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Zian Qin is an associate professor with the Department of Electrical Sustainable Energy at Delft
University of Technology, the Netherlands. He received the B.Sc. degree from Beihang University,
Beijing, China, in 2009; M.Sc. degree from Beijing Institute of Technology, Beijing, China, in 2012;
and Ph.D. degree from Aalborg University, Aalborg, Denmark, in 2015; all in electrical engineering.
In 2014, he was a Visiting Scientist at RWTH Aachen University, Aachen, Germany. His research
interests include power quality and stability of power electronics-based grids, solid-state
transformers, and battery energy storage. He has more than 100 journals/conference papers, 4
book chapters, and 2 international patents, and he has worked on several European, Dutch
national and industrial projects in these areas.

He is an associate editor of IEEE TPEL, TIE and JESTPE. He is the Founding Chair of the IEEE
Transportation Electrification Council Benelux Chapter and the Dutch National Member in the Cigre
WG 4.101 Grid-Forming Energy Storage Application. He served as the technical program chair of
IEEE-PEDG 2024, IEEE-PEDG 2023, IEEE-ISIE 2020, IEEE-COMPEL 2020, etc. He is a winner of
IEEE Open Journal in Power Electronics Prize Paper Award for the year 2020~2023 and IEEE
International Challenge in Design Methods for Power Electronics Excellent Innovation Award 2023.
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Lu Wang is a research scientist with Hitachi Energy Research Center in Vasteras, Sweden. He
received the B.Sc. degree from Beijing Institute of Technology, Beijing, China, in 2015; M.Sc.
degree and Ph.D. degree from Delft University of Technology, Delft, the Netherlands, in 2018 and
2024, respectively; all in electrical engineering. From 2018 to 2019, he was a power electronics
engineer with United Automotive Electronic Systems Co., Ltd, Shanghai, China. From 2019 to
2020, he was an electronics designer with Prodrive Technologies B.V., Eindhoven, the Netherlands.
His research interests include EV charging, power quality, and stability of power electronics-based
grids.
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9:30~ 11:00 11:15~ 12:45
|. Introduction ll. Dynamic modelling
» Standards » Impedance modelling
» Power conversion » Gray-box modelling
» Grid impact » Solutions and implementations
» Technical trends lll. Analytic control design

» Motivations

11:00 ~ 11:15 » Small-signal stability criteria for charger’s PFC

(5 » Analytical derivation of design boundaries

D » Analytic design procedure
12:45 ~ 13:30
V. Q&A

Slide 5/78
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|. Introduction
» Standards
» Power conversion
» Grid impact
» Technical trends
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E-MOBILITY ECO-SYSTEM TU Delft

S Source: » evRoaming4€EU
M
:(e;learing.net Rc!:lum’l,ng -p S?n?i_l:e .
. HIL:’E}{:Ct Platform §?E€P(hubj - Provider = EV driver
eMIP e A EV charger
= r _{/

S, l ;/
?& “ A L L— gy

TSO 4= pso <= CPO ‘ _ Charging point
System Operator === Grid Operator @‘ Tech .

CPO

Open ADR/
IEC 61850
NANNARNN,
Sustamable home/ <= 4= Energy supplier
Smart home . —)
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POWER CONVERSION TU Delft

Ew Grid J

T

J

Duties of AC/DC

= To ensure low harmonics

AC/DC

= To ensure high power factor

Multiple

= Grid support (advanced) Modules Modular design

400V - 800V

Duties of DC/DC
DC/DC
= To control charging current
Multiple
= To ensure high efficiency even ~ Modules
. @Tesla
the battery voltage varies a lot 200V - 1000V

EV battery

Slide 8/78
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POWER ELECTRONICS TOPOLOGIES TU Delft

Multi-pulse Vienna Conventional
Rectifier p , Rectifier ElS QS ﬂS J_ 2-level VSR JJ} J% ]
—H A)A] T | | ren — RN T —
‘Ik i %‘ Or — ™™ H Or —mm il Or T-type, etc.
’ 5k % ey By e
Multiple <~ /K )\f T i R T T 1% |k JE;}
Modules ‘|k 7 # LIS 2\5 LF :|} ;I}

400V - 800V |} = Low cost = Medium cost = High cost
» Unidirectional = Unidirectional with limited Q = Bidirectional (V2G enabled)
power controllability = High controllability

Dual Active

Bridge JE} JE}
Multiple )
Modules 'g é: L Or others
200V - 1000V ' o,
EV battery | |
= ZVS, difficult in lagging leg = ZVS = ZVS
= high conduction loss » |ow conduction loss » high conduction loss
= Unidirectional = Unidirectional = Bidirectional (V2G enabled)
= Narrow voltage range = Simple bidirectional power control

Source: L Wang, et al., “Grid Impact of Electric Vehicle Fast Charging Stations: Trends, Standards, Issues and Mitigation Measures-An Overview”, IEEE-OJPE, 2021 Slid 9/78
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AC vs DC CHARGERS

.
A
H

oE

A

‘ Nn772 ) M(enneke;s GB/T (AC) Tesla @ @ CHAdeMO GB/T (DC)
NA EU CN NA EU JP CN
JP & &

rest MKT @Replenishh rest MKT

000

oQo

g2 8%
AuTe,

Residential AC charger
(2 kW)

=

]
TUDelft

Commercial AC charger

(11 kW)

DC fast charger
(350 kW)

Source: Z Qin, et al., “Electric vehicle charging technology and its control”, Control of Power Electronic Converters and Systems V4, Academic Press, 241-307, 2024
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CHARGER PLUGS

Standard

CHAdeMO

GB/T

]
TUDelft

CCS Type 1 CCS Type 2 Tesla Chaoli
Compliant IEEE 2030.1.1 SAE J1772 No related CHAdeMO and GB/T
Standards [EC 62916-3 | 1PC 029163 | po6rg163 | TBC 62916-3 17 Hians | (IEC and CCS not yet but is ongoing)
@ 000 T @
Connector Inlet A 0’0 N .
& s 080
@
Maximum Voltage (V) 1000 750 900 410
Maximum Current (A) 400 250 400 330
Maximum Power (kW) 400 185 350 135
Maximum Market Power (kW) 150 125 350 120
Communication Protocol CAN PLC CAN
V2X Function Yes No Unknown Yes
Start year 2009 2013 2014 2013 2012 2020

Source: Netherlands Enterprise Agency, The Electric vehicle charging — Definitions and explanations, version January 2019

Slide 11/78



CHARGING POWER IS INCREASING

E 600 | | | | | I I ] | | |
= Rimac Nevera
— Porsche Taycan 120 kwh, 720 V™
O 400 - 79.2kWh, 800V 500 kW |
g Tesla Model 3 270 kW (350 kW)
a Tesla Model S 60 kWh, 350 V
= 24 KWh, 360V 120kW ! 72.6 kWh, 800 V
@ i S0 kW 350 kW
xr 0 | | | | ] | ] | ] | |
O 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year [1]
l 4
ABB Terra HP EVBox Ultroniq Aufel DC fést charger
Max. 350kW Max. 350kW Max. 350 kW

Source: [1] Rivera et al., Charging Infrastructure and Grid Integration for Electromobility, Proceedings of IEEE, 2023

]
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LAB FACILITIES

]
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DC grid
f E B emulator
Environment =0 T ~
chamber |

“cinergia —~
cinergia .~
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(CCOOE GO
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BATTERY VOLTAGE IS INCREASING

= EVs with 800V batteries are increasing
in numbers. Chargers that can cover
300V~900V will have a good market

- 9oov  full
(S
EV with 800 V battery
600V empty emerging
500V full
Guan
EV with 400 V battery

. 300V mainstream empty

]
TUDelft

Porsche: Taycan

Tesla: Cyber truck

Kia: EV6, EV9

Hyundai: IONIQ 5/6

BYD: ATTO 3, Dolphin, etc.
XPeng: G9

etc.
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=  Switching between parallel and
series to maintain a steady

operation condition of each port 0.98 | Y .1
0.97 9 o oadmmT
- o 0.96 ,4’","
)S ZIS L. + — 0.95 7 ’ .
h ; ‘s’ l - == Iou=10
1 8 10 kW FSFB module = Lou=15
S . L o 640-840V V sl s
- - i ' === lowt=
K3 JKJEL I NSIZF i - 200-1000 V.. ' 177 Lu=30
1 i out 090200 400 600 800 1000
[ S 1"{ == 30A Tout(max) Vou [V]

0.97

0.96

0.95

0.94

n)

093]

10 kW LLC module

092 -

u 640'840V Vln 0317 :;Z:?(?A

—o— I, =15A

u 200'1000 VOUt 0.9?— _._ffigﬁ

. —o— I, =30A
30A IOUt(maX) 089000 200 300 400 500 600 700 800 900 1,000

Vo (V)

@Eaton BCS

Source: D Lyv, et al., “Design and Implementation of a Re-configurable Phase-Shift Full-Bridge Converter for Wide Voltage Range EV Charging Application,” TTE, 2022 Slid 15/78
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HYBRID OPERATION MODE TUDelft

= Hybrid modulation strategies and
variable switching frequency

= Maximize the ZVS region and
minimize switching loss

%
Ty e

s [ s [, ¢ 11 kW DAB module
— j;w e IL,rm.s EPS mode 2
0.5 155 135 W 99
_ {so | | T e T =g
0.4 {30 300 9831 - 98
03 45 ™ - = 97.95 BI6 9703 _
@ 140 =125% g 200 - 97 =
10.2 {35 E E- E =
i EL] _ 3[' 1 2[] Iﬂﬂ B 96
0° To 125 15 0 L 95
250 350 450 550 650 750 850 950 300 400 500 600 700 800 900 1000

V_[V]

out

Vaut ["""r]

Source: D Lyv, et al., “ZVS-Optimized Constant and Variable Switching Frequency Modulation Schemes for Dual Active Bridge Converters,” IEEE OJPEL, 2023 Slid 16/78
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HYBRID OPERATION MODE TUDelft

= DC blocking capacitor voltage control

S — N7y SN
= Operation switching between the full 4 JELE‘ JEE LG p Vo j;ET Jf*%q- 4
and half-bridge mode o Rl 5 ~—9c G
vi| =2 "o A Ay S
1 fr I e w A
= Change hard-switching to soft- QJ*:EL JEs n:l «dr |Es
SW|tCh|ng o ’ O { discharging Os s o
= Reduce core loss \ dea\dtime \ dea\dtime
0&oll 00 |] g&0 [] 080 |, 0.&0l] 0,80 || 0&o ][] &0 |,
o0&l 0,&0 || 0. &0]]0, &0, Lo [ o 1 o O I,
I I I | |
L2 S N Jo ] P O T S
n \J
LQD&VS Vi 7 “Vep o
e v e s - e
0 Chs 't 0 > f
_Vj/z_....... _Vl/q Ve .
[ l
AN BN
o VY o VY S
T e =T, ITT (z-9)T,

2z o 27 2z

@ low V, 4, full bridge mode, V=0 @ high V, ., half bridge mode, V= V, /2

Source: Z Qin, et al., “A Dual Active Bridge Converter With an Extended High-Efficiency Range by DC Blocking Capacitor Voltage Control,” IEEE TPEL, 2018 Slid 17/78
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HYBRID OPERATION MODE

= DC blocking capacitor voltage control

= Change hard-switching to soft-
switching

Source: Z Qin, etal., ©

1.5

e
W

Normalised load (pu)

NN

hard switching area of O,~Q,

—_
[

maximum
load line

hard switching area of O5~Qjs

s

Full bridge mode, V=0

— — . :
Lonventional SPS | proposed modulation:

maximum
load line

. |
maximum |

load line

maximum

load line A
soft soft | soft
switching switching switching

A

Half bridge mode, V= V,+/2

Hybrid mode

A Dual Active Bridge Converter With an Extended High-Efficiency Range by DC Blocking Capacitor Voltage Control,” IEEE TPEL, 2018

]
TUDelft
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HYBRID OPERATION MODE

= DC blocking capacitor voltage control

= Operation switching between the full
and half-bridge mode

= Change hard-switching to soft-
switching

= Reduce core loss

> 0.95[ -/'"\(-/""_'
c IR
S 0.90[ 5
= i
L |
0.85[

0.5 1 V,(p.u.)
_Full bridge mode | Half bridge mode_

Source: Z Qin, et al., “A Dual Active Bridge Converter With an Extended High-Efficiency Range by DC Blocking Capacitor Voltage Control,” IEEE TPEL, 2018

]
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5 kW DAB module

mVI=0.5 pu mVI=0.6 pu ®mVI=0.7 pu

Full bridge mode

VI=0.7 pu B VI=0.8 pu BVI=0.9 pu BVI=1.0 pu

Half bridge mode

30 (W) charging mode

25

20

15

: i

o I| dl i ||| 1 [T ([ Il ||| - ‘
Pr re Pree Pore Poo Po _con Pss _con P s

Loss breakdown
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HYBRID OPERATION MODE TUDelft

= DC blocking capacitor voltage control

= Change hard-switching to soft-

switching
Previu : T — 0/ _ Stop T =93.1% -
- ! 17 =86.0% raysas n=93.1%
[ ehon-LVS VGs,02 % oy VGs,02 ||
)#, v i . 4
= - T Vs os - ‘ mDS 05 %"'_
VG505 W N P-ITeL VG&Qg

ED

SE0 Y oY 1.00ps 2000005 || 400 < 10Hz 250y - 50 ’[1.IJEU.I5 2000005 | . 900 =10 Hz
€@ =0 @504 100 [azzs | @D 50V |@E0s 100us [t542s |

Half bridge mode, V=V, /2

Full bridge mode, V=0
Soft-switching

Hard-switching
@VI=0.7 pu

Source: Z Qin, et al., “A Dual Active Bridge Converter With an Extended High-Efficiency Range by DC Blocking Capacitor Voltage Control,” IEEE TPEL, 2018 Slid 20/78
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MULTI-PORT CONVERTER

= Share the power electronics for a lower
cost and more compact system

= Power coupling between ports

= Decoupling by control is complicated [1]

L nF Pore 1

Source:

]
TUDelft

1 GLN.' llllll (S)
o ‘ Ag, Al
Il All _:O—‘ (113|_[2(S) GII(S) Aiz
3=
Q
o’
Gl_scnsczr(s) s
>
s 8 |ai
* N [
Ay — Griix(s) > O = Gals) Vi
a 3
o
. A A, AV,
AV s "‘(+ ) » Gri_va(s) % - Gi(s) 5
GV_S{'[NIJF(S}

AV Goa Gaz Gaz| |A¢
Aigr| = |G32 Gzz Gza| |Ads
Aigfp Gaz Gaz Gaa| [Agy

Model of MAB [2]

1

[1] S Bandyopadhyay, et. al. “Decoupling Control of Multi-Active Bridge Converters using Active Disturbance Rejection,” TIE, 2021

[2] S Bandyopadhyay, et. al., “A Multiactive Bridge Converter With Inherently Decoupled Power Flows,” TPEL, 2021

Slide 21/78



MULTI-PORT CONVERTER

= Share the power electronics for
lower cost and compact system

= Power coupling between ports

Source:

[1] S Bandyopadhyay, et. al.,

Aiop Gao Gz Gaoz| |Ado
Aigp| = |Gza Gzz Gzl |Ags
Aiygp Gaz Gaz Gua| |Ags

Lol =0.04 pu

weak coupling

Slack bus

Lol =1 pu

"u """,

strong coupling

= Power flow between the ports are decoupled by minimizing the leakage inductance of the slack bus

“A Multiactive Bridge Converter With Inherently Decoupled Power Flows,” TPEL, 2021

[2] S Bandyopadhyay, et. al. “Power module, multi-port power converter and energy system comprising the same,” NL Patent NL2029574B1, 2023

]
TUDelft
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MULTI-PORT CONVERTER

= Share the power electronics for
lower cost and compact system

= Power coupling between ports

Port 4 is disturbed by other ports Port 4 is not disturbed by other ports

NormcHi-Res Ed{;eﬁl??.‘i.?ﬁ A
o

? Au YOKOGAWA 4 03-0ct-19 10:17:03
(57 500mA/div] ) freview | 1

NormcHi-Res  Edge CH3 &.3.80 A
: s Auto

- Z R SR
| : b MI TR LowPa ) i
Vi v, (G0V/div) D R
= \ . SE— o g . " ih_);d .(ZA/div)\
i 2A ] dis ' Nl
Lyl i, (2A/div) N E =
,,,,,,,,,, Nomgt Bt e
; M ' : i i (5A/div)
i, EAa) S N . T w—
Lm | " m s H " n ‘\iz_(SA/div)
L oo — Ki2 (5A/div) : i ——
2A/d 0ms /div’
| | i, (2A/div) (50ms /div) B L ; (50ms/div)
% (Ehedk Figure (b) . Check Figure (b)

Lol = 0.6 pu Lol=0

Source: S Bandyopadhyay, et al., “A Multiactive Bridge Converter With Inherently Decoupled Power Flows,” TPEL, 2021

]
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POWER QUALITY ISSUES

= EV charging is associated with
power quality issues, especially
flickers and supraharmonics

(Inter/Supra)
ﬂ\w/ﬂ\k Harmonics [2]
PLC J

01001010  interfered [3] Joints age faster

Higher RCD
tripping current [4]

Flickers [1]

Source:

[1] https://teslamotorsclub.com/tmc/threads/lights-in-house-flicker-while-charging-new-model-3.149841/

[2] T Slangen, V Cuk, S Cobben, “Summation of supraharmonic currents (2—150 kHz) from EV fast charging stations,” Electric Power Systems Research 220, 2023

[3] L Hasselgren, G Mademlis, A Lindbeck, et. al. “Inverter Interference on Charging Communication System during 400 V DC Charging of Vehicle,” EMC Europe, 2022

[4] T Slangen, B Lustenhouwer, JFG S Cobben, et. al. “The Effects of High-Frequency Residual Currents on the Operation of Residual Current Devices,” in the Proc. Of ICREPQ 2021

]
TUDelft
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https://ieeexplore.ieee.org/author/37089556117

]
POWER QUALITY ISSUES TUDelft

* Harmonics are reducing in high . Harmonics | LFrange | Conducted RF range
voltage grids, and increasing in ! ! !

low and medium voltage grids

i I I I :

50Hz 2/2.5kHz

9kHz 150kHz ~ 30MHz
60Hz 2.4/3kHz ; : :

mm Regulated range mm Not fully regulated range

' HS: 235kV, <150kV | MS (>1kV, <35kV) LS (=1kV) —

hediaan
25-7 5%
Interkwartiele afstand

|
L L L b g ae O e
%gLEHTﬂ%%H%%HQ-H‘_H%% HE\ | Norm

50
° |

Jaartal THD 95% (2011~2020) [1]

Source: [1] Spanningskwaliteit in Nederland - Resultaten 2020 .
Slide 25/78



HARMONIC LIMITS VS IMPEDANCE

= \oltage distortion is an essential concern.

= Current harmonics and network
impedance are reasons

= Network and converter impedance are
necessary for harmonic calculation

fvw Z,

Harmonic Current Limits in IEEE-519

Maximum harmonic distortion of the individual harmonic order in percent of I

]
TUDelft

« Limits for even harmonics are 253% of the odd harmonic hmits

« DC offset in current 15 not allowed

( Iso/IL 3<h<ll)11<h<17 [17T<h<23 | 23<h<35 ]| 35< h <350 TDD
< 20 4.0 2.0 1.5 0.6 0.3 5.0 )
20 < 50 7.0 3.5 2.5 1.0 0.5 8.0
50 < 100 10.0 4.5 4.0 1.5 0.7 12.0
100 < 1000 12.0 55 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0
oe:

¢ I maximum demand load current

* I maximum short circuit current at PCC

Source: L Wang, et al., “Grid Impact of Electric Vehicle Fast Charging Stations: Trends, Standards, Issues and Mitigation Measures-An Overview”, IEEE-OJPE, 2021

Slide 26/78
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GRAY BOX IMPEDANCE MODELLING TUDelft

= White box modelling needs the
hardware and control parameters as

input, but usually unavailable 5 t
Grid R parameters x Z
< “| Charger > F(x
= Black box modelling doesn’t need Emulator &

the parameters, but cannot cover the

o>

: (Y
whole operation range Black box modelling z = 7 White box modelling
= Gray box modelling has advantages
of both of them
A model library [ Measured Z | Gray box modelling [1]
Y
Fo(x) Fi(X) with
‘ F10) | F(x) updated x F.(x) is the extracted
TR analytical model
Fi(x)
Iterative optimizationD
( , 1. YES Step 1: make a good guess of the model
| xupdating e Nepoch

Step 2: extract the parameter values

Source: [1] L Wang, et. al. “A gradient-descent optimization assisted gray-box impedance modeling of ev chargers,” TPEL, 2023 Slide 27/78
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SUPRAHARMONICS MITIGATION TU Delft

= Fixed switching frequency creates
harmonics with high peak m ; ; . . .
x current limit for odd harmonics
= Variable switching frequency will 4 [pe X cuf'rent limit for even harmonics | ]
spread out the harmonics. grid current spectrum (VSFPWM)

e I ¢:id current spectrum (CSFPWM)
o]
= THD is still the same 2 3\ Harmonic suppression Harmonic suppression by i
% by grid current control physical filter
g s s
© .](.;w .f.;w f
= W
S 2H 6 ) 2 -
il g (Nyquist frequency)
T
E MK
,8_' Critical harmonic for
G 1 e filter design ~, -

’ R
p -
m( B S S S8 . B R,
. Y
I T o P R—— A1 o 1 N
. 0 2000 4000 6000 8000 10000

» 10 kW rectifier module Frequency (Hz)

_ u Z
» Peak efficiency 98.6% e

Gate driver

IEEE-519 harmonic current standard and typical grid
current harmonic spectrum with CSFPWM and VSFPWM.

Source: Y Wu, et. al. “Frequency Design of Three-phase Active Front-End Converter with Reduced Filter in EV Chargers,” TTE, 2024 Slid 28/78
ide
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SUPRAHARMONICS MITIGATION TU Delft

= Fixed switching frequency creates

harmonics with high peak o , |
. |
= Variable switching frequency will v =0 JI a L. g Vg
. T- —
spread out the harmonics. de |4 M = —— Q
i s e - N
u ————
= THD is still the same = Oy . 3% Crid
I I
| ek L

+ V(N :1# 2/ Jvt T P-VSEPWM

q — Gate signals casuremen ft Hit»
By control By PWM and passive filter
- . Controller :—l carrier] w carrier2
l""'l—- Nyquist frequency
Fundamental frequency component Spectra overlapping effect
e\ V(f)
lst I‘-, 211(1
X
e | X
] ] al i s ’,
feo 2Je0 I fc 2fc S.fc 4fc
= The spead out of the harmonics may have = [nterleaving will solve the problem

overlap with each other and create peak again

Source: Y Wu, et. al. “Frequency Design of Three-phase Active Front-End Converter with Reduced Filter in EV Chargers,” TTE, 2024 Slid 29/78
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SUPRAHARMONICS MITIGATION TU Delft

= Fixed switching frequency creates
harmonics with high peak

faw feo 1o fow foo o
= Variable switching frequency will A A A N N N
spread out the harmonics. . L
| » | >
= THD is still the same Triangle profile Sinusoidal profile
- » Experiment e Simulation [EEE-519 limit
CSFPWM Sinusoidal profile Triangular profile
_ | 40 | 40 | |
3 120 Z s0) 1 E sof -
2 90 2= =)
= = 20 | =
S 60 < g | =
= =5 10 p o Jh 4 =
S ¥ S JERLIROR, . <
0 0 : : 0
46 47 438 49 50 30 40 50 60 70 25 40 55 70

Frequency [kHz| Frequency [kHz| Frequency [kHz|

Source: Y Wu, et. al. “Frequency Design of Three-phase Active Front-End Converter with Reduced Filter in EV Chargers,” TTE, 2024 Slid 30/78
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MEGA WATT CHARGING TU Delft

= Medium voltage grid connection

= Energy storage integration

@Cavotec

20 MW
|-
0]
. = 8MW
MW Charging System (MCS) a
DC, Vmax: 1.25kV, Imax: 3 kA, V)
Pmax: 3.75 MW = 4 MW
3
L=
()
O
- 1 MW

0 1000 3000 6000 9000 7?77?77
@ Heliox DC Current demand (A)

@Cavotec
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GRID FEE TUDelft

e T LT One-off connection fee Annual fee to maintain
s (€) the connection (€)

> 175 kVA to 630 kVA via LS

34002
measurement
> 630 kVA to 1000 kVA via LS 36000 1455
measurement
> 1000 kVA to 1750 kVA via MS 58000
measurement LS: <1kV:
> 1750 kVA to 5000 kVA 330000 3642 MS: > 1kV, <20kV;
TS: 50kV;
Contracted Fixed charge Variable tarief
transport
capacity Transport per kW contract per ~ Double tarief Reactive power

month (€) month per kW (€)  per kWh (€) consumption per kVARh (€)

151 to 1500 kW 36.75 2.0250 0.0198 0.017

> 1500kW 230 1.8958 0.0198 0.017

= When connected to grid, you pay not only per kWh, but also per kW
= You pay more with higher peak grid power, even with fixed average grid power

Source: published data from Stedin — A DSO in Netherlands. The data is for year 2025 .
Slide 32/78
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GRID CONGESTION TU Delft

Limited capacity Capacity available

L

.
S i~

o
Munste Munste
,J,-(:"",
Keulen & Keulen
Brussel z':_* 4
Bonn N Bonn
(a) Consumption contingency (b) Generation contingency

= Grid congestion leads to higher grid fee, especially the per kW tarief

Source: CFP Green Buildings, Grid congestion: what is it and how can you avoid it?

Slide 33/78
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ENERGY STORAGE INTEGRATION TUDelft

$150 $300 , $450
One EV charge for 20 Two simultaneous charges Three simultaneous charges for 20
$140 minutes, with a total of $140 for 20 minutes, with a total $140 minutes, with a total of three
three charges per day at of three charges per day at a charges per day at a rate of 150
a rate of 150 kW. rate Of 150 kW. kW.
$6,750
$13,500
$20,250
Fixed connection charges Actual energy consumption charges Peak demand charges

= The peak demand charge can be significant especially for the load with high peak and low average

Source: A Ahmad, et. al. “An Overview on Medium Voltage Grid Integration of Ultra-Fast Charging Stations: Current Status and Future Trends,” IEEE OJIES, 2022 Slid 34/78
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ENERGY STORAGE INTEGRATION TUDelft

Network
operator
cost

o —
++—

Charging the integrated 170
kWh ESS either with a 17 kW
AC Level 2 or 50 kW DC Fast
charger.

ST

DpP
DP with 0.5 MWh BESS
DP with 1.0 MWh BESS
DP with 1.5 MWh BESS
DP with 2.0 MWh BESS
DP with 2.5 MWh BESS

Energy
consumption
cost

[1]

[ Fixed connection charges [ Actual consumption charges o Peak dem
of a 17 kW charger al7k

[ Actual consumption charges s Peak demand charges of
of a 50 kW charger a 50 kW charger

I nocosts[%] || Eccosts[%] ||| O&M costs (%]
- CI[%] Per annum OE [k€ ]

= Energy storage can help to reduce the grid fee

Source:
[11 A Ahmad, et. al. “An Overview on Medium Voltage Grid Integration of Ultra-Fast Charging Stations: Current Status and Future Trends,” IEEE OJIES, 2022

[2] A. Ahmad, et al, “Techno-Economic Analysis of Energy Storage Systems Integrated with Ultra-Fast Charging Stations: A Dutch Case Study,” eTransportation, in press, 2025 Slid 35/78
ae
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ENERGY STORAGE INTEGRATION TUDelft

MV grid MV grid
5 AC/DCH
MV/LV MV/LV i
AC/DC|  |AC/DC AC/DC / pc/pe|  |pe/pe DC/DC
DC/DC DC/DC DC/DC can be replaced by 55T I I
l | RN RN
Ener sEOTHEe
Energy storage
= |ntegration of BESS reduces the grid = Less power conversion stages between
connection capacity and thereby CAPEX ESS and vehicles, higher efficiency

Note: if the BESS is integrated, the bidirectional front-end AC/DC is
preferred to enable grid ancillary service to maximize the benefit

Source: L Wang, et al., “Grid Impact of Electric Vehicle Fast Charging Stations: Trends, Standards, Issues and Mitigation Measures-An Overview”, IEEE-OJPE, 2021 Slid 36/78
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]
SST BASED MV MW CHARGER TUDelft

LVDC

. LvDC
MMC with Isolated MMC with
Delta-connection DC-DC star-connection
= Modular transformer -> LV on windings = Single transformer -> MV on windings
= Each trafo needs MV isolation » More compact

Source: A Ahmad, et. al. “An Overview on Medium Voltage Grid Integration of Ultra-Fast Charging Stations: Current Status and Future Trends,” IEEE OJIES, 2022 Slid 37/78
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SST BASED MV MW CHARGER

AMIE

il

Line Freq.
Transformer

SST

Line Frequency Transformer vs SST

'13.2 KV MVAC 400 kVA >100 kW/unit
s 480V 400/800V .
g PFC DC/D
- AC DC 'g.
}“{ ¢ = | i
/ F . Electric bus
=/ =
Line freq. TX (nids)

Fast charger Premium car

Efficiency: 99% x 95%
Footprint:

)
%
N

400kVA 174 ‘_

DC/DC

(I
SST  pon. dc-dc charger

Efficiency 98% X 99% = 97%
Footprint: 25 ft2 + 10 ft2 = 35 ft2

A comparison by Delta

= SST becomes appealing, especially if there is DC in the power conversion

Source: Delta

]
TUDelft

3% Eff. Improved

Up to 50% Space
Saving

@DELTA
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7
WRAP UP TU Delft

= The DC chargers’ power rating is increasing to reduce the charging time. The battery voltage is
increasing to 800 V to adapt to higher charging power. DC Chargers have to cover from 200~1000
V for a better market share

» In heavy-duty e-transportation, the charger is typically connected to a medium voltage grid and rated
at MWs. For MV MW chargers, SST becomes appealing and even viable for the MVAC/LVDC
power conversion

» Charging is triggering more power quality issues in the distribution network, especially the high-
frequency harmonics, i.e. supraharmonics. It is not fully regulated yet and needs more attention.

= Grid congestion is becoming more significant. Integration of batteries is promising and necessary
to reduce the overall cost of energy, by reducing the grid fee
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TUDelft

¢

D

Coffee break 15 mins
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7
OUTLINES TU Delft

ll. Dynamic modelling
» Impedance modelling
» Gray-box modelling
» Solutions and implementations
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IMPEDANCE-BASED APPROACH

Interactions » Amplifying Harmonic emission

\m « Small signal stability issue
/ Distribution

Distorted
Grid Currents

slow change of charging power
(compare to converter dynamics)

resonance/’

]
TUDelft

Containing
background
harmonics

Grid impedance
at the PCC

Y

Vo

VoV

Charger’s input impedance
at an operating point
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EV CHARGER DESIGN

On-Board Charger
(@Valeo)
6.6 kW, 11 kW, 22 kW

Grid

Off-Board Charger
(@Autel)
> 50 kW

= I
~N\] T

PCC

]
TUDelft

DCDC

— EV

Typical control of a PFC

[ battery

decoupling

can be a modular design

va,b,c

.

Phase-locked
loop (PLL)

L PFC ¢
77 f}} CAtac
M
O
. L
tabc PWM
+
L 0 — ,—JjO .
6 e J e]e 4—9
iaq 4
[ , Current Control
(CC)
. A re
lT'ef — 0 J ld f
q ures
DC Voltage ¢ dc
Control (DVC) ¢ Ugc
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IMPEDANCE MODELLING

Uac Kiv ki
—h@" rlflm“l—? _>‘®b kpi—l_?

i—%b l
1 |lag 3 |lac| 1 | Udc
Gael(s) P Uge -»@-»@-b ~ D}, PX)»> N >

]
TUDelft

> Iy,

ﬁd"T filter

E édq

e

/"
€a,b,c

PCC voltages S

Model in the dg-domain

Current dynamics (CL) Grid voltage dynamics (PLL)
DC voltage dynamics (VL)

Equ —m

VA

c,dg

Id-lq

!

. la,b,c Zaa(s) Zaq(s)

€pn —»

Z

c,pn

- Ipn ¥ Input currents Zcdq(s) = \qu(ﬁ') Zaq(s)

Model in the sequence-domain
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CHALLENGE OF WHITE BoX APPROACH TUDelft

© Industry
Sal S 1 Scl
HE} bHH} HE} Encryption
C) a — A EEE
i - T White box modelling
de 1nnl
) C - g E—
‘ ' B T mEE pgrameters X Z
- | e
> C
i T

S kM T
TTT o :
— Lack design information

N EEE especially the values of the
SRF-PLL Su1 842 Sp1 b2 Set Sep | Current T 7 ) ey controller parameters and the
i Gl Gl Sl i circuit parameters

€a —»] dq|l— O I N I Controller
HEn
1 1]
[T T q

€h —» Kipu
(-]

Co —wlabe €5= I(?111“+ = 7 s PWM : T”Y»Tef_, I(,w—*—&
7y Modulator '
i
ta =N\ dq J Current

_T A A :
. : d I
; d 7 a d; : w1 L
i. —sjabc e Controller ds abc de : is wi L
|
|
|
|
|

)
2
=~

|—=

Yy
Yy

vref Opu + w1l el

Udc ref -
S K, + i

L —*
id,r@f;%_. IX’I” +

Opir
ug. Voltage Controller |- - - - - ____2_-__ EEE

s i’55,?“6,)” =0
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CHALLENGE OF BLACK BOoxX APPROACH TU Delft

Frequency sweep to scan the

Black box modelling
input impedance of the charger

Va Vpa(fh) Grid ﬁ
] RN
—) @ * = 2 Emulator ‘i— Bl
Vb V@&fh) Power module of i
—) Y, * ZL  the DCFC’s Load D
V. k Vpc(fh) front-end zZ= —
_@ A o é converter . l
V(£ . L 17412 modules « Time consuming (impedance is different
p(rh I s e @] - Ip(fh) or In(-1h) at different charging power)
ch-f ) 6, Lot alrL2f-f) 7 LQ2fi+H) . Sensitive to noises
o . o gm - | - Difficult to get a complete impedance
Positive or negative where a = e Positive or negative . ] )
sequence perturbation sequence current profile for a comprehensive analysis
Vo(th) Va(fh)
Zp(fh) = and Zn(fh) -
I,(fh) L(fh)
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CONCEPT OF GRAY BOX MODELLING TUDelft

o W

White Box Black Box
Analytical Model

Frequency Sweep

Physical insight
(mathematical model) Measurement data

Gray Box

| Measured Z | Gray box modelling [1]
)
IEO(X) F.(X) with
‘ 1) | F(x) updated X F.(x) is the extracted
analytical model
Fi(x)
lterative optlmlzatlonD

( 1 YES

x updating N <N 2 Step 1: make a good guess of the model
L ) Epoch max *

Step 2: parameter estimation

Source: [1] L Wang, et. al. “A gradient-descent optimization assisted gray-box impedance modeling of ev chargers,” TPEL, 2023
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CONCEPT OF GRAY BOX MODELLING TUDelft

Parameter identification: An optimization problem

) [
. L2 g Parameters to be identified:

4 F(

L sz’ Ku Kppll Kipll Kpu Co'u,t K’Lu

v

update x to x + Ax Analytical impedance model:

4 o l Z(L» Kpir Kii» Kppll» Kipll: pr Kiw Coutr f)
~ |Zaals £Z4a
/\\ Zaa(G2nf)  Zag(j2mf) |Zag|, £Zaq
F(x + AX) = |zoaG2nf) zgGorp)| T | |Zaals 4Zaa
R | |Z4ql 2244

Slide 48/78



CHALLENGES OF GRAY BOX MODELLING

Gradient
Descent

Genetic
Algorithm

Particle
Swarm

Newton-
Raphson

Deterministic

Stochastic

Stochastic

Deterministic

Comparison of different optimization methods

Iteratively updates parameters
in the direction of the negative

gradient.

maintaining a population of

candidate solutions and
evolving them over
generations.

find the best solution in a

search space by adjusting the
positions of multiple candidate

solutions (particles)

iteratively approaches the

solution using second-order

derivatives

Fast; efficient for
differentiable problems;
Scalable for high-
dimensional problems

No mathematical model
required; Global search;
Avoids local minima;

Suitable for non-convex

No mathematical model
required; Global search;
Less sensitive to the initial
starting positions

Converges very quickly for
convex problems

Stuck in local
minima and saddle
points;

Local search

Slow;
Computationally
expensive;

Slow; Can be stuck
in local minima

Requires second-
order derivatives;
Expensive for large
problems

]
TUDelft

Machine learning
training

feature selection;
Hyperparameters
tuning of NN.

Hyperparameters
tuning of NN; NN
structure selection

Solving non-linear
equations, convex
problems.
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CHALLENGES OF GRAY BOX MODELLING TUDelft

The magnitude difference among different parameters to be
estimated is big and we cannot normalize them.

Loss function:

e(L, Cdc' kpi; kii: kppllr kipll' kpv' kiv) 2
= = Bl ZXA [ (12 D] = 12U + (220 (F) = 221 (£)) 1]

l

dd,dq,qd, qq
e(x) | I: learning rate Difficult to find a learning rate suitable for all the
/\/ parameters
Ae(x; + D) — |
\M L Difficult to estimate all the parameters together

T

»
»

x (e.g. x1 or x»)
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CHALLENGES OF GRAY BOX MODELLING TUDelft

The loss is non-convex in such a high-dimension problem

o~

Z e(L: Cdc: kpi: kii: kppll» kipll: kpv: kiv)
measurements Z _'J)—» 1 1 N R 2 ~ 2
=) D L2 = 12D + (2 (f) = 2Zm(£D) 1
error or loss 8 N =
e(x) meo=
) Convex function l
— Non-convex function dd,dq,qd, qq
Saddle point Saddle points occur when the estimated impedance
f,l/ is insensitive to the change of the parameter. Very

common in high-dimension problems.

Solution:
It is noted that different parameters
* Influence different impedance components,
namely de,qu, qu, qu.
-  have different influential frequency ranges

Minima ~ Minima —

The parameter to be estimated <«
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REVISITING IMPEDANCE MODEL TUDelft

v
-
-
2
S
1
-
~

édq —> Tpu

%
- - err.'(""-}
h ) ) ) €dg | ) ip,
{f'rr.fr-. ref = 0 ) dre d & dd ﬁdq T.,d - . U
—>®—> GU(-‘B‘) % G@(‘S’) j}‘ % _“r"_ Gdeﬁ(-‘-?) q Udf: %‘ ? } q : 1 g dc
A - L

Y

(8
|...<
=
\
&
o
(3] [

ivs
o Juw L Jqu Tpu -l—édq d Ddt}' B
\v
@:
\ J

= 0 when P=Q=0, simpler expressions

Expressions of the impedance matrix elements when P=Q=0
2

Zgq o(s) = (LS + R+ 31(5192 ) (1 + Goi,dd(s)) (14 G,p(5)) Zgq 0(s) = —w;L(1 — e™STaet)

2Cd dCS

w,L(1—e~5Tdel)
1-Gepu(s)e ~5Tdel

1_ch”(5)e_STdel

Zga 0(s) = (Ls + R)

Zgqo0(s) = (Ls+R)

T4e;: digital control delay 1.5 switching period. G,i: open-loop transfer function of the current loop
Goy: Open-loop transfer function of the voltage loop.  Gpy: close-loop transfer function of the PLL
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REVISITING IMPEDANCE MODEL TUDelft

3E2 _
Zaa o(s) = (LS t R+ zch% S) (1 + Goi,dd(s)) (1+ Gop(s)) Zaq o(s) = —w;L(1 — e75"ael)
. a)lL(l—e_STdel) ~ 0when w > Wi _ 1+G0i,qq(s)
ZQd_O (S) - (LS + R) 1—chll(5)€_STdel qu_O(S) - (LS + R) 1—ch”(s)e_5Tdel

Observations:
* Zgq o isonlyinfluenced by L
* Zgq o is notinfluenced by the PLL parameters
* Zgq o is notinfluenced by the VL parameters

* Controller parameters do not influence the impedance shape beyond the cut-off frequency of the control loop
Beyond the cut-off frequency of all control loops, the input impedance is basically the filter impedance

Slide 53/78



]
REVISITING IMPEDANCE MODEL TUDelft

Normalized
Kp; Kppii Kpu gradient
- - - 1.0
- . BN - 1 S
i - N - 0.8
- - 1
- — - - :
I 1 I I I | 1 | I _l l-l I |— | I _| l._ I I I | I _l 1 I | I | I | I E)
0 10 50100 200 500 1000 2000 2500 0 10 50100 200 500 1000 2000 2500 0 10 50100 200 500 1000 2000 2500 0 10 50100 200 500 1000 2000 2500 0.6 2z
Frequency [Hz] Frequency [Hz] Frequency [Hz] Frequency [Hz] é
Cout Kz Kipll K@ 8%
|Zua) - : 4 - 1 g
[Zaa - - - - . Rl B
| Zaql - - - 1 =
Zag - ] ] ]
| Zqal - h - 1
[Zad - . ' ] -0.2
| Z4gq| - o ‘I N
Zaq - - - B 1
0 10 50100 200 500 1000 2000 2500 0 10 50100 200 500 1000 2000 2500 0 10 50100 200 500 1000 2000 2500 0 10 50100 200 500 1000 2000 2500
Frequency [Hz] Frequency [Hz| Frequency [Hz| Frequency [Hz| -0.0
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Initialization

]
PARAMETER ESTIMATION METHOD TUDelft
and * Identify the parameters in sequence

.. »| Measure the impedance ,
Start
when P=Q=0 Pre-processing o . ey
Use the impedance segment sensitive to the parameter

..End to construct the loss function to prevent creating saddle
O/ © ’ O] © points in the loss function
e ——
‘qu‘ |de" ‘qu‘v @* & @
\(_2_—2;5 kHz) (0.2-1 kHz)

‘ Input measured impedance ] Input temporarily estimated

Z meas (Only the segment impedance Z,g (Only the

\
. . . sensitive to x is feed segment sensitive to x is feed
@O {mimaion}- D -~fs camn}—- i ’

estim
(2) f

[ Calculate fpssx J

[ Cour €stimation J |Zad| & fZaa i
(50-100 Hz) p—
v ! ——— Countinue
* | Zaal & /2 e Yis updating
1 Zqq| & @ —= ] ‘ K, estimation } ( 1d3 N H{ ;;d Initial updating

K, estimation <
(0-100 Hz) i updates v ~ loss

maximum
loop number?

Gradient-descent

———— Y update of x N reduction
— o L
s [ o] | E i
LR K;, estimation |Zaa| & /Z4q | slow
J— (0-10 Hz) L ]

\___—___/
‘f(c;q]‘-(i; Hf Zc;r)q Kipu estimation F
- 74
L AU-1uu niz) |
_
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IMPLEMENTATION OF THE METHOD TUDelft

| —— Analytical * Measurement |
v—|4'0ﬁ
2 0 2
© L]
= 30
g -50
=
[=]9]
) Zd
WAAANNAY 2“0, . , | ~100 . —— :
. 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
volt. FFT
%0 100
=
[}) 0
&
ﬁ —100
—— Power line Grid voltage & current g YOGOKAWA Deles Elektronik 3
— Measurementline measurement - DLM2034 e Sf\e'-‘\tIGS(XG)-glg-r;?I;Oq / — r . f : . . .
c T : + 4-channel S 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
=+ Communication line : oscilloscope +  15kW bi-directional DC
— o supply
] + 0-1500V input — 7
m
) 0] oy
- 9 .
L DC locd E 30l
_ ED 55 S0 100 150] et
A 5]
s 20
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
CinergiaGE-20 Imperix power fest bench
» 20kW gridemulator B-Box controller x1
+  0-2.5kHz harmoenic voltage 6-10kW HB converter x3 Z, d
injection Incluctors xé o0 100 1
400V, line-to-line +  0-1000V output .g
PC u 0
g _
£ -100
N 0 S0 100150
‘ 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
4 Frequency [Hz] Frequency [Hz]
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IMPLEMENTATION OF THE METHOD TUDelft

Analytical (Design 1)
# Measurement (Design 1)

——— Analytical (Design 2) ——— Analytical (Design 3)

4 Measurement (Design 2) * Measurement (Design 3)

Zdd Zdq
— 60 e i 50
1 1fi 1 L 5 } | estimation : e )
Three designs used for the verification 3 40/ _;E__LB::;:: 77777 = 0 e
Parameter | Design 1 | Design 2 | Design 3 gu 20 W E =0 L estimation
.*** K,,; estimation i
L [mH] 2.5 2.5 1.25 = L e timati |
Kpj 9 15-? 15? Eﬂf 77777777 W/WEE K'L,pru’CUut :
Kppit 1.21 - 2.42 = O _estimation || .
Q A [ 770 K
Ki 1000 15297 306 FISTT — | Wy ot
Kipi 228 634 914 = - 2% 00 | | | ‘ﬁ%
Cout [mF] 1.67 1.67 3.21 ! 500 1000 1500 2000 2500
K 'U 2 0 43 0 33 R et T Rl IE T PE R frm it ———— FI_-EQIEG_HPYLI__IZ_] ______________
pu . ) ) qu
K, 2 10.47 4.66 _ i -
o) } KiirKiprppu
Ud.._. [V] 385 % iestimatii;n !
fsw [kHz] 20 é ““:::“_:—:%QQ—)::—EM
\Y 0 v &
E‘E [ ] - JE éﬁ K; estimation

Phase [deg]

0 500

1000

1500 2000 2500
Frequency [Hz]

ﬂlation
) i

Koy Kipr, Kppin

2007 57 }
| |
—200]_ |
0 100

0 500

1000

1500 2000 2500
Frequency [Hz]
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IMPLEMENTATION OF THE METHOD

e —————
\ Estimation of L i Estimation of Coy Estimation of Kp; Estimation of K
-2
-2 — —
{ X 10 iU x10 ' x10"
34 i
\ i [
i ! 1.0 1
| 2 2 2 ERRTE =
| s 2 g g i
| 5 14 & N = 0.5 = 037
\
! 0 T T T i 0 ! ! 0.0 L} . ' I 0.0 _:4; :
} | x10 x10
} == — R e R = L
ey E . o
g i g |T'i 1.01 '—‘g 1.0 4
E ¥ R g
! g I 'g iz =
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I
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| 3
{ 49 1.00 1
H [ 2 L o] 1_5 -
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e - = (-
| 2 2 2 12 104
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Loss values:
—— Design 1
—— Design 2
——— Design 3

Exact param. values:

Design 1
Design 2

Design 3

Estimated param. values:

Design 1
Design 2
——  Design 3

]
TUDelft
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IMPLEMENTATION OF THE METHOD

]
TUDelft

Design 1 Design 2
Exact Proposed approach | Normal approach Exact Proposed approach | Normal approach

¢ (error %) (error %) (error %) (error %)
L [mH] 2.5 2.4 (4%) 12.6 (404%) L [mH] 2.5 2.39 (4%) 12.9 (416%)
Kpi 9 9.7 (8%) 0.39 (96%) Kpi 15.7 14.69 (6%) 0.81 (95%)
Koo 1.21 1.2 (1%) 0.43 (64%) Koo 4 5.04 (26%) 0.83 (79%)
K 1000 1264 (26%) 0.62 (100%) K, 15297 13144 (14%) 1.86 (100%)
Kipir 228 166 (27%) 0.74 (100%) Kinu 634 579 (9%) 1.7 (100%)
Cout [mF] 1.67 1.62 (3%) 0.2 (88%) Cout [mF] 1.67 1.42 (15%) 0 (100%)
Kpu 0.2 0.14 (30%) 0.37 (85%) Kpu 0.43 0.25 (42%) 0.4 (7%)
Ky 2 3.63 (82%) 1.53 (24%) Ky 10.47 10.58 (1%) 2.34 (78%)
]:?stnnatmn N.A. 8 min. 24 min. Esumatlon N.A. 17 min. 46 min.
time time

Design 3
Exact Proposed approach | Normal approach
(error %) (error %)

L [mH] 1.25 1.16 (7%) 8.06 G45%) —
K, 157 2.1 34%) 0.47 (70%) Get stuck at saddle points or local minima
Kppu 242 2.02 (17%) 0.44 (82%)
K;; 306 558 (82%) 0.6 (100%)
Kipnl 914 453 (50%) 1.37 (100%)
Cout [mF] 3.21 4.08 (27%) 0.4 (88%)
Kpu 0.33 0.19 (42%) 0.61 (85%)
Kiu 4.66 3.45 (26%) 1.59 (66%)
Estimation |\ o 11 min. 30 min.
time
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IMPLEMENTATION OF THE METHOD

Magnitude [dB]
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uni 0 |
100§ s o 10— el
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(c) Design 3

]
TUDelft

Exact
Estimation
[proposed approach)

Fstimation
(normal approach)

Exact
Estimation
[proposed approach)

Estimation
{normal approach)

Exact

Estimation
{proposed approach)
Estimation

[normal approach)
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7
WRAP UP TU Delft

» The unknown parameter values of a PFC can be decrypted from the impedance curve.

» The influential frequency range per parameters is related to the loop bandwidth of the loop
that they are involved into, which helps to reduce the complexity of the task by changing it
from identifying all parameters together to identifying them in a sequence.

» Selecting impedance data within a frequency range where the impedance is sensitive to
the changes of the parameter to be estimated can reduce saddle points in the loss
function, making it more convex.

= By applying the previous measure, the accuracy of the estimated parameters can be
improved.
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7
OUTLINES TUDelft

lll. Analytic control design
» Motivations
» Small-signal stability criteria for charger’s PFC
» Analytical derivation of design boundaries
» Analytic design procedure
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]
GRID CONNECTION REQUIREMENTS TU Delft

Impedance model of a charging system

R : rlanece .
Grid impedance PCC Charger’s

/ current demand and

Grid voltage ——] \ harmonics production
\\ \ r~
Eq4(s) @ Z.(s) D Q’ I.(s)

|
i~

/
Charger’s

Y mput vV \

impedance

Magnitude

modify the controller parameters and >
the circuit parameters to: fr f." (resonant Freq.
* increase the magnitude of the Non-passive region frequency)
input impedance (negative resistance)

* reduce the non-passive region
How?
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EXAMPLE OF IMPROVED PQ BY BETTER TUNING

DC load

Grid emulator

PFC (Imperix)

> 5.00 Asgiv i

ain 125 k 10ms/dv |

5% THDv
Before
impedance
reshaping

]
TUDelft

Clean grid
Clean current

10ms/div

5% THDv
After
impedance
reshaping

Slide 64/78



EXAMPLE OF SMALL-SIGNAL INSTABILITY OF A PFC

Current [A] Voltage [V]

SCR

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

000 0 OO ‘”!“\MHM‘HH‘ i ”‘
e o "

Ao ||I

50 A/div 5 ms/div

SCR=37

Vi

|
3.0
Time [s]

|
2.5

Magnitude [dB

Phase [deg]

The PFC is stable when the grid is strong but
becomes unstable when the grid becomes weak

\f/idz/v frdl

ffr'd3

50+ § i
25
SCR=2.8 (unstable :
01 cscr=3.74 Y222
— _',::::ff: ::: . /
25 ::/” SCR=8.4 (stable) P
180 —
90 {----------- E ———————————————————————
0- Zg.ad
—90- —— -
NOI’I—p&SSlVG region
~180 - -y -
0 1 2 3
10 10 10 10 10

Frequency [Hz]
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QUESTION: WHERE IS THE BOUNDARY?

/

analytic expression of the
design boundary?

Can be derived from
impedance-based analysis

Modified Control Design

«/ weak grid

( Conventional Control Design\

x weak grid

W, —— Design

-

Z, is known

Use the max. Z,

Z4 is unknown
Use the worst case value

calculated from the CSCR

J

CL: Current Loop
VL: Voltage Loop
PLL: Phase Lock Loop

]
TUDelft
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]
IMPEDANCE BASED STABILITY EVALUATION TUDelft
APPROACH

Controller parameter tuning is finished via trial and error

1.00 1.00 A
0.75 » 0.75 4
0.50 - 'k‘/ 0.50 - /
0.25 1 0.25 *
arid impedance ; 00 004 SCR
Grid l]]l])del.‘flL.(,\r\ Z,(s) PCC Charger’s 000] SCRyy . 0.0 W
Grid voltage — ad current demand and 0251 -0.25 1
nd vottage — ) harmonics production ., | o]
\/\ Y 0.50 P 0.50 o
/F\ —0.75 fa -0.75 1
EQ(S) @ ZC(S) |:i| <¢> IC(S) -1.00 ' -1.00 r
0
Charger’s 30 30 Freq. [Hz]

4 input vV % »_x SCR}} > SCRyy
impedance 2o / . 40000
. —1\—1 -1 10 - - 10 . 20000
I, =+ zgz\c' )"1(Z.E, + 1) ‘ /

Complicated expression
Difficult to see how the control loops are 201
related to the input impedance _30 | | | . | | | SCRyy ~40000

—20000

T
/A
A\
25 o
\{
/J\
/
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STABILITY CRITERIA SIMPLIFICATION FORA PFC

l.=(0+Z,Z,"") Y (Z, 'E;+1,)

ZC(S) = [

Zaa(s) Zgq(s)
qu(S) qu (S)

For a PFC, the coupling impedance are
small enough to be neglected

Phase [deg]

Magnitude [dB]
F_‘O_)

1001

=100

3

12
[=]

‘ —— Analytical
PO \\
20 .
0 50 100 150 ~
Zad
0 500 1000 1500 2000 25
Zad
T . |
. JTUTE — -
04 - _-—T
flr)(){ o
B 0 50 100 150
0 500 1000 1500 2000 2500
Freq. [Hz]

Measurement
Zig
500 1000 1500 2000 2500
100 1 Lty
0_
—100 2% —— AN Ran |
0 500 1000 1500 2000 2500
Freq. [Hz]

The MIMO system can be simplified as two SISO systems

Magnitude [dB]

Phase [deg]

1001

50

"

SCR=9 (stable)

0- Zg.dd
790 4

—1801

—2701

Non-passive region

90 e ; -------

10 10

10°
Frequency [Hz]

10

]
TUDelft

The stability
criteria:

* fra < fra
* fug < frq

Boundaries for the
selection of the
controller
parameters

Very complicate
mathematic
expression
Simplification is
needed

Small signal instability happens when the resonant
frequency is located in the non-passive region (NPR)
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VWORST OPERATING POINT

Worst case for the d-axis
system is when the
charging power is the
maximum

Magnitude [dB]

Phase [deg]

Magnitude [dB]

Phase [deg)

d-axis system

stability margin reduces with increasing power

. P v : * .
_fr.'rf.l.' .-'I ruel lf reed, 30 _:'[.' el .30 d,15 _f."r.".“
» w b W, F L
14
12
11)
&0 _
—85 - NPRi@] . ';..-\L..l /
—9() //, ME—
o5 S  NPR@30 kW
100 +—== , . — :
610 T=10 8x10 9=x10 - 1.2x10°
 ———__ Frequency [Hz]  —
— DKW
zoomed-in 15 kW
30 kKW
oAl dd | |7, 14(SCR=25) -
e—
0 -
IR B S S s
o, Zad - -
0 "f_l,'.rfr!' -
Non-passive region
-0 =
180
270 = | R —
] 1 1" 0

Frequency [Hz]

g-axis system

Stability margin increases with increasing power

Magnitude [dB]

Phase [deg]

Magnitude [dB]

Phase [deg]

-
] ! 1

frrq\[]

T
.f'."tj.” .-" rg,15 frr;.liU

—60 -
NPR@O kW —
=70 — —
PR@15 k\ —
-80 -« __;f’/,,-/
i —
=80
—100— " . 1 1 g 2
6x10 T=10 =10 9=10 10 ].%j*lﬂ
- ————_ Frequency[Hz] _—
100 - = - 0 kW
zoomed-in — 15 kW
— kW
500+ Z?r;q | VA (SCR=2.05) |
r/éE “ .15 T
I = T
o e, e,
Q=== A e e ——
r J - s
0 Zoar__—~ \'| Zaa
| .
90 . '
Non-passive
~1801 Tegion
270 L -
10" 10’ 10° 10’

Frequency [Hz]

]
TUDelft

Worst case for the g-axis
system is when the
charging power is zero
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INFLUENCE OF PARAMETERS ON IMPEDANCE

inductor

wei T ™
6; T U
Wep T T
6, T —
Wepll T -
Spu T —

CL cut-off freq.
(bandwidth)

T
A
™

\J

T

\J

]
TUDelft

Observations from the numerical analysis

Resonant Non-passive Recommendations
freq region range for stability

Increase L

Increase w;
Increase §;
Decrease w.,
Increase 6,
Decrease w¢py;

Increase 6,

Can we get an analytical expression?



]
NEED OF SIMPLIFICATION TUDelft

Goal /" fnd < frd \fnq < frq

Break down Re{Zya( - 2mfna)} = 0 1Zaa G - 2nfra)| = |Zg,dd(i ) anrd)l similar for fnq and frq

Full order model  Zc¢(8) = (Ge2i(s) + G1()Gazac(s)G 72, ()X (I + G 1 (5) + G(5)Gizdc tor(5))

Z s)=|Ls+R+ 1+ G,; S 1+G S))—————
| ‘ dd 2C Uzc oi,dd ov 1 (S)
expressions 1+ Goi,qq(s)

Faa9) = s RO TG A — U + e/ S)la Egde e

1ZaaGw)| =?  Re{Zga(jw)} =? |Zgq(w)|=?  Re{Zgy(jw)} =7

We are looking for a simple expression of the design constrain that can be easily applied in practice
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]
ASSUMPTIONS FOR SIMPLIFICATIONS TUDelft

The NPR is located in
low frequency ranges

Assumptions:
1. Control delay can be neglected — T —
2. The damping ratio of the control loops are fixed at 0.707 % 504
2
Z41(5) LS4 + w,S3 + aywys? + ajwgs + ag = S :
dd\S) = 3 % 7 . -1 1 | _SCR=9 (stable)
s° —Igb, [wciS + biwes + ao/wcv] 9Q === % _________________________________________
7 ()= 1 s+ w3 + cywes? + cqwgis + ¢ o 0 Zg.aa
S = "8 de
14 s3 + Igdy[weis? + dyweis + ¢/ wepu] S 90
= Non-passive region
~- —180+
=270 : o :
10" 10" 10 10°

Frequency [Hz]
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]
APPROXIMATION OF THE MAXIMUM NPR FREQUENCY TUDelft

s+ wysd + a,w 5% + ajws + ag 0

Re(de(S)lePmax) = . =
s3 —1;b, lwcisz + biw¢s + —0]
wCU

Maximum NPR frequency when the charging power is the
maximum is

_ \/wci ke Vi - (kg + 4ky04)

wnd,Pmax - 2 2
3E,
ki = wey + mlm k, = E_glmwcv

*Observations:

* Wy T = Wnd,Prax

- - >

¢ Wi T= Wnd, P ax
Wci

kl < a)nd’pmax < T

4 3 2
ST+ w;iS” + Cw S + cLw S + ¢

Re(Zyq(8)|p=0) =L — = 0
s34+ 1,d, [wcisz +diweis + 0

cpll
Maximum NPR frequency when the charging power zero is

. wcpllwci
Wngq,py, = 2
*Observations:

Wci

Wepll < Wng,p, < Py
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APPROXIMATION OF THE RESONANT FREQUENCY

]
TUDelft

Wi

2 2

We are interested in the expressions of the w;.q p_ and the wyq p,
only when they are located in the two ranges, respectively

Wi

ki < @Wnap,,,, < Wepll < Wng,p, <

Approximated resonant frequency

7
. JLwgw Lw};
Z w B e . - Cl
| ad(J )lP—Pmax| 0w — kzwii ST |qu(]w)|P=0| | W
wy |L L wei | L wf

* In T S Wrapy, * w1 = wrgp, T
* wcv T z wrdrpmax l O L T : qu’Po T
* wCl T z wrd»Pmax T O Lg T : (l)rq’PO l
* LT > wmp,, T
* Lyt =2 wpgp, |

Magnitude [dB]

Magnitude [dB]

kl(:'.r-....-v; e | U-"(.'?f/2

40
307 Wrd, Prpae =K1 Wrd, Pras > Wei/2
.LII'\'_El.lel' - |..: -~
204
10 : '
low freq. approx. v
0 T11# -Z]I 111 |I|':|_ .-_'_||Z-' i |\_._/H_,-~“_/
Zaqts) (full-order model)
10+ T s e e
10 10 10° L 10
Frequency [Hz]
(a)
Wepll ’.a..?mj/2
1000 4
Wrg, Py SWepll Wrg, Py = ;»‘,;,:Jr'r?
75 4 unstable T,
/ -
50 low freq. —
aApprox.
25 4 i / Tr— e
medium freq. approx. E -
01 Zaals) (full-order model)
10" 10' 10° 10° 10*
Frequency [Hz]
(b)
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DERIVED DESIGN BOUNDARY

Stability criterion for the d-axis system

Constraint on VL & CL bandwidth

.
-~

~

wei k1 + vk (k1 + 4-ko-wei) o . 3 oty
2 2 V2 Ly E,

v~
wT'daPmaw

7

wnd,Pmaa:

L
k1 =wep +wr, ko= E_g°lm°wcv

]
TUDelft

Stability criterion for the g-axis system

Constraint on PLL & CL bandwidth

r % N\
2
Wepll Wei < iﬁ
2 Ly 2
w’)’Lq,PO quapo

The influential parameters are highlighted in red.

Summary of the influences of the parameters

Action Consequences Stability
Wnd,Pmax Wrd, Py g Wng, Py Wrq, Py impact
Wei T T T T T -
Wev T 0 1 N.A. N.A. Negative
Weptt T N.A. N.A. T N.A. Negative
Lt T T N.A. T -
LgT N.A. 1 N.A. 1 Negative

Source: L Wang, et. al. “Analytic Design of an EV Charger Controller for Weak Grid Connection,” TIE, 2024
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VISUALIZATION OF THE DESIGN BOUNDARY

The obtained upper limit of the bandwidth of the PLL and the voltage control loop

Wy
2°Pmax'w1 \/1+4'h'wci'(1+m)—1

Wepn < 3-Egz *SCR - L - wg; Wey < w7 SCR-\1— T Thon

]
TUDelft

3E,
Wy = > Iy,
h = L I
T im
Eg

Observations: w can be
* cpllmax * Observations: Wy, max can be increased by w.; T, L T and SCRT

increased by w,; T, L T and SCRT

Visualization of the design boundary

SCR=9 SCR=2.5
10 fepit and feo; before the change -175 10 I fc pit and f.; before the change 0
fepu = 30 Hz and f.; = 800 Hz 150 fc: pit =30 Hz and f.; = 800 Hz
‘ 30 -40
30 % -125 .IIE_!-- 2
i SD-= i 100 N = “ demgn baunda;ry |--- =8 5
= | — =
Q boundary -75 © o
W H // R < =0
70 88 1- <50 70 7
fc pu and f.; after the change % fepu and fe; after the change § o 20
m feput =50 Hz and f.; = 600 Hz j | 2> Bl /o.oi =50 Hz and f.; = 6[][] Hz rg
" R i  ER=EmmEEEEEEEES
--------- __jE) )
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900

fe, i [Hz] unstable fe i [Hz]

fmg [Hz]
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DESIGN PROCEDURE

Magnitude [dB]

Phase [deg]

.frm' .f:-r!

10 10 10° 10°
Frequency [Hz]

v

v

v

Desflrgen fllelfl CSW;?EIHg Define the lowest Other hardware
theqpowef filter possible SCR specifications
¢ j‘S'LU
Decide w,;
(< fow/20) P, F,

SCR Wi, Cd,: Ud,(:

L Wei ¢

Proposed constraints [Eqn. (29) and Eqn. (30)]:

2Pmaz1 SOR- 1w,

Wepll < 3.2
g

\/1+4'h‘wci'(1+%)_l

Wey < wlsCR(l - 2-hweq )
P, 2.L-P
where w, = smaz and h = =5 mazx
T OaUZ, 3 E2

¢ Wepll,max # Wev,max

Select wepy and wey:

Wepll = K'wcpll,mam Wey = K'wcv,mam

K= W where k., is the GM in decibel

v

Calculate the controller gains from (9)-(14):

Current Voltage PLL
Controller Controller Controller
. Weai _ 2:Uge.Cqw _ Wepll
kpi = kpo = ==t kppu = 5
2
foo — k2, - 3-Eg-k2, b = Bg-k2
1 4‘L-6f T glydc.cd.agj P 4,52”

0;, 0y, and &,y are typically 0.707

End

Im.

Im.

0.4

0.21

0.01

0.2

0.11

0.01

]
TUDelft

AL Ppax ()

—— wo/ coupling effects

—— w/ coupling effects (exact)
wo,/ coupling effects (3 dB GM)
wo/ coupling effects (6 dB GM)

point (6 dB GM)

Cross-over

point (3 dB GM

e

Cross-0Over

) (wo,/ coupling effects)

point (exact)

cross-over point

Cross-over

-15 -1.0

—0.5 0.0

Re.
’\Q,Po (3)

% — wo/ coupling effects
—— w/ coupling eflects (exact)

wo/ coupling effects (3 dB GM)
wo/ coupling effects (6 dB GM)

CTross-over

3 .

%

Cross-over

point (6 dB GM)

point (3 dB GM)

cross-over point
\(wo/ coupling effects)

R

+

Cross-over
point (exact)

-1.5

-1.0

0.0
Re.
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VERIFICATION OF THE DESIGN BOUNDARY

W‘- 20-Mar-24 16:50:42
et B

A

It :||

bl gl
N LR LR LR

e

;11rr1
I = =

= H
TTIT T[T

A AMAIAS |ﬁ|' In!".I'.I"H!."' l.!lll l||n"||J. i h'hlhl I'\-'a':]""

Tt el
850 S A S

- ! f | | |
© ape [10A/div] }
E i
T ;.uw,.fwqu o e ;!
ta: few (20 Hz — 40 Hz) PFC trips

DC load

Grid emulator

PFC (Imperix)

Grid impedance
(inductor)

W’ 20-Mar-24 1556:18 Normal Eclge CH1 £ 240 ¥
62 .5kS/s furto
5 Fidd 3 T I ( 7 7 ZOOMVAINE ) 7500 VAINE
M2 Ml

! mtms/

Lt k] e

1 1[-|1|J$’ LLi1 1l

1

400 600
CL bandwidth [Hz]

800

R e, ! :
E h i 3
r ! .
to: foput (50 Hz — 105 Hz)  ¢,: PFC trips
1000
288 Max. PLL bandwidth
< 1 »  Max. PLL bandwidth (experiment)
= 4907 Max. VL bandwidth
= »  Max. VL bandwidth (experiment)
2 2001
=
]
g 100 1
< 80
~ 60
=]
g 401
- |
'4 k3
=20
10

]
TUDelft
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7
WRAP UP TU Delft

» The impedance-based stability criteria for an EV charger's PFC can be simplified. The
more specific stability criteria for the PFC guaranteeing small signal stability in the whole
charging power range are summarized.

» For a PFC, the upper limit of the PLL cut-off frequency (= bandwidth) and the upper limit of
the DC voltage loop cut-off frequency (= bandwidth) are derived analytically.

= The derived expressions of the upper limits indicate that the upper limits are constraint
by the current loop cut-off frequency (= bandwidth), the filter inductance, and the
short-circuit ratio.

= Based on the derived upper limits, a design procedure is given, which facilitates the
controller parameter tuning and does not need trail and error.

Slide 79/78



]
TUDelft

0e®
T
Q&A
Zian Qin Lu Wang
z.qin-2@tudelft.nl lu.wang@hitachienergy.com
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