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MOTIVATION AND APPLICATION
Designing DC grids is hard!

= System design requires time, money and effort

= Simulations are essential for system design

« Cost efficient
* Adjustable and scalable

= Lack of verified models and ready-to-use tools for DC systems

« Models are developed for individual and specific applications
« Simulation and analysis requires in-depth knowledge

=) Model library with verified models for DC components

Exploration of Use-Case-Dependent Modeling Approach
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Use-Case-Dependent modeling approach for resource efficient simulation

= Quality of results and computing resources depend on modeling approach
« Simulation of dynamic behavior requires high model complexity

« Complex models increase computing resources Micro- Eull

seconds Dynamic
System Stability

= |ntroduction of Use Cases and Model Levels

Level 3

- Definition of three Use Cases for different evaluations Fault Behavior

* Model Levels are tailored to requirements of Use Cases Level 2

Power Flow

Level 1

m) \Verification of simulated system behavior Hours Low
Dynamic
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Test grid for simulation verification
VBusar = 380V

Cable
. . A C ¢ l-=7m Converter C
= Test grid with four DC-DC converters | 8" T == | - s -
3l =S 2
Converter A Cable ¢ DC =
[, =20m
= Cables with differing lengths to
connect converters to bus bar ~ ] [pe ¢
g —DI:I—
3 DC I ° o C=abll;e m Converter D
= Short circuit at outport of Converter A ComverterB  cople &
lg =30m =r= be *5
B I | a
+ DC | |~

Couta = 33 1WF, Coues = 226 1F, Cinc = 33 WF, Gipp = 153 uF
RDroop,A =61), RDroop,B =21, Pset,C =1kW, Pset,D = 2kW

L'=1p=, R'=075m-
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AGENDA

1. Motivation and Application

2. Buck Converter Modeling

a) Level 3
b) Level 2
c) Levell

3. Line Models — All Levels
4. Simulation vs. Measurements

5. Conclusions and Further Works

Exploration of Use-Case-Dependent Modeling Approach
for Distributed DC-Grids - Melanie Lavery
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Block diagram for converter model:

Current controller Gp

Modular Approach: : __________________ D _f ____________________ - i
Converter components | T G A N Garoop ot i
are grouped into / fitset i
functionally independent | “““““““““ / mm“S_(_:é_Ii_rié “““““““““““““““ |
subsystems | functions )
N R e, ) e [ |
Switched-Inductor [ o
Stage G, | Gir |
Individual sub- / O Zom [ mm
m) systemscanbe LU N S TO“t'aﬂd Inport
Buck _ P capacitor

changed easily

Block Diagramm of Level 3 Buck converter model
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Averaged switch-mode converter modeling:

'iL A [ I [
IL,ma.x T l : :
. . . . 17, max ‘7'/:\ +r J\_:/—é
= Switched-inductor current i, (t) is ot N L~
averaged for one switching period Ts: 0 | ~, Lt
1 '[,JLIEO 5] to 'TS + 1o
I, =—[ i (t)dt p |
TS 'l‘|1 | I
L d (’[2 !
. L Vo dy —dy —
= Switch modulation is represented by the 0 SR R
duty ratios: o2 1
ton ton — CCM
d; = T;Tl and d, = T'STZ )2 4 : : DCM
to 3] to  Tg+tg

Time dependent and averaged currents and voltages
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Equivalent circuit of power stage model:

Inport voltage: Switched-inductor current: QOutport voltage:
Determined via inport Determined via port Determined via inductor
and inductor current: voltages and d; and d,: and outport current:

— lC,indt ; =fﬁdt ’ _ iC,outdt
Cin Cin L L C,out Cout
iC' =i, — i - d1 vL:vin'dl_vout'(dl-l_dZ) i =i — i
,n 1n d1 + d2 C,out out L

L . Ry,

?'-C._in i':Cf.n:rut
; ‘Vout
Un - d-1 :
m - d l<> < L@y

Uin . dy : : . Vout,
dy+d2 - 1 :
: GirL ;
r — : —_ :

= : = = : = = \j

-l

Equivalent Circuit of the Level 3 power stage

&IEEE s

Advancing Technology % ELECTRONICS SOCIETY
for Human.r'ty Powering a Sustainable Future

. i i . s =mam
Explo'rat{on of Use Cqse Depende'nt Modeling Approach |E Albll B me o 8/17
for Distributed DC-Grids - Melanie Lavery (I//a\ - . .-




% International

Conference on

Buck CONVERTER MODEL — LEVEL 2 i DC icrogrids

Block diagram of converter model:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

= Simplified current
control dynamics

Uout

Gdroop

= Dynamics of closed OO L o J A v
inductor current o
control loop : ~iem | o

iL B iconv B S T‘i‘ C,in L : : Uin
, = = Geonv ooweremee o 0 T e L
lL,set lOU.t,Set Buck Converter

Tout %in

Block diagramm of Level 3 buck converter model
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Equivalent circuit of converter power stage:

lout

_— i
= Switching-stage currents are JMn ut
determined via droop-control set } feom O“‘; éC,out}

current and simplified current control
loop dynamics: Uin

Uout
?/Cunw Jin

lconv,in — M - IDroop,set ° Gconv G eony

lconv,out = lDroop,set°GconV e T :
Equwalent circuit of the Level 2 power stage

= Droop-control as well as in- and

m) No differentiation between outport capacitor dynamics remain
DCM and CCM unchanged
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Buck CONVERTER MODEL — LEVEL 1 = 5 Microsrae
Equivalent circuit of converter power stage:
= Current control and switching dynamics __%n lout
reduced to transmission ratio !

Vout
M = Rin i Udroop,out
Vin

Vin Uout

= Qutput voltage is determined by tout - M
droop-control and output current v = = = v
Vout = iout . GDroop Equivalent circuit of the Level 1 power stage
" Input voltage is determined via Rjy: Limited interaction between
Vin = Rin " (in = lout - M) =) out- and inport
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LINE MODELING

Equivalent circuits of line models:

5 51 Tl T R I

lvl o Tla( v{ lvl 1 sz'

Equivalent circuit of the Level 3 line model Equivalent circuit of the Level 2 line model

L evel 3line models: L evel 2 line models:

T-style lumped element model: Capacitances are omitted:

V1 — Uy — 7y

i2= R’ l i2= R -1
2 i = —i
V1 — v — Vg 1 2
L = /
7.
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Equivalent circuit of the Level 1 line model

Level 1 line models:

Only resistive behavior:
: V1 =V
2TTROT

2

i1=
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Verification of simulated system behavior

]

Vgusgar = 380V

Cable
= Four converters =1 pc ¢ lc=7m  ConverterC
et iy r
« Two droop-controlled source converters 21 pc ¢ | == (P < 12
5] =¥
(Converters A and B) Converter A Cable J O DC |~

« Two constant power load converters lp=20m
(Converters C and D)
(9] L
= Short circuit at outport terminal of 5 . z | Cabllle Comverter D
I =11m
Converter Awith R,. = 10 mQ i ; D
onverter B Cable ° DC -
S ¢ DC | |

= Current i, and voltage vy, at bus bar

connection of Converter A Couta = 33 UF, Courp = 226 WF, Cinc = 33 uF, Cijpp = 153 pF
RDroop,A =6 (), RDroop,B =2, Pset,C =1kW, Pset,D = 2kW

L'=1p=, R'=075m-
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Scenarios for different simulations of transient behavior

: : . 400 T : : 1200 400 T - - 1200

400 + ceee- Measured H 1200 -—----- Measured R ------- Measured
- : —— Simulated | < = —— Simulated - > —— Simulated [ =
= B L e Voltage i = e Voltage 5 g e Voltage k=
2 : e Current = o 200 e cCurrent []900 = o 200 e cCurrent [|5% z
200 | 600 8 = 2 = 2
S 5 2 | S 2 S
A g2 2 o— 0 & B o W\ NS G-

) ~0
| | | | ] ] i | | | ] ] ] ] |
0 1 2 3 0 1 2 3 0 1 2 3
Time in ms Time in ms Time in ms
Setup I: Setup Il: Setup llI:

Level 2 Converter Model and
Level 3 Line Model

Level 3 Converter Model and
Level 2 Line Model

Level 1 Converter Model and
Level 1 Line Model

=

- Intended Use Case:
Fault Behavior Analysis

Intended Use Case:

- Intended Use Case:
Power Flow Analysis Sy

stem Stability Analysis
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Result comparison for measured 151 A%s short circuit

: : 400 | | : : 1200 400 : : : 1200
400 ------- Measured [ 1200 - Measured B - Measured
- : —— Simulated || - = n —— Simulated . o —— Simulated =
s | T e \Voltage £ E e Voltage = E * \Yoltage A
oy : e Current s g 200 - : e Current ||z g 200 - o Current [|990
200 - 600 B = ‘ R z
2 S S = S
: g & o 0 & & o R o 2
e 0
] ] ] ] | | I | | | | | | | |
0 1 2 3 0 1 2 3 0 1 2 3
Time in ms Time in ms Time in ms
Setup I: Setup Il: Setup llI:
Outport voltage and current have Outport signals closely matches Outport signals closely matches
no dynamic behavior the measured signals the measured signals
o I?t =144 A’s e J?t =150 A%s
* Oscillations subside within the * Oscillations are much less
same time damped
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- 10 %________ﬂ___l _II__ I — Simulated - 10 §_ === I : I —— Simulated |5 . 10F I —— Simulated
s - TR - — - Measured z e --- Measured [ 7 - - — - Measured
= 1k S = 1E == = €
ﬂ § \\K\_\h-:,__::—___ —1 jE—— ﬂ § \\\wz i §
0.1k imal i i — 0.1kt  — —— I o i i  — ——  — 0.1 —
l:}D_ T T (mmn ] gD_ T T—] T  m— g.D —]
- 45 == - 45 C == - =
'-E 0= !F:J-"" — ,.E 0 == /,_/"d;f;’ - .l': 43 |
s OpF=—— e - === [ = z
-45 |- T 1T et = 45 - T n -45 |- =
—'{}D— i -  ———— —] —gD_  ——— 1  ——— [ — —"}D—  — I  — —— -  ——— - —]
10! 102 107 104 10! 02 10° 104 10! 102 10° 104

Output Impedances of Setup Ill:

Frequency f in Hz
Droop resistance Rproop = 4 Q

Frequency f in Hz

Droop resistance Rprgep = 2 2

« Generally match the measured characteristics well

« Discrepancies around the drop-off frequency of the droop-control
« Best concordance for smallest droop resistance
¢IEEE sl | |
Advancing Technology L TeoNics socrery Exploration of Use-Case-Dependent Modeling Approach E 8 &= a=
for Humanty % e for Distributed DC-Grids - Melanie Lavery |I1|:/A/%\\U = == o 16/17

Frequency f in Hz
Droop resistance Rproop = 1 Q




International
Conference on

]

CONCLUSIONS AND FURTHER WORKS i DC icrogrids

Initital verification of DC models in DC grid

Reasons for discrepancies must be investigated and models optimized
Computational Efficiency: Computation vs. simulation times evaluated

Setup | behavior suitable for Power Flow Analysis

Transient behavior of Setup Il suitable for Fault Behavior Analysis
« Current and voltage overshoot is too large
« Dynamic behavior closest to measured behavior

Impedance characteristics for Setup Il suitabile for System Stability Analysis
« Models overall match the measured impedance characteristics with small differences of ¢
« Slight discrepancies can be mitigated by adjusting analysis margins
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