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MODELING: RELEVANT EFFECTS

> Modeling
» Design Optimization
» Experimental Verification
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MFT MODELING

The underlying analytical descriptions
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MODELING: CORE LOSSES

////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////

Different core loss models: Characteristic Waveform:T
» Based on characterization of magnetic hysteresis [1], [2], [3] V., 800
» Based on loss separation [4] & \ [
» Time domain core loss model [5] — -
» Based on Steinmetz Equation (MSE [6], IGSE [7], iIGSE [8]) V() DT/B\ o)z
’Vm
Original Steinmetz Equation: dB(t)‘ - { 0 for(1-D)T
de |- for DT
P, = KF8f DT
Improved Generalized Steinmetz Equation (IGSE): Application of IGSE on the Characteristic Waveform:
1 .7, dB()|° - _ oU+By fap Bpl-a
Pe= 111 k"i d(t)‘ (hBfF Py = 2Pk B D
‘o K . K
" (2me P cos(6)|"28-do 28T (02761 + LI%L)
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MODELING: WINDING LOSSES

////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////

Foil Winding Electromagnetic Field Analysis: Winding Equivalence:
» Dowell foil winding loss model [9] Sl SHMMETAY A0
» Porosity factor validity analysis [10], [11]

» Round wire winding loss model [12]
| S

Foil Winding Electromagnetic Field Analysis:
Geg, sinh(ax) sinh(a(x — deg))

M= Mo antady) ~ S ads,)

cosh(ax) cosh(a(x — deg))

‘ Jz = @Hex sinh(adeg) Qe Sinh(adeq)

“"y
Y - _ 1t _ [P
2—” i N 4

Foil Winding Loss Calculation:
P, = %/JJ*dv; P = IZL—WIT{Q + %(m2 - 1)@2}

6oh,,
_sinh(24) + sin(24) _ sinh(A) =sin(d) ., _ Ueg
1= Cosh(28) —cos(2d)’ 2~ cosh(d) + cos(d)’ T &

)
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MODELING: F-DEPENDENT LEAKAGE INDUCTANCE

A

Application of Dowell's Model on the Equivalent Foil Winding: Winding Equivalence:
Awiegm dyoegMm 9,y Gy A | SYMMETRY AXIS
Lg _ N%,UO/L:/ wTeg w1 FwW + WZeg w2 sz

Frequency dependent portion due to the magnetic
energy within the copper volume of the windings

+ dd

e’
Portion due to magnetic energy within
the inter-winding dielectric volume
(mu1 = 1)(2mu1 = 1)

+ Ay oM,
w

Portion due to magnetic energy within the
inter-layer dielectric of the primary winding

(M2 = 1)(2my — 1)

+ dy &M,

Portion due to magnetic energy within the

inter-layer dielectric of the secondary winding s
Where: " —m=22 —m=22
E. = 1 [(4[772*1) 72(m271) ] 3 |—m=27 »\75 —m=27
W oM ©1 2 310 oz 3 dm=a2
“ ol —m=g7 ~ —m=a7
sinh(24) — sin(24) sinh(A) — sin(A) 10/
1= T D) = A A 65
cosh(2A) — cos(24) cosh(A) — cos(A)
o1 1 01 7
Alpu] Alpul
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MODELING: LEAKAGE INDUCTANCE (HYBRID MODEL)

A

Influence of Winding Geometry on Leakage inductance: Hybrid Leakage Inductance Model [13]:
] vl o = ™
jDT ]D[ H ]U] U » Rogowski correction factor:
= ‘
g b 4 L 4 L h,
heq = Kx

Leakage Inductance [uH]

. . K 1 1= e—fmw/(dWW +dg+dwo)
L ——FEM ] R=V = o  a A
12 — %= Dowell Model nhw/(dm + dd + dWZ)
17 b
10 B .
ol i » Correction of Dowell's model (Hy, — heg):
gt 4
2y | dwiegMu dw2egMw2
S A fo A DA S Lg:Nﬁfo/_T 3 Fur + 3 Fuo + dg
w
5 Estimation Error [%]
e —-%-— Dowell Model d (qu - 1)(2mw1 - 1) +d _(mwg - 1)(2mw2 - 1)
40 T 1 + i 6 w2i 6
He.l My My
30+ e i
®e. N
~. 1
20+ ~% ] A= ynd; n= deq o
0F Tk 4
0 | | | S
40 50 60 70 80 90 100
h/H, [
)
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MODELING: LEAKAGE INDUCTANCE (HYBRID MODEL)

A

Influence of Winding Geometry on Leakage inductance: Hybrid Leakage Inductance Model:
=

= =] e - ) )

]D[ ]D[ ] [ » Rogowski correction factor:

= [hall,

= = dal hy
heq = Kip
Leakage Inductance [uH] 1_ e—nhw/(dWW +dg+yp)
T . T T Ke=1-—
B, ——FEM |

127~ ~ —%-— Dowell Model nhW/(dW] + dd + dWZ)
1k S — © = Hybrid Model
0f TN 1 )

ol | » Correction of Dowell's model (Hy, — heg):

8 - == ~— .

==g _ _ 2y | GwiegMw dwzegMuwa

i —— . MmN RS, == Ly = NWOhl w eg w Fon + w eg w Fup + dg

50 Estimation Error [%] 4
e —-%-— Dowell Model +d v(mWW - 1)(2mw1 - 1) +d _(mWZ - 1)(2mw2 - 1)
40 ¢ \"‘X\\ — © — Hybrid Model wili 6mw1 w2i 6mW2
30F S j
e N
~. 1
o1 T il A= \/nh; n:deqTW§
- eq

10F ‘-x\_\_ 1

A e ol P S ST -t ket

40 50 60 70 80 90 100

h,/H, [%]
)
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MODELING: MAGNETIZING INDUCTANCE

A

Magnetic Circuit with an Air-Gap: Magnetizing Inductance Calculation:
2
L= PoN"Ac
m — /m
T d

Air-Gap Calculation:

)
| Ny
T,
i HW
L ——10 Fringing Effect:
A—" 1| Hy ging = d [2H
A== Ly = LnFer; Frr=1+ */ﬂ(fw);
A ——=M d JAe \ d
8£D 13 13
H ~ Y /'//,
E 115 //// E 115
w ///A w
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ///
! 2 3 4 5 ! 1 2 5
d[mm] d[mm]
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MODELING: HEAT-TRANSFER MECHANISMS

A

» AT I 1q
Conduction ~ Qy = kA5 o'oh

Q, 1/62
k(0.65+0.36R,, ") A
. T, - e — __Area

Top: = h= L L= peimeter

Convection
over 1/6
. 0.387R, X
Hot-Plate Q= hA(Ts — Too)  Side: % h="%0825+ —— "L | L =Height
I 8727
T, (1+(0.492/P,*11°)
7 1/4
. _ K0.27Ry _ _Area
Bottom: T h= L L= Perimeter
Q,
X424 q
. Y gl ¥ ~h 4 4
Radiation ~ Qp = hA(Ty — Ty) <—.—> h = eo T 2318 {13+ 278.15)
AT, (T1-To)
¥{
where: Ray - Rayleigh number, Py - Prandtl number, & - Emissivity, o - Stefan-Boltzmann constant [14], [15], [16]
)
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MODELING: THERMAL MODEL

A

Modes Of Heat Transfer: Partitioning Into Zones: Detailed Thermal Network Model:
» Conduction =L
» Convection
» Radiation

Top Cooler

Zonel
Top Yoke
Planes of Symmetry: :

Zone2
Outer Limb

Zone4 Rw2q 1 Rwigr
Center Limb

Rwiv2,r
Twl,sc

Zone3

Bottom Yoke
m I I I I Bottom Cooler
1
i
1
i
i
i
i
]

AXIS OF GEOMETRIC SYMMETRY /' = = = + = =

Rwla,ov
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MODELING: THERMAL MODEL

A

Modes Of Heat Transfer: Partitioning Into Zones: Detailed Thermal Network Model:
» Conduction : faw
» Convection e CORE

» Radiation

Rcr.sm

Top Cooler . i3l

A — —
i Rechl Rech2
I et (D) P nce.va
P2
= Povl

Top Yoke

Planes of Symmetry:

Zone2
Outer Limb

Zonea Rue,r
Center Limb

SECONDARY

Rw2,cdl  Tw2hs  Rw2,cd2| Tw2,swl ! ™, sc
) — — )

Zone3

Bottom Yoke
m I I I I Bottom Cooler
1
i
1
i
i
i
i
]

AXIS OF GEOMETRIC SYMMETRY /' = = = = = =
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MODELING: THERMAL MODEL

A

Modes Of Heat Transfer: Partitioning Into Zones: Detailed Thermal Network Model:

—Raad

» Conduction
» Convection
» Radiation

Top Cooler

Zonel
Top Yoke

Planes of Symmetry:

Zone2
Outer Limb

Zone4 Rw2e,r Rw2c,cd
Center Limb SECONDARY
T, sc Rw2,cdl  Tw2hs  Rw2,cd2| Tw2,swl ! ™, sc
) — — )

Zone3 @

Bottom Yoke
m I I I I Bottom Cooler
1
i
1
i
i
i
i
]

AXIS OF GEOMETRIC SYMMETRY /' = = = = = =
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MODELING: THERMAL MODEL

A

Modes Of Heat Transfer: Partitioning Into Zones: Detailed Thermal Network Model:
» Conduction

—Raad

» Convection
» Radiation

Top Cooler

Zonel
Top Yoke

Planes of Symmetry:

Zone2 Ta8

Outer Limb

Zone4
Center Limb:

Zone3

Bottom Yoke
m I I I I Bottom Cooler
1
i
1
i
i
i
i
]

AXIS OF GEOMETRIC SYMMETRY /'
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MODELING: THERMAL MODEL IMPLEMENTATION

Implementation of Thermal Network Model:
» Admittance Matrix:
Qy = Viniuer) BT

» Rearranging the nodes:
{ Qa }_{YthAA(mxm) YthAB(mXp)H AT }
0) YinBap,m  YthBBpp || ATey
» Kron reduction:

- -1 -
ATay, = (Y‘hAA(mme - Y‘hAB<mxp>YthBB<pxp)Y‘hBAmxm)) Qi

-1
ATa = Ykronm,m) Qi

» Kron matrix: Rucr ) mm[[j}www
_ -1
Ykronmym = YthAA G m — YthaB(, o YinBs,

Rwla,ov

pxp) YthBA(me)

Rwl, cdi
—

Rwiv2,cd

Rw2a, vl

Analytical Model Results for the optimal MFT prototype: M"" e

T;[°C] | T,[°C) | Ts[°C] | Tu1°C] | Te[°C] | To[°C]
51.3 59.9 58.4 73.75 124.6 116.3

Tad
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MODELING: THERMAL FEM ANALYSIS

////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////

Results: Hot-Spot Temperature Estimation Comparison:
> Diffe_rent cooling _conditions inside and Hot-spotnodes | T1[°C] | To[°C] | Ts[°C] | T4[°C] | Te[°C] | To[°C]
outside of core window FEM2Ddetal 1 |/ / / 70 120 | 106
4 ngh thermal conduction equalizes the FEM 2D detail 2 / / / 76 127 125
. temp along the conductors FEM 3D full / / / 75 122 13
Full 3D model estimations correlate Analytical 513 | 599 | 584 | 7375 | 1246 | 1163
well with analytical ones
2D symmetry detail 1: 2D symmetry detail 2: Full 3D model:
50
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MFT DESIGN OPTIMIZATION

Brute force academic example

)
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TECHNOLOGIES AND MATERIALS

A

Construction Choices: Materials:
» MFT Types
» Windings

I l > Copper

Shell Type Core Type C-Type Coaxial Type > Aluminum

» Magnetic Materials
> Silicon Steel
> Amorphous
> Nanocrystalline
> Ferrites

a

» Winding Types » Insulation
> Air
> Solid
> 0il

» Cooling
> Air natural/forced
> Qil natural/forced
> Water

Litz Wire Foil Coaxial Hollow
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MFT DESIGN OPTIMIZATION

A

[ sy [ Select Transformer Concept )
l—'—l s T
Select Core Material & 2: Fixed Parameters.
R Winding Type sy
e ) ol
¥ !
w numr:wurmm; [ Specify Fixed Values I
¥
T
[V Select Volume and Proportions (v
Paramtic Swep
[rm—
b Loss Minimization CV
oterin Optimisntion
po—
Woreom— —) =
piay [(Comprioms ) [ coretowes |
Er— ‘2
PPy E
[ teakage Iductance Calculation | H
(6) Temperature Rise. H Diddectric Lowes 3| N
( Thermal Calculations ) /
e e T
i Heat Sink Geometry Optimization ol
Tnternal Optiaaatbon
—
<y !

Total Volume I I Total Losses I

ETHZ PhD: Ortiz [19]

I

) EPFL: 300kW, 2kHz ETHZ: 166kW, 20kHz CHALMERS: 50kW, 5kHz
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ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE




DESIGN OPTIMIZATION: ALGORITHM

A

Algorithm Specifications:

( ELECTRICAL INPUTS ) (D\ELECTR\C DISTANCES w ( OPTIMISATION VAR RANGES )

( U1, DLl J L Gy, G0 J L N, J, AWG, K, K, K, J
(" CORE MATERIALS DATA [ | » Used Software Platform:
B,.KaBouF, DIRECT USER > MathWorks MATLAB
DATA BASE INPUTS

(ﬁ INPUTS
CORE DIMENSIONS DATA [ PREPARE DATA l

Datasheet values L
t » Used Hardware Platform:
Winding Losses Calculation | 2 Laptop PC (i7>2,1 GHZ, 8GB RAM)

12
Magnetic Energy Calculation

» Performance Measure:

Calculate d tomatch L,

¥ > 59000 designs are generated in less
l Calculate /, to match L, . l than 190 seconds
¥
l Core Losses Calculation l
v
l Mass and \/o\u;ne Calculation l » Electrical SpeCiﬂcat]onS:
l Hot-Spot Temperature Calculation l Pn 1 OOkW fSW 1 OkHZ
] v 750V |V, 750V
[ OPTIMISATION ENGINE H Lovp  3.27uH | Ly 1.8mH

To<T,

= Qv g

l d,2d,,020T,,

v
[ SAVE DESIGN ]

A MFT design optimization algorithm

'l
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DESIGN OPTIMIZATION: ALGORITHM

A

Algorithm Specifications:

( ELECTRICAL INPUTS W (D\ELECTR\C DISTANCES W ( OPTIMISATION VAR RANGES W
U 0h0holy ) [ Telube ) [ NIMEK KK )
(" CORE MATERIALS DATA [ | » Used Software Platform:

B,.KaBouF, DIRECT USER > MathWorks MATLAB

DATA BASE INPUTS

(ﬁ INPUTS
CORE DIMENSIONS DATA [ PREPARE DATA l

Datasheet values L
t » Used Hardware Platform:
Winding Losses Calculation | 2 Laptop PC (i7>2,1 GHZ, 8GB RAM)

12
Magnetic Energy Calculation

» Performance Measure:

Calculate d tomatch L,

¥ > 59000 designs are generated in less
l Calculate /, to match L, . l than 190 seconds
¥
l Core Losses Calculation l
v
l Mass and \/o\u;ne Calculation l » Electrical SpeCiﬂcat]onS:
l Hot-Spot Temperature Calculation l Pn 1 OOkW fSW 1 OkHZ
] v 750V |V, 750V
[ OPTIMISATION ENGINE H Lovp  3.27uH | Ly 1.8mH

To<T,

= Qv g

l d,2d,,020T,,

v
[ SAVE DESIGN ]

A MFT design optimization algorithm
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DESIGN OPTIMIZATION: ALGORITHM

A

Algorithm Specifications:

( ELECTRICAL INPUTS W (D\ELECTR\CDISTANCESW (OPT\M\SAT\ONVARRANGES W
Uiyl ) | deelabon ) | NodAWGK KK

P —
CORE MATERIALS DATA [ | » Used Software Platform:
B0 BV Fy DIRECTUSER > MathWorks MATLAB
— DATA BASE INPUTS
CORE DIMENSIONS DATA WPUTS | P l

Datasheet values L

WIRE DATA t » Used Hardware Platform:

AWG, K, F,, Winding Losses Calculation | 4 Laptop PC (i7»2,1 GHz, 8GB RAM)
¥
Magnetic Energy Calculation

» Performance Measure:

Calculate d tomatch L,

¥ > 59000 designs are generated in less
l Calculate /, to match L, . l than 190 seconds
¥
l Core Losses Calculation l
v
l Mass and \/o\u;ne Calculation l » Electrical SpeCiﬂcat]onS:
l Hot-Spot Temperature Calculation l Pn 1 OOkW fSW 1 OkHZ
] v 750V |V, 750V
[ OPTIMISATION ENGINE H Lovp  3.27uH | Ly 1.8mH

To<T,

= Qv g

l d,2d,,020T,,

v
[ SAVE DESIGN ]

A MFT design optimization algorithm
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.(I ECPE Workshop, Lausanne, Switzerland Feb 14, 2 Power Electronics Laboratory | 16 ¢
ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE



DESIGN OPTIMIZATION: ALGORITHM

A

Algorithm Specifications:

( ELECTRICAL INPUTS W (D\ELECTR\CDISTANCESW (OPT\M\SAT\ONVARRANGES W
Uiyl ) | deelabon ) | NodAWGK KK

P

CORE MATERIALS DATA [ | » Used Software Platform:

B..KaBop,F, DIRECT USER > MathWorks MATLAB

— DATA BASE INPUT:

CORE DIMENSIONS DATA INPUTS (] TR l

Datasheet values U T
ST [ » Used Hardware Platform:
AWG, K, F,, Winding Losses Calculation | 4 Laptop PC (i7»2,1 GHz, 8GB RAM)

12
Magnetic Energy Calculation

» Performance Measure:

Calculate d tomatch L,

¥ > 59000 designs are generated in less
l Calculate /, to match L, . l than 190 seconds
¥
l Core Losses Calculation l
v
l Mass and \/o\u;ne Calculation l » Electrical SpeCiﬂcat]onS:
l Hot-Spot Temperature Calculation l Pn 1 OOkW fSW 1 OkHZ
] v 750V |V, 750V
[ OPTIMISATION ENGINE H Lovp  3.27uH | Ly 1.8mH

To<T,

= Qv g

l d,2d,,020T,,

v
[ SAVE DESIGN ]

A MFT design optimization algorithm
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DESIGN OPTIMIZATION: ALGORITHM

A

Algorithm Specifications:

( ELECTRICAL INPUTS W (D\ELECTR\C DISTANCES W ( OPTIMISATION VAR RANGES w

0l ) [ otuton ) [ MM
p
CORE MATERIALS DATA [ | » Used Software Platform:
B KaBpp,F,
. _— o sen > MathWorks MATLAB
CORE DIMENSIONS DATA weuts (| A ‘
Datasheet values U 1
.
ST — » Used Hardware Platform:
AWG, K., F,, Winding Losses Calculation > Laptop PC (i7-2.1GHz, 8GB RAM)
¥

Magnetic Energy Calculation

Calculate d, to match L, » Performance Measure:

> 59000 designs are generated in less
k2
Core Losses Calculation
L2
Mass and Volume Calculation » Electrical Speciﬂcations:

Hot-Spot Temper’atuve Calculation Pn 1 OOkW fSW 1 OkHZ

i i 750V |V, 750V

| |
| |
I G |
| Calculate /, tomatch L, | than 190 seconds
| |
| |
| |

[ OPTIMISATION ENGINE H Lorp  3.27uH | Ly 1.8mH
k2
[ SAVE DESIGN |
A MFT design optimization algorithm
)
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DESIGN OPTIMIZATION: ALGORITHM

A

Algorithm Specifications:

( ELECTRICAL INPUTS I (DIELECTRIC DISTANCES I ( OPTIMISATION VAR RANGES I

0l ) [ otuton ) [ MM
p
CORE MATERIALS DATA [ | » Used Software Platform:
B KaBpp,F,
. _— o sen > MathWorks MATLAB
CORE DIMENSIONS DATA weuTs (| A |
Datasheet values U 1
.
ST — » Used Hardware Platform:
AWG, K., F,, Winding Losses Calculation > Laptop PC (i7-2.1GHz, 8GB RAM)
¥

Magnetic Energy Calculation

Calculate d, to match L, » Performance Measure:

> 59000 designs are generated in less
- ot than 190 seconds
Core Losses Calculation
¥
Mass and Volume Calculation » Electrical Speciﬂcations:
i 2

I

I

I k2

| Calculate | to match L,
I

I

I

Hot-Spot Temperature Calculation Pn 1 OOkW fSW 1 OkHZ
| Vs 750V |V, 750V

v
U OPTIMISATION ENGINE B— Lorp  3.27uH | Ly 1.8mH
T
k2
I SAVE DESIGN |
A MFT design optimization algorithm
)
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DESIGN OPTIMIZATION: ALGORITHM

A

Algorithm Specifications:

( ELECTRICAL INPUTS I (DIELECTRIC DISTANCES I ( OPTIMISATION VAR RANGES I

U EDL L J U delwtoe ) ([ MJIAWGK KK, )
-
CORE MATERIALS DATA [ | » Used Software Platform:
B KaBpp,F,
. _— omecrusn > MathWorks MATLAB
CORE DIMENSIONS DATA weuTs (| A |
Datasheet values U 1
.
ST — » Used Hardware Platform:
AWG, K., F,, Winding Losses Calculation > Laptop PC (i7-2.1GHz, 8GB RAM)
¥

Magnetic Energy Calculation

Calculate d, to match L, » Performance Measure:

> 59000 designs are generated in less
- ot than 190 seconds
Core Losses Calculation
¥
Mass and Volume Calculation » Electrical Speciﬂcations:
i 2

I

I

I k2

| Calculate | to match L,
I

I

I

Hot-Spot Temperature Calculation Pn 1 OOkW fSW 1 OkHZ
| Vs 750V |V, 750V

v

U OPTIMISATION ENGINE B— Lorp  3.27uH | Ly 1.8mH
T
¥

(e —)
2 2

I SAVE DESIGN |
A MFT design optimization algorithm
)
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DESIGN OPTIMIZATION: ALGORITHM

A

Algorithm Specifications:

( ELECTRICAL INPUTS I (DIELECTRIC DISTANCES I ( OPTIMISATION VAR RANGES I

U EDL L J U delwtoe ) ([ MJIAWGK KK, )
-
CORE MATERIALS DATA [ | » Used Software Platform:
B KaBpp,F,
. _— omecrusn > MathWorks MATLAB
CORE DIMENSIONS DATA weuTs (| A |
Datasheet values U 1
.
ST — » Used Hardware Platform:
AWG, K., F,, Winding Losses Calculation > Laptop PC (i7-2.1GHz, 8GB RAM)
¥

Magnetic Energy Calculation

Calculate d, to match L, » Performance Measure:

> 59000 designs are generated in less
- ot than 190 seconds
Core Losses Calculation
¥
Mass and Volume Calculation » Electrical Speciﬂcations:
i 2

I

I

I k2

| Calculate | to match L,
I

I

I

Hot-Spot Temperature Calculation Pn 1 OOkW fSW 1 OkHZ
| Vs 750V |V, 750V

v

U OPTIMISATION ENGINE B— Lorp  3.27uH | Ly 1.8mH
T
¥

(e —)
a2

| SAVE DESIGN |
A MFT design optimization algorithm
)
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DESIGN OPTIMIZATION: RESULTS

A

Number of Designs:

Applied Filters:
Twmax [°C] | Tomax [°C1 | Vimax [ | Mumax (kg1 | Nin [%] > More than 1.8 Million
150 100 / / /
100 100
140 140
99.8 99.8
120
99.6 99.6
S 5
E 99.4 g 99.4 100
c c
ks o
S 992 £ 992 80
41} w
99 99
60
98.8 988 "]
z . L L L L ! 98.6 — L L L . L L L !

98.6
0 1 2 3 4 5 6 7 8 9

0 5 10 15 20 25 30
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A Generated designs: left: Efficiency vs V-density; right: Efficiency vs W-density. Color code indicates hot-spot temperature

Power Electronics Laboratory | 17 of 33

4,2019

.(I)ﬂ- ECPE Workshop, Lausanne, Switzerland Febru:

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE



DESIGN OPTIMIZATION: RESULTS

A

Number of Designs:

Applied Filters:
0 0 -
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A Generated designs: left: Efficiency vs V-density; right: Efficiency vs W-density. Color code indicates hot-spot temperature

Power Electronics Laboratory | 15 of 33

.(I)ﬂ- ECPE Workshop, Lausanne, Switzerland Febru
' P, )

ECOLE POLYTECHN|
FEDERALE DE LAUSANNE




DESIGN OPTIMIZATION: RESULTS

A

Number of Designs:

Applied Filters:
0 0 -
Twmax ['C] | Tomax [C] | Vimax[1] | Mmax [kg] | Nmin [%] > More than 1.8 Million
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140 140
99.8 99.8
120
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. O All Designs . O All Designs
*  Filtered designs *  Filtered designs
98.6 - 1 1 1 1 1 1 98.6 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 0 1 2 3 4 5 6 7 8 9

Power Density [kW/I] Power Density [kW/kg]

A Generated designs: left: Efficiency vs V-density; right: Efficiency vs W-density. Color code indicates hot-spot temperature
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DESIGN OPTIMIZATION: RESULTS

A

Applied Filters:
0 0
Twmax ['C] | Tomax [C] | Vimax ] | Mmax [kg] | Nimin [%]
130 80 9 24 99.72
100
140

99.8

99.6
S
994
)
c
o
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& 99.2
w

99
9881} *- O All Designs
. *  Filtered designs
*  Designs with standard core and wire
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Number of Designs:
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A Generated designs: left: Efficiency vs V-density; right: Efficiency vs W-density. Color code indicates hot-spot temperature
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DESIGN OPTIMIZATION: RESULTS

A

Applied Filters: Number of Designs:

0 0 s
Twmax ['C] | Tomax [C] | Vimax[1] | Mmax [kg] | Nmin [%] > More than 1.8 Million
135 80 10 24 99.6
100 100
140 140
99.8 99.8
120
99.6 99.6
g S
004 004 100
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c =
o o
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& 99.2 & 99.2 80
w w
99 99
60
O All Designs O All Designs
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. *  Designs with standard core and wire . *  Designs with standard core and wire
*  Filtered standard designs *  Filtered standard designs
98.6 ° 1 1 1 1 1 1 98.6 it 1 1 1 1 1 1 1 1
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A Generated designs: left: Efficiency vs V-density; right: Efficiency vs W-density. Color code indicates hot-spot temperature
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DESIGN OPTIMIZATION: RESULTS

A

Number of Designs:

Applied Filters:
0 0 s
Twmax ['C] | Tomax [C] | Vimax[1] | Mmax [kg] | Nmin [%] > More than 1.8 Million
135 80 10 24 99.6
100 100
140 140
99.8 99.8
120 120
99.6 99.6
<) <y
c\; 99.4 100 5: 99.4 100
[9) %)
c =
Q K]
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& 99.2 80 E 99.2 80
w w
99 99
O All Designs 60 O All Designs 60
*  Filtered designs *  Filtered designs
9881} *- *  Designs with standard core and wire 98.8 F . *  Designs with standard core and wire
. *  Filtered standard designs 40 . *  Filtered standard designs
*  Selected design *  Selected design
98.6 ° 1 1 1 1 1 1 98.6 it 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 0 1 2 3 4 5 6 7 8 9
Power Density [kW/kg]

Power Density [kW/I]
A Generated designs: left: Efficiency vs V-density; right: Efficiency vs W-density. Color code indicates hot-spot temperature
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PROTOTYPE: OPTIMAL MFT DESIGN ASSEMBLY

A

-

Optimal MFT Design 3D-CAD Coil-Formers 3D-CAD Coil-Formers 3D-Print Primary Winding

7k

Core Assembly MFT Assembly1 MFT Assembly2 Litz-Wire Termination MFT Prototype
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PROTOTYPE: FINAL ASSEMBLY

A

MFT Prototype Prototype Specifications:

» Core:
> 12 stacks of 4 x SIFERRITE U-Cores (UU9316 - CF139)

» Windings:
> 8-Tumns
> Square Litz Wire (8.7x8.7mm, 1400 strands, AWG 32,
43.69mm’)

» Coil-Formers:

> Additive manufacturing process (3-D printing)
> High strength thermally resistant plastic (PA2200)

» Resonant Capacitor Banks:

> (7x5uF + 1x2.5uF) AC film capacitors in parallel
> Custom designed copper bus-bars

» Electrical Ratings:
Py 100kW | Vq 750V | Lgio  4.2uH
for  10kHz | Vo 750V | Ly 750uH

4 100kW, 10kHz MFT including resonant capacitors

A
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EXPERIMENTAL VERIFICATION

Full power rated B2B resonant test setup
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MEASUREMENTS: ELECTRIC PARAMETERS

A

Measurement of Electric Parameters: Series Resistance Measurement:
Series Resistance R_ [0] Estimation Error [%]
> Network Analyzer Bode100 10 ‘ L 20 : R
» Impedance Measurement T Hamaenent 0 i
» Results at 10kHz: Ly = 8.4uH, Ly, = 750pH, Ry = 0.2Q o Y
0 Pty i
. \
LV Measurement Setup: 10 \
-20 NS
10°— - L L =30 L L L )
10° 10° 10* 10° 10° 107 10° 10° 10° 10°
Frequency [Hz] Frequency [Hz]
Leakage Inductance Measurement:
Leakage Inductance L [uH] Estimation Error [%]
Measurement 20 — — — Hybrid Model
— — = Hybrid Model i —-=-= Dowell Model
85F T —-—-~ Dowell Model 15 R A | -
8
10
7.5] \
5
L i et e AN I
ob Tl it
6% a 10 10° 7\0( 10° 10 10° 10°
) 30 . ; - -
4 Electrical measurements using Bode100 Frequency [Hz] Frequency [Hz]
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MEASUREMENTS: DIELECTRIC PARAMETERS

A

Dielectric Withstand Test:
» Partial Discharge measurement between all conductive parts
» High Voltage 50Hz source within a Faraday cage
» 10pC - between primary and secondary winding at 4kV

PD Test Settings:
> Front of the voltage profile: V = 6kV
> Flat back of the voltage profile: V = 4kV
> Peak PD at periods where |dV/dt| increases after the V peak

» PDis influenced by combination of V and |dV/dt|

HV Measurement Setup:
P Measured PD at flat back V = 4kV:

Intensity
camu B

653 434 288 191 127
10nC

4000 ms 2000 ms 1200 ms 1200 ms

coforming, Caltratd
oday 3 131847

Line:
50.00 Hz

A MPD600 obtained measurement results

4 MFT during AC test
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MEASUREMENTS: LOAD TEST

A

Test Setup Topology:
» B2B Resonant Converter
» Input voltage maintained by Upc
» Power circulation via Ipc

MFT
R Ci(Ly By Ry'Ly, ra &
U, [0 — —
o N A ©; -
= L ___ g
Test Setup:

A B2B MFT test setup
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Measurement Results:

o UM o Ul , ,
(S RS N RIS N
1000 1000
Uy V] U,, V]
100 100 [ T T
0 /\/\ 0 /\/\
-100 -100
1, [A] 1,[A]
200 T ; I

-200

200
0
-200

300,

20 40 60 80 100 120 140 160
t[us]

0% ——20% 40% ——60% ——80% ——100%

180 200

0

20

40

0% ——20%

60 80

40% ——60% ——80% ——100%

100 120 140 160 180 200

200
100

-100

-200) -200)
Al I, Al
020 40 60 80 180 200

0 20 40 60 80 100 120 140 160 180 200
tlus]

100 120 140 160
tlus]

A Experimental results: left: MFT primary waveforms; right: MFT secondary waveforms
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MEASUREMENTS: THERMAL RUN

A

Thermal Profile:
Cooler Central Point Temperature [°C]

T T T T

T
— Top Cooler Surface
60 + = —— Between Top Cooler and Core -
Between Bottom Cooler and Core
40+ 4 = B
2017 T=====x
No-Load Full-Load Cooldown
0 1 | 1 I 1 I
Core Quter Limb Hot-Spot Temperature [°C]
Thermal Run: 100 T : : T . T T T
. . — Left Limb

» No-Load Operation: » Full-Load Operation: 80r FRight Limb |

| Uyl ;U] 60 1
0 0 40 5
1 1 20 W 4
50 A No-Load Full-Load Cooldown
0 1 L 1 L L L
0
S0 %, 70 760 200 150 Secondary Winding Hot-Spot Temperature [°C]
lus| T T T T T T T T
—— Measurement Point 1
— Measurement Point 2
1001 q
50 + 5
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CO[I)/dO wn

0 1 2 3 4 5 6

4 Thermal heat run results

7 8 9
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CONCLUSION

A

» Complex and challenging design Components & Materials
optimization o

» Large number of available materials / /‘f\
» Customized designs prevail
.M &
i

> Research opportunities... vl

Testing 3D-Design

Prototype
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CONCLUSION

A

Upcoming:

» Complex and challenging design
optimization EPE'17

||
» Large number of available materials ECCE EUROPE
» Customized designs prevail September 11-14, 2017 I

» Research opportunities...

Warsaw, Poland, www.EPE2017.com

EUROPE

ICPE 2019
BECCE fbrn_

THe 19™ INTERNATIONAL CONFERENCE
ON hOUSTRAL TECHNOLOGY,
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QAND A

A

Tutorial pdf can be downloaded from:
» https://pel.epfl.ch/publications_talks_en
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