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,Measuring di/dt*

What's it good for?

v" Online Parameteridentification
v Gradient based control

v’ Sensorless control

v Failure detection

Challenges to tackle:

" very short measurement times - high switching frequencies & small duty cycles
" noise —» Fast and hard switching power semiconductors, EMI
" low cost demand

S —
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l.  Motivation
ll.  Methods to identify the current slopes
a) Direct methods
1. Dedicated di/dt-sensors
2. Analog Differentiation
3. PCB-integrated planar Rogowski-coil

b) Indirect methods

l. Oversampling — Least Latency Least-Squares-Estimator

Il.  Sub-Sampling — ,Easy Current Slope Detection®

. Conclusion
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l. Motivation ﬂ(".

1. Online Parameter Identification Karlsruhe Insttute of Technology

System equations in dq reference frame

_ dig dig
ud=R'ld+de'—+qu'

dr Y de

— Weg] qu

dig dig

uq=R-iq+qu-E+qu-E+wel-‘Pd

dw, dw,
iq R dt R dt
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o
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l. Motivation
2. Direct Adaptive Current Control - Basic Working Principle
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Knowledge of the
current slopes,

depending on each
switching state

\ ¢

Duty cycle

for a given current
setpoint can be
calculated

No control path
parameters
required!
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l. Motivation ﬂ(".

2. Direct Adaptive Current Control — Isotropic PMSM (L4=L) Karuhe nstitute o Techology

,Current Gradients* BA S, S,

> 5
k
 For isotropic PMSM, the six Ai, ,,
span an equilateral hexagon
» Setpoint steps inside the hexagon
can be set accurately within one
period (deadbeat) -
@
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l. Motivation ﬂ(".

2. Direct Adaptive Current Control — Anisotropic PMSM (L4#L,) Korlrue nsiute of Technolosy
,current Gradients*
Al - 2uT, ( Le™ 1L, ej[zy(r)—cpn])
RE R >
=m,+r, ¢
_ 2usTP Jj®,
m, =3 2y tu § §
3L, —-L) 5,4 =5

b 2Ty v,
SRECET

1
L, =§(Ld +L,)

1
Ly=5(L, = L,)
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l. Motivation ﬂ(".

2. Direct Adaptive Current Control — Adaption on anisotropic PMSM (L #L) Karlsuhe nstitue of Technology

QRY
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l. Motivation ﬂ(".

2. Direct Adaptive Current Control — Anisotropic PMSM (L4#L,) Karlsuhe Instiute of Technology

B4 5, S, + With Ly # L, the six Ai, ,, show
different lengths and the anglesdiffer
from those of the switching states
vectors S,

* The hexagon is symmetric but not
equilateral and in addition time
»S, variant

Al 1 x « Control mechanism:
Synthesis of i, 1 by projection to
the adjacent Ai ,,

> QO
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l. Motivation .\l‘(".

3 . Se ns o rI ess co ntrol Karlsruhe Institute of Technology

For anisotropic machines, the inverter induced Z—i depends on the doubled rotor angle:

L 1 L

=— T =—>2 (Le"—Lse
M dten T3, -L)V

i2r(H)-9,] J2y(1)
& )D e

« By measuring di/dt = no special testsignals necessary
* One switching period is enough for identification

« works at low speed and standstill

« significant magnetic anisotropy necessary

+ 180°-ambiguity

S~
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II. Methods to identify the current slopes
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Classification of Current slope measurement methods &(IT

Karlsruhe Institute of Technology

direct
methods

indirect
methods
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analog | digital
I .
Srect di
irec —
. A/D-
(¢ di/dt- U 4p direct dt digital
( ) me/asur — Con-
di verter
ement ~—
dt ,
I
]
Regular ) indirect
i(1) U 4 indirect A/D- 1) gigia di/dt-
I Current inairec Con- igita /
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T
I
I
Dr. Andreas Liske - Measurement of Inverter Induced Current Slopes //

di

d 4 digital

SPEC 2022



IT

Ag e n d a Karlsruhe Institute of Technology

II. Methods to identify the current slopes

a) Direct methods
1. Dedicated di/dt-sensors
2. Analog Differentiation

3. PCB-integrated planar Rogowski-coil
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Il. a) Direct Methods — Dedicated di/dt-sensors &(IT

Karlsruhe Institute of Technology

® Measuring the current slopes with dedicated hardware
® Sampling of the current gradient signal at standard sampling times

—

B it

High dynamics
No special / extra fast A/D-converters necessary
Easy to integrate into existing digital signal processing systems

The gradient / d/dt of noise is also measured

x x N XN

Difficult at high switching frequencies & small duty cycles
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Il. a) Direct Methods — Dedicated di/dt-sensors ﬂ(IT

Karlsruhe Institute of Technology

® Prototype based on Sensitec CMS3025
current sensor

B Sensitivity: 41 k%ls at 25A nominal current

® di/dt- measurement with Rogowski-coill,
attached at the opposite site of the current
rail of the CMS3025. The induced voltage
in the sensor-coil is amplified with an
integrated analog amplifier
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Il. a) Direct Methods — Dedicated di/dt-sensors ﬂ(IT

Karlsruhe Institute of Technology

Big self inductance: _
v" Sensor coil signal is relatively high u; = L%
% Long settling time - L limits dynamics

fPWM = 10 kHz fPWM - 60 kHz
=10 kHz =60 kHz
S T 600 T T S 400
S| 1400 _ 5 _
= 1200 =
_ 1200 = _ et
2 3 2 5
Z o o 3 z 0 10 %
5] 5 o 9]
- 200 : =
CMS3025 8 CMS3025 | 200 &
ey di/dt sensor 1 400 3 5 di/dt sensor 3
di/dt reference di/dt reference
o A T 11,
-50 0 50 -20 -10 0 10 20
time ¢ (us) time ¢ (us)
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Il. a) Direct Methods — analog differentiation circuit

LEM LAH 25-NP current transducer to measure the absolute value of the current
Input voltage v;, directly from current transducer
Passive 1st order high pass with following 2-stage amplifier
_ dvin ) Ra1 ), Rs1
Vout = (Rlcl dt ) (1 T Ry ) (1 + R3 )
Switching frequency and minimal on-time as design parameter for T = R, C;
Designed for 10kHz and bandwith of 60 kHz
o—| B
o
R
— Rs1
[ I L
Vin Ry 11 || Vout
C2x CII
Ry R3;
! i i
O O
1
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Il. a) Direct Methods — analog differentiation circuit

IT

Karlsruhe Institute of Technology

® Quality of the current slope signal heavily depends on the quality of the current transducer
® Good results, but very sensitve to noise in the the current signal

f=10kHz

current i (A)
(e

LAH25-NP
Analog differentiator
di/dt reference

-50 0

time ¢ (us)
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50

400

1200

1-200

-400

current slope di/d¢ (kA/s)

current 7 (A)

4

LAH25-NP

di/dt reference

Analog differentiator

400

200

1-200

current slope di/dt (kA/s)
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Il. a) Direct Methods — PCB-integrated sensor coil ﬂ(IT

Karlsruhe Institute of Technology

® Magnetic field: B(r) = p 217(:1
® Magnetic Fluxin coil: ¢ = [, B(r)dA
® Induced voltage in coil: u;,q = % =M - d;(tt)
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Il. a) Direct Methods — PCB-integrated sensor coil _\X‘(IT

Karlsruhe Institute of Technology

Output voltage (simplified)
diy
Voo =M - o=

Mutual inductance

fo - Ny-Ny-b h
M = 27_[ . ln ( Wl) + 1 hieldi
I ll — N, - > Shielding Layers ; Top Layer\ Via
ZZ + 2 + o Yo b, ’
hil hy, @ QO H®®® PCB
Coupling capacitance (simplified) " -«— X \
Bottom Layer_/ R Ki coil . .
€o * Er ogowski coi Buried via
CC =2 r NZ * Wy
0
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Il. a) Direct Methods — PCB-integrated sensor coil

3-ph 2-level low-voltage inverter
« 100 kHz switching frequency
« 60V DC-link voltage
« 25 Agys phase current
« 1.4 KW Power

Measurements

- planar Rogowski coil (%) up to 2 MHz

- Phase and DC-Link voltage up to 2 MHz

- Phase currents iy, iV, iW up to 200kHz using
LAH25NP

IT

Karlsruhe Institute of Technology

Uz Uy

Uy

L
Tt

L
TiT

|_
I

iy

Y
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Il. a) Direct Methods — PCB-integrated sensor coil ﬂ(IT

/~ AD8250

ARMZ

~N

Karlsruhe Institute of Technology

Differential and Common
Mode Filter

« Damping of coil resonance
« common mode disturbance
reduction

\_ J

Variable Gain OpAmp

Variable gain for
different machines
and operating points

VADC

Fixed Gain differential OpAmp

» increased interference immunity
of ADC signal

KVoltage level adaption to ADC/
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Il. a) Direct Methods — PCB-integrated sensor coil ﬂ(IT

Karlsruhe Institute of Technology

— di/dt measurement — di/dt calculated

N
o S o

di/dt in kA/s
&
o

0 12.5 25 37.5 50

time in ps

Operating Point - inverter Parameter PMSM

p 3
PWM Frequenc 20 kHz =
. q y & : r ?nC-Stromrhchter 2 pe Rs 0135 Q
DC-Link Voltage 15V N | L 0.2 mH
z ee | d :
Rotational speed 800 rpm g v WU ST L, 0.2mH
RMS Phase Current 0.5A o ’ WY, 11.7 mVs
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Agenda -\3‘(".

II. Methods to identify the current slopes

b) Indirect methods
I Oversampling — Least-Latency Least-Squares-Estimator

Il. Sub-Sampling — ,,Easy Current Slope Detection“
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Il. b) Indirect Methods AT

Karlsruhe Institute of Technology

Assumptions:

di , : : :
" — =~ const. during one period - current waveform are straight line segments

u This is given, if Tpjane > Tpwm

4

Curve fit with linear equations

fap > frwm

» Oversampling possible « oversampling impossible
* Least-Squares-Estimator » ,Easy Current Slope Detection*
» Very well suited for » Very well suited for
* moderate switching frequency * high switching frequency
 Traction / Drive applications * low-cost DC/DC-Converters
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Agenda .\l‘(IT

Karlsruhe Institute of Technology

II. Methods to identify the current slopes

b) Indirect methods

I Oversampling — Least-Latency Least-Squares-Estimator
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Il. b) Indirect Methods — Least-Latency LS-Estimator _\X‘(IT

Karlsruhe Institute of Technology

Measurement with fast oversampling

Calculation of slope with Least-

E T Period (k)
Squares-Schatzer v Tovs o Ty

Tp Period (k+1)

=
P>

v
-~

r 3
A A
F 3
A 4
-~

To.-v kit >:: TOFF.k+I >

Measurement Points

Very robust against disturbances
Very fast convergence and very good accuracy

supplies (besides the slope) also the filtered absolute value

Fast A/D converters and signal processing required

not suited for high switching frequencies and short duty cycles

depending on implementation: high computational effort (QR factorization, etc.)

X X X X << <

Possible: numerical instability and latency in recursive algorithms
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Il. b) Indirect Methods — Least-Latency LS-Estimator

LS method with pure vector product with the "pseudoinverse":

IT

Karlsruhe Institute of Technology

. i(1-Typ)
e E E E 5

=1 (&) | = (O (D = <5N'1 Sv )| 10 o)
dt N1 = ©9Nn - 9NN 5

~ ~ — \i(N - Typ)

Constants of the R/—/

Pseudoinverse Measured values

The vector product can be updated online with each new sample:
ig = Enq - i(1Tgp) + -+ Engn - i(nTyp) + -+ Eypy - i(N-Typ)

di

(E) =Sy i(ATap) + -+ Syn - i(nTgp) + -+ Syn - i(N - Typ)

1. the number N of measured values per switching state must be known!
2. the constants of the pseudoinverse must be known!
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Il. b) Indirect Methods — Least-Latency LS-Estimator &(IT

Karlsruhe Institute of Technology

i)
fap = 6 MSps
frwm = 8 kHz

|
|
|
|
|
|
f > |
i |
Sample-Index » i{HIE{HIHHI ————— >
5 : 123 i fieie, N :
Switching State S, S, S Sz Sg i
Tt
TPWM /2 !
Depending on duty cycle, the number of samles N per swithcing state varies
between 1 und N, With:
N _Tewm/2 _ fap  6MSps 37%
max TAD fPWM/Z 16 kHZ
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Il. b) Indirect Methods — Least-Latency LS-Estimator _\X‘(IT

Karlsruhe Institute of Technology

Solving the LS-Problem with the Pseudoinverse
ig
Py = ((2)> = (0)%- (i)y Solution of the LS-Estimator
dat

(0) = [OE0)y]71 - (0)] ,Pseudoinverse*

1 _(N - 1) : TAD

U

with (0)y = | . —WN - :n) “Tap for every N € {1... Npygx}
1 —1 : TAD
1 —O : TAD

Online-Calculation of the Pseudoinverse according to
this formula requires way too high computational effort!
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Il. b) Indirect Methods — Least-Latency LS-Estimator _\X‘(IT

Karlsruhe Institute of Technology

Lookup-table with complete offline calculated Pseudoinverse:

O
0%

©F

1

32 7-Dec-22 //

EN,n
SN,n

ENmax:n
SN max,"

EN,N
SN,N

ENmaXJNmaX
SNmax'Nmax

* For every measurementinterval N = 1... N«
exists one Pseudoinverse (0)5
« every Pseudoinverse (0); consists of 2 rows
and N columns:
» The first row contains the constants for
the absolute value: Ey, ,,
* The second row contains the constants
for the slope: Sy ,,

)
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Il. b) Indirect Methods — Least-Latency LS-Estimator _\X‘(IT

Karlsruhe Institute of Technology

Number Mpg; of constants that must be saved in the LUT:

NmaX
Mpg; = ) (Nmax +1)-2= Nmax (Nmax +1)

With Np,ax = 375 that's 141.000 constants (each 70.500 for Ey ,, and Sy ,,).

Assuming a wordlength of 32 bit this would result in 4.512Mb memory requirement

4

» Depending on the FPGA the LUT can‘t be stored inside the FPGA

= External memory becomes necessary
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Il. b) Indirect Methods — Least-Latency LS-Estimator &(IT

Karlsruhe Institute of Technology

Plot of the complete LUT with all N,,,,, Pseudoinverses

|

. EN" with n > 0

0.8
All 70.500 constants Ey ,,

of the LUTpg; o

04r

0 2 4 6 8
><l(]4
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Il. b) Indirect Methods — Least-Latency LS-Estimator &(IT

Karlsruhe Institute of Technology

Plot of the complete LUT with all N,,,,x Pseudoinverses — closer look No.1

09+ : E.»\?,;

E_ withn>1
Nn

08 F

First 800 constants Ey, ,,

()ftr“a L[JT})SI 0.71
0.6

051

0.4

03l ..

)

0.2
0.1 fe.oeris

Q. f e :

100 200 300 400 500 600 700 800
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Il. b) Indirect Methods — Least-Latency LS-Estimator

Plot of the complete LUT with all N,,,,x Pseudoinverses — closer look No.2

IT

Karlsruhe Institute of Technology

09t Ey
E,  withn>1
0.8 1 !
Constants E;; to E;3 13 ool
of the LUTpg
0.6
0.5}
0.4F
. E ) ) )
F 16,10 B . |
0.3 100 g LI . EEF—’J-’ '
0.2} 1038 g 1110 C EI211 __
) “E, E 1 < 1210 .
g 107 - g 118 £ o129 .
0.1 '10.6 gL SRS K
“10,5 11,6 L E 12T L
or " Euy - p s .'FE,f‘{') -L}A‘L_Jﬁ_ﬁ
s EgE B EEd
R OTE R T . EEI_,_-_; Eh{_{.q..
Eroi 11,1 121 L |
50 60 70 80 90
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Il. b) Indirect Methods — Least-Latency LS-Estimator

A detailed mathematical analysis of the pseudoinverse shows:

1. The elements can be calculated analytically, without any
matrix operation

[E _2(2N—-1) - 6(N —n) ]
N ™ N(N + 1)

12 6
Snn = n—NTyp +=————
[ N NT,p2(NZ — 1) (n=N)Tao + 7 NN+ 1)}

2. The elements of each row vector of the pseudoinverse
matrix are equidistant

6
[AEN,n(N) =Enn(n) —Eyn(n—1) = NV £ 1) }

12
[ASN,n(N) =Syn(m) —Sy,(n—1) = T,pN(NZ — 1)]

IT

Karlsruhe Institute of Technology

60

[ )
Partially online-calculation of
the Pseudoinverse is
possible by:

1. Knowledge of the first
elements Ey ; und Sy 4

2. Adding the increment
AEN(N) and ASy(N)
gives the following
elements

. J
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Il. b) Indirect Methods — Least-Latency LS-Estimator _\X‘(IT

Karlsruhe Institute of Technology

The huge, complete LUT with all N,,,,, Pseudoinverses (,0ld)...

()
51,1
_ B} E E
(O)Ir (Sz,l 52,2)
(0)-2|- 2,1 2:2
LUTPSI = (0)[-'\_] = EN,l EN,Z EN,Tl EN,N)
: 51v,1 SN,Z SN,n SN,N
(0Nl : ; : .
ENmax'l ENmax'z e ENmaX'n nn nn E] ENmaX'Nmax
| SNmax'l SNmax'Z SNmax’n SNmax'Nmax i
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Il. b) Indirect Methods — Least-Latency LS-Estimator _\X‘(IT

Karlsruhe Institute of Technology

... can be replaced by a very small LUT, only containing the first elements and the increments:

LUTs; = <EN,1 AEN)
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Il. b) Indirect Methods — Least-Latency LS-Estimator

Number Mg, of constants in the new LUT; ;: Mg/t = 4 - Nmax
« With N,,,.x = 375 that's only 1.500 constants
- Assuming gain a wordlength of 32 bit, this results in just 48 kb memory requirement!

lv[PSI — Nmax(Nmax + 1) — Nmax +1
lVIS/I 4 - Npax 4

Comparison to the complete LUT:

With N,,,.x=375 Memory requirement is down by a factor of 94!

- The new LUT easily fits inside an FPGA

- No external memory hardware necessary
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Il. b) Indirect Methods — Least-Latency LS-Estimator _\X‘(IT

Karlsruhe Institute of Technology

Ways to calculate the Pseudoinverse:

1. complete offline forecast
- Storage of all constants in a lookup table

- large memory requirement

2. partially online calculation with small lookup table
- only start values and increments in small lookup-table
- Very small memory footprint, very fast, hardly any computational overhead
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Il. b) Indirect Methods — Least-Latency LS-Estimator ﬂ(IT

Karlsruhe Institute of Technology

| Trwm/2 !
} T T } .
Measurement results — current slopes: 1Al A2 «F2—  —i,() Raw ADC samples
[ | [

3 ; : : 1 _ -ill Post-processed
< | | | \ S A2 linear curve fit
k= | l I I ‘ pa | with MATLAB
= O : I : |
VD | | | I

= 6 MSps i ! ! !
fAD 3 kll‘)l 5 1 | Iy [ K—J‘M“JL
= - [ [ I
frwm Z | | | ¥ |
1 [ . \l
0 12 25 37.5 50 62.5
fime in ps : |
| [ \
1 : : \‘ di 3
| [ | ::E IiAll Post-processed
' ' ‘ dt ~ linear curve fit
0.5 I ' ‘ -2 A2
@ | ! | di with MATLAB
< | 1 | o F2)
= | 1 7~" —4 F1) .
= 0 — < — di Realtime, on-
§ T | dt Al \ line calculation
o 05 | _g_g ?22 of pr(.)pose‘d
: __ g +“J algorithm in
| | FPGA
L 1) |
25 37.5 50 62.5

time in ps
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Il. b) Indirect Methods — Least-Latency LS-Estimator ﬂ(IT

Karlsruhe Institute of Technology

‘ Trwm/2 {
Measurement results — absolute values: 400 | [ 21 | _ Sample-Counter
| A2 N —F1Y Switching
% 300 i | | —ALL states
E | a1 I | —A2 [ 1 easurement
.il’ 200 - ‘ | | — F2 interval
g | : : | thresholds
fAD =6 MSpS < «—F1— [ '
— 8 KH & 100! | | |
frwm = Z | T |
0 ._‘/ : '
¥ | !

[ time in pus

_iU(t) Raw ADC samples

_1E(F” Realtime, online

—Ii.(Al) | calculation of

| _iE(Ag) proposed
algorithm in

\ \ i£F2) | ppga
| -/

>

i,
I
I
I
|
I
I
|
|
|
0 12.5 25 37.5 5 62.5
o :
|
‘ I
‘ I
I f
| I
| |
|
[
I
I
I
|
I

I

|

|

|

|

|

! ‘
12.5 25 37.5 50 62.5
time in ps
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Agenda -\3‘(".

. Indirect methods

Il.  Sub-Sampling — ,,Easy Current Slope Detection“
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Il. b) Indirect Methods — Easy Current Slope Detection _\X‘(IT

Karlsruhe Institute of Technology

Challenges with fast switching DC-DC-Converters:

® Low power )
® very high switching frequency up to MHz-range | Oversampling or dedicated di/dt-sensor?
® Small mechanical footprint >
® Low cost demand 3
J impossible or too expensive

How can the Z—i be measured with already existing hardware?

- State-of-the-art microcontrollers
- ,usual” current sensing
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

Karlsruhe Institute of Technology

» TWO-point-method®: v T  Period (k) ' 1 Period (k+1) v
‘e p e p o
(] ] (]
< T()N,k e Lo s i Ton e o Loy o
b >t e >re >
' . ' H ]
] ] [ ] ] (]
' H ] ' '
' [} ' ]
A ' Measurement Points ¢ '
. ' [] ’ ]
i(t) ! ' ! '
' [} ' [}
H ' ' '
] ]
H ' ' '
' [} ’ ]
H ' ' ]
' ' ]
H ' ' '’

: , : >t

' H ]

\/Simple
X very sensitive to noise
X difficult with small duty cycles / high switching frequency

X Special trigger necessary
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

Karlsruhe Institute of Technology

Standard sampling times in microcontrollers: at, PWM period p R
. M(t)=0 M(t) 1p
«  M(t) = max

Mmax /\ E

Sampling times ,farthest away“ from duty

cycle transitions ;
Mmm E >

1(t) :

~i §

,a“ > active - ; :

¢ > freewheeling t, (A t,
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

Karlsruhe Institute of Technology

Standard sampling times in microcontrollers : q

Pulsperiode p

- M(t)=0 M(t)

« M(t) = max

max

Sampling times ,farthest away“ from duty cycle
transitions

min

i(6)1

Different control paths
- different current slopes
+ ldentical measurement values

- Current slopes not detectable!

A\ J
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

Karlsruhe Institute of Technology

Trick:

iati ; at, Pulsperiode p L
Variation of subsequent duty-cycles (Jitter) M(t) ) Regelperiode k-1 1, Regelperiode k "
R L T=L2 o TETL2
ak-l . E
ak !
M© B
Mmjn _ i" - : >
l(t) | P ,1:1‘/'/%5
~
1k-2 E
5 >t
tk 2 tk_1 tk
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

Karlsruhe Institute of Technology

Trick: aq Pulsperiode p
Variation of subsequent duty-cycles (Jitter) M(t) ) Regelperiode k-1 T.P Regelperiode k :
(g—1 # ay T.=T,/2 T.=T,2 , |
Mmax . ' ak E

Different control paths a,

- different current slopes M(t) Eak
> Different measurement values :

- Current slopes can be identified!

50 7-Dec-22 // Dr. Andreas Liske - Measurement of Inverter Induced Current Slopes // SPEC 2022 ETI=E



Il. b) Indirect Methods — Easy Current Slope Detection _\X‘(IT

Derivation Of the ECSD'AIgorithm Karlsruhe Institute of Technology
< TPWM >« TPWM -
—T¢ (k-2)—P—T¢ (k-1)—Pe—T¢ (k)—b:(—Tc (k+1)—P—T (k+2)—>§
' H A H H

'
]
'
die-1 :
----------------------------- ’
dg :
an /N T ’ ik
------------------------------ "
. [}
| ik |
i H
> k-2 :
-3 '
' >
[}
E— | | -
i, =i, +a -T.m +(1-a, )-T.m :
kol TR T a ( k) s 2 equations
i =i, +a,_ -T.m,+(1-a,_) T.m, 2 unknowns
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Il. b) Indirect Methods — Easy Current Slope Detection _\X‘(IT

Derivation of the ECSD-Algorithm Karlsuhe Institute of Technology

d - A -l
< Trwm Lgh Tpwm Lath )

—T¢ (k-2)—P—T¢ (k-1)— P —T (k)| ——Ps——T (k+1)—Pi—T¢ (k+2)—>§

: :
(]
[]
[}
(]
die-1 :
----------------------------- '
dg :
an /N 7T ) ik
{ . :
| A :
I-2 :
. :
ik-3 : i '
H T -
! N [}
| i | | :
>
t
- L a G =) +a, (i =i ,)
S
T, a, —dy,
1 i, ,—2i ,+1i
m,=m, +— k-2 -1 T
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Il. b) Indirect Methods — Easy Current Slope Detection _\X‘(IT

Derivation of the ECSD-Algorithm Karlsuhe Institute of Technology

d - A -l
< Trwm Lgh Tpwm Lath )

—T¢ (k-2)—P—T¢ (k-1)— P —T (k)| ——Ps——T (k+1)—Pi—T¢ (k+2)—>§
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L)
[}
[}
]
die-1 :
----------------------------- ’
dg :
Ao N A N ) ik
---------------------------- (]
. [
. ke '
Ik- H
3 2 :
ik-3 ' : ;
: : >
) ] I
>t
Aif = Tcmf — G Gy — i)+, (G — b ) ,current Gradients":
a, —a :
ke Tkl Ai,=T.-m,
I, ,—2i ,+1
. _ . k=2 k—1 k .
Ai, =T.m, =Ai + Ai, =T.-m,
a, —d;,
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Il. b) Indirect Methods — Easy Current Slope Detection _\X‘(IT

Derivation of the ECSD-Algorithm Karlsuhe Institute of Technology

d - A -l
< Trwm Lgh Tpwm Lath )

—T¢ (k-2)—P—T¢ (k-1)— P —T (k)| ——Ps——T (k+1)—Pi—T¢ (k+2)—>§

’ :
(]
[]
[}
(]
die-1 :
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dg []
HE o A S [}
a2 ¥
---------------------------- (]
. [}
_ F ik |
I-2 :
> :
. [}
-3 : ; :
i = g
| P | : -
t
. _a G, ) a5 ;)
Alf = Tcmf = _— |
ko Pk ,Easy Current Slope Detection®
. e e s A
Ai, =T.m, —Alf +
a, —d;,
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

Using the Current Gradients for Direct Adaptive Current Control Krsruhe Institute of Technology

dl A -l . g
< Trwm Lath ) Tpwm Lath

—T¢ (k-2)—P—Tc (k-1)—Pm€E—T¢ (k)—h(—ch (ktl)—>p—T (k+2)—>§
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: | i ready
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A1 " I
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0, | | I N S~y A
A2 k e lir2
------------------------------ ' |
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_ I Ak LTSN\
| 2 b
) ' I
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0 I
L) 1 >
; L
| I | :
[] »
t

i =i +a_, -Ai +(1—ak+l)-Aif

by =0t AL+ (1 iy ) . Alf

55 7-Dec-22 // Dr. Andreas Liske - Measurement of Inverter Induced Current Slopes // SPEC 2022 ETI=E

Elektrotechnisches Institut



Il. b) Indirect Methods — Easy Current Slope Detection _\X‘(IT

Using the Current Gradients for Direct Adaptive Current Control Krsruhe Institute of Technology

dl A -l . g
< Trwm Lath ) Tpwm Lath

—T¢ (k-2)—P—Tc (k-1)—Pm€E—T¢ (k)—h(—ch (ktl)—>p—T (k+2)—>§

' | A/D- .
: | Conversion of
' I i,ready
[]
A1 : I
----------------------------- []
Lak .............. : ) I Tt A
________ YA . et oz
_ i1 :..@'Er.l.--l. .................
Ik-2 : [
p, ' 1
P
L) 1 >
: b e,
t
A A (> _ : Direct Adaptive Current Control
L e Ai,—(2-a,,,)Ai, P .
k+2 — . .
Ai, —Ai, DC/DC-Converters
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

Using the Current Gradients for Direct Adaptive Current Control Krsruhe Institute of Technology
a=Toy /T¢ L 1 (t) 21 ad
¥ ]
Uinl —‘ ZS Df Uou[l JULl}ad
T |
T == Gate-
¢ 2 Driver L l
z” z'
: : U i ]
Iy =hy i () B2 s
'3.k+1 L l | |
Calculating a, A7 A;j |Calculating the current gradients Ai, Al
according to_eq_ (19) e 'y - according to eq. (14),(15)
g g @M — (2 —a JAip | - T o (s
- ﬂia - &z-r ﬁif ‘&If ﬂ;'f = A (E-\'- :—il)_ z.r:i(!.\—. E,\—:)
] % p p a4 i’ Ai,=Ai+ s — 259t
> 7 z z a._, * ’ T~ g

DACC for DC/DC-Converters with easy identification of the current slopes
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Il. b) Indirect Methods — Easy Current Slope Detection ‘(IT

noise & sensitivity Kerlsruhe Institute of Technology
Sensitivity - .
® |n steady state operation:

Almost identical current samples

- Difference i}, — i}_4 is very small
compared to the measuring range

® Critical: e aus | aus ETIR
® Noise of the current signal
® Noise of the AD-Converter

Original idea of controlling the 5001
current with the current slopes,

calculated from period to period

only did not work due to noise. T

4-5Bit

§""
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

DACC with filtered c

urrent gradients (DACC-F)

Ai ST 1 Al
AQ—»K—»A}f

Karlsruhe Institute of Technology

10 T | o0
— Ibrassel
8l > T | 72
gegenspannun [s] : :
_ 6 o l ‘HNH mwwwm “.l“\h||\I\III\IJI:I.L.I\Il\I\\|H|H|M|H|n.h. L Y
< l” "‘ "‘ ”'”|’|‘ww|wu”"”“"" ’ 2
= o R e — o s>
oL 118
OO D.‘5 1‘ 1.|5 2‘ 2.|5 :l% 3.‘5 4D
t [ms]
v only current measurement necessary
v self-parametrizing
v" dead-beat-characteristics for setpoint steps
% without voltage feed-forward slow disturbance reaction
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

DACC with filtered current gradients (DACC-F) — with low-cost microcontroller Karsruhe Insttute of Technology

c
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> Al
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25+ , 5 S ]
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0 | 1 | | 1

| 1 |
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Setpoint Step 1A to 6A

| [A]

Load step: 600nH ->800nH
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Il. b) Indirect Methods — Easy Current Slope Detection ﬂ(IT

Using the ECSD to calculate L

Karlsruhe Institute of Technology

1500 . .
_Ua * (ak - ak_l) — 1000 b
L= , , , , 5
Q-1 * (-1 — i) + ag * (Ig—1 — g—2) = soolll |
Filtering L: % 1 2 3 4 5
= Noise is one-sided t[s]
= Special Filter : : .
| L
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LILEL;—.‘|LILEL} |£ %Lmi.rtal ] f—\' _ N _LMlttel

1024

-
Ls

i ; i ‘
1 2 3 4 5
L.
mittel Z_l t[S]
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Il. b) Indirect Methods — Easy Current Slope Detection &(IT

MPC With filtered L (DACC'MPC) Karlsruhe Institute of Technology
10 ‘ [ _ , 90
7|Droasel : :
— 1 : : :
8-_Sou e ‘ e e e e 72
gegenspannun g :
6l , l ““““““““““““““““““ sl bt I A 54
T T . ’ . =
- 4 AR Al : § *36:)
2 4 — _ 5 18
<« Ingluctancq was mgeasured ?nd stothed inladvancg
OO 05 1 1.5 2 25 3 35 40

t [ms]

v Excellent control quality and good disturbance reaction
% Additional voltage-measurement necessary

% Smoothing out L takes relatively long (~1s)
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Agenda .\l‘(IT

Karlsruhe Institute of Technology

lll. Conclusion
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lll. Conclusion

Measurement of inverter induced current slopes...

...shows high potential
* Online Parameter ldentification
* Direct Adaptive Control Schemes
* Adaptive Control

...can be done by many different methods
* direct methods:

X dedicated special hardware necessary

v" Conventional sampling, A/D-conversion and filtering
* indirect methods:
v" Conventional current sensing / measurement hardware

X oversampling & filtering necessary

...is not trivial, but manageable
* Measurement results of the tested methods are good
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Thank you for your attention! ﬂ(IT

Karlsruhe Institute of Technology

Dr. Andreas Liske

Kaiserstr. 12 « 76131 Karlsruhe » Germany
Phone: +49 / (0)721/ 608 - 46848

Email: Andreas.Liske@kit.edu

Web: www.eti.kit.edu
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