional active power and mechanical power are
calculated based on the fundamental cycle

- Efficiency is calculated
4 Dynamic method

- Steady state state set-point values of speed are driven
sequentially

* For each speed, the torque is ramped up continuously

+ Active power and mechanical power are calculated based
on the inverter switching cycle

4 Significant time savings!

HOTTINGER BRUEL & KJZER
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Accelerated Dynamic Efficiency Diagram

Conventional Method Dynamic Method
1’1 T T T Io T T T ] 94 94
</ %
O Messpunkte
1 - 92 92
0,9 i
190 490
0,8 i
- 4 88 - 88
= 07 i N S
E 0,6 86 = 86
% o o om-0 o0 o K] E i
91 o
7J/ 91 J—/A” 90— %0
o R9
3 82 82
0,3
80 80
0,4 0,6 0,8 1 1,2 1,4 1,6 0,4 0,6 0,8 1 1,2 1,4 1,6
n /ny Image ref [6] n /ny Image ref [6]

High level of similarity and enormously reduced measurement time

AR,
| V)'
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Accelerated Dynamic Efficiency Mapping

4

24 |

Very small deviation between both methods

- a small deviation from conventional method 11F

IS Inevitable
—> not suitable for the highest accuracy
requirements, but:

Accelerated measurement (time reduced to
10%)

—> Very suitable / cost efficient for end of line
tests (pass/fail)

Could also be evaluated during WLTP
measurement

—> no additional efficiency measurement
necessary

Deviation of Conventional and Dynamic Method

1,2

<N/ %) |

1,4 1,6

2

1,8

1,6

1,4

An /%

10,8

10,6

10,4

0,2
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Summary

Dynamic active power P4y, Was introduced as an additional new active power definition

P4yn combines the advantages of instantaneous power p and active power P in a new quantitiy

Dynamic active power calculation method may be transfered to other cycle-based parameters,
such as RMS, reactive power etc.
P4yn may be used to accelerated efficiency diagram measurements / save ressources and

COsts
Efficiency mapping may be included in test procedures to be done anyhow (e.g., WLTP tests)

Suitable method for real-time measurements fed back into control algorithms (power control on

the inverter system, double-two level inverter [7], doubly-fed PM synchronous machine [8])

25 | HOTTINGER BRUEL & KJZER
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Thank You

Questions?
Please don't hesitate to contact me...

alexander.stock@hbkworld.com
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