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On Energy Control:

— DC current should not be left uncontrolled — risk of resonances and instabilities.
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— instead of insertion indices m> and mA.

Circulating and grid current dynamics become linear,...
and introduce a significant degree of decoupling.

— (which will be exploited later to obtain a simplified model)
e Energy variables wg, wé become more suitable for capacitive dynamics.
— instead of the voltage variables vg and vé
— Result: A partial feedback linearized model of the MMC (only valid under CM).
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G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Energy-Based Stats ion of Modular Multilevel Converters with a Constant ilibrium Point in Steady-State
Operation," in IEEE Transactions on Power Electronics, vol. 33, no. 6, pp. 4832 4851 June 2018.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16/16




. -

DC and AC Current Roles: Extra Degree of Freedom ‘




. -

DC and AC Current Roles: Extra Degree of Freedom ‘

— Traditional Approach: AC Current controls the DC voltage

D] 2=

I
DC Grid-side Current Dynamics :: Energy Balance Dynamics :: AC Grid-side Current Dynamics




. -

DC and AC Current Roles: Extra Degree of Freedom ‘

— Traditional Approach: AC Current controls the DC voltage

D] 2=




. -

DC and AC Current Roles: Extra Degree of Freedom ‘

— Traditional Approach: AC Current controls the DC voltage




. -

DC and AC Current Roles: Extra Degree of Freedom ‘

— Traditional Approach: AC Current controls the DC voltage




. -

DC and AC Current Roles: Extra Degree of Freedom ‘

— Traditional Approach: AC Current controls the DC voltage




!Conclusions

DC and AC Current Roles: Extra Degree of Freedom ‘

— Traditional Approach: AC Current controls the DC voltage

r
' ' : ' :
| > : o '
| 3 L Ve s ! . A :
Lo Cac + ol O/N| ¢ I . J-whyiy '
‘ﬂd Vde 2 ”MZH vc: " Ui dq VGdg |
. : '
1 } . |
' ' '
| DC Grid-side Current Dynamics "1 Energy Balance Dynamics "1 AC Grid-side Current Dynamics '

,,,,,,,,,,,,,,,,,,,,,, [l & G 4 i i ol

Gilbert Bergna-Diaz

TU Delft, 20 April 2018

Y

16/16



!Conclusions
. o

DC and AC Current Roles: Extra Degree of Freedom ‘

— Traditional Approach: AC Current controls the DC voltage

J-wLsig,

VGdq

|
DC Grid-side Current Dynamics '\ Energy Balance Dynamics '+ AC Grid-side Current Dynamics

,,,,,,,,,,,,,,,,,,,,,, [l S g A



!Conclusions
. o

DC and AC Current Roles: Extra Degree of Freedom ‘

— Traditional Approach: AC Current controls the DC voltage

onl

‘ﬁ’gz

I
DC Grid-side Current Dynamics " Energy Balance Dynamics




MMC Small-Signal Modelling

I—Conclusions

DC and AC Current Roles: Extra Degree of Freedom

— Traditional Approach: AC Current controls the DC voltage

1)

— Alternative Approach: DC Current controls the DC voltage

DC Grid-side Current Dynamics

s

FOLLOWER

i
on| g

UG

—

Energy Balance [Dynamics

Grid-side Current Dynamics

LEADER

MMC Small-Signal Modelling

TU Delft, 20 April 2018




MMC Small-Signal Modelling

I—Conclusions

DC and AC Current Roles: Extra Degree of Freedom

— Traditional Approach: AC Current controls the DC voltage

1)

— Alternative Approach: DC Current controls the DC voltage

DC Grid-side Current Dynamics

s

FOLLOWFR}—

i
on| g

UG

—

Energy Balance [Dynamics

Grid-side Current Dynamics

LEADER

MMC Small-Signal Modelling

TU Delft, 20 April 2018




MMC Small-Signal Modelling

I—Conclusions

Y

DC and AC Current Roles: Extra Degree of Freedom
— Traditional Approach: AC Current controls the DC voltage

1)

DC Grid-side Current Dynamics

) CLL;

1&

Energy Balance

Dynamics

Grid-side Current Dynamics ‘

LEADER

MMC Small-Signal Modelling

TU Delft, 20 April 2018 16/16



MMC Small-Signal Modelling

I—Conclusions

Y

DC and AC Current Roles: Extra Degree of Freedom
— Traditional Approach: AC Current controls the DC voltage

1)

DC Grid-side Current Dynamics

) CﬂL;

—

UG

Energy Balance

Dynamics

Grid-side Current Dynamics ‘

LEADER

MMC Small-Signal Modelling

TU Delft, 20 April 2018 16/16



. -

DC and AC Current Roles: Small-Signal Analysis ‘

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of using circulating currents instead of AC-currents to control the DC voltage in MMC HVDC
terminals,” 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8.



. -

DC and AC Current Roles: Small-Signal Analysis ‘

— AC Current — vg,

(G ot G Dy

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of using circulating currents instead of AC-currents to control the DC voltage in MMC HVDC
terminals,” 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8.



. -

DC and AC Current Roles: Small-Signal Analysis ‘

— AC Current — vg,

b

— DC Current — vy,

[ A4—— ) FOLLOWER\—

5%

5 b Gt Com e

DC Gritwile

LEADER I

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of using circulating currents instead of AC-currents to control the DC voltage in MMC HVDC
terminals,” 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, W1, 2016, pp. 1-8.



!Conclusions

DC and AC Current Roles: Small-Signal Analysis ‘
— AC Current — vg,

-

b

— DC Current — vy,

[At— 4/ FOLLOWERH\—

Aq|Grid-vide Current Dynamics

LEADER I

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of using circulating currents instead of AC-currents to control the DC voltage in MMC HVDC
terminals,” 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8.



!Conclusions

. -

DC and AC Current Roles: Small-Signal Analysis ‘
— AC Current — vg,

-
e
-
E -
 —
i
_Aq G G Dycs
-
5 ® = > B E:
Ro
LY
°
E
)
DC Gt er Bl | Grid it Corrnt Dy
LEADER L1 e
® 0 » d B W

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of using circulating currents instead of AC-currents to control the DC voltage in MMC HVDC
terminals,” 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, W1, 2016, pp. 1-8.



!(':Onclusions

DC and AC Current Roles: Small-Signal Analysis ‘

— AC Current — vg,

-
| S - -
o /B e
?? =
L~
s Aqon v Goron Dywmies
-

Re

Very Nonlinear: Complicated Tunning.

— DC Current — vy,

(Y

FOLLOWER$ —

AR AV e 5
|~

DC Grid-sde Curent Dy A Gridvide Curvent Dynamics

LEADER I

[ 4

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of using circulating currents instead of AC-currents to control the DC voltage in MMC HVDC
terminals," 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8.



!(':Onclusions

DC and AC Current Roles: Small-Signal Analysis ‘

— AC Current — vg,

-
| S - -
o /B e
?? =
L~
s Aqon v Goron Dywmies
-

Re

Very Nonlinear: Complicated Tunning.

— DC Current — vy,

(Y

FOLLOWER$ —

AR AV e 5
|~

DC Grid-sde Curent Dy A Gridvide Curvent Dynamics

LEADER I

[ 4

® 0 » d B W

Re
Less Nonlinear: Simpler Tunning.

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of using circulating currents instead of AC-currents to control the DC voltage in MMC HVDC
terminals," 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8.



. -

DC and AC Current Roles: Small-Signal Analysis ‘

— AC Current — vq, - Aé {A)Av+ B - Au
=
. - AC aF =)
- Lo e Energy Buffer 5
= A= ) =
T Errr—— o
s covPLING | DG
.

Very Nonlinear: Complicated Tunning.

— DC Current — vy,

LY
FOLLOWER$ —
—iﬁ\o E S
T \
DC Grid s Carrent Dynamics 4] Grid-zide Curvent Dimamics
LEADER | I )

® 0 » d B W

Re
Less Nonlinear: Simpler Tunning.

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of using circulating currents instead of AC-currents to control the DC voltage in MMC HVDC
terminals," 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8.



!Conclusions
. o

DC and AC Current Roles: Small-Signal Analysis ‘

— AC Current — vq, - Aé {A)Av+ B - Au
S
. - AC aF =)
- - Energy Buffer 5
= A= ) =
T Errr—— o
s covPLING | DG
.

Very Nonlinear: Complicated Tunning. Coupled Matrix: Possible Interactions

— DC Current — vg,

(Y

FOLLOWERH|—

Aq|Grid-vide Current Dynamics

LEADER | I )

® 0 » d B W

Re
Less Nonlinear: Simpler Tunning.

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of using circulating currents instead of AC-currents to control the DC voltage in MMC HVDC
terminals," 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8.



!Conclusions
. o

DC and AC Current Roles: Small-Signal Analysis ‘

— AC Current — vg, - Ai Az 1 B-Au
&)
. - AC+ | =
- . Energy Buffer 5
= A= ) =
T Errr—— o
s COUPLING | DC
N
Very Nonlinear: Complicated Tunning. Coupled Matrix: Possible Interactions
— DC Current — vg, ~ Aé {A)Az+ B Au
At—— /. FOLLOWERH\ — o
: iy . 5 AC + 5
()’ N - 2 Energy Buffer 5
; A= S
fpr: Fre—r— QO
LEADER I v
6 o x> 2 B w0 (emp t?”) DC

Re
Less Nonlinear: Simpler Tunning.

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of sing circulating currents instead of AC-currents to control the DG voltage in MMC HVDG
terminals,” 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, W1, 2016, pp. 1-8.



!Conclusions
. o

DC and AC Current Roles: Small-Signal Analysis ‘

— AC Current — vg, - Ai Az 1 B-Au
&)
. - AC+ | =
- . Energy Buffer 5
= A= ) =
T Errr—— o
s COUPLING | DC
N
Very Nonlinear: Complicated Tunning. Coupled Matrix: Possible Interactions
— DC Current — vg, ~ Aé {A)Az+ B Au
At—— /. FOLLOWERH\ — o
: iy . 5 AC + 5
()’ N - 2 Energy Buffer 5
; A= S
fpr: Fre—r— QO
LEADER I v
6 o x> 2 B w0 (emp t?”) DC

.
Less Nonlinear: Simpler Tunning. Block Triangular Matrix: NO Interactions

G. Bergna-Diaz, J. A. Suul and S. D'Arco, "Impact on small-signal dynamics of sing circulating currents instead of AC-currents to control the DG voltage in MMC HVDG
terminals,” 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, W1, 2016, pp. 1-8.



. -

MMC Energy Buffering Capabilities Revealed ‘




. -

MMC Energy Buffering Capabilities Revealed ‘

— The simplified model prowdes insight on MMC energy bufferlng features

DC Grid-side Current Dynamics 3} Energy Balance Dynamics ‘. AC Grid-side Current Dynamics

______________________ oo DR PRAReE TYRATE o L L DT T T



. -

MMC Energy Buffering Capabilities Revealed ‘

— The simplified model prowdes insight on MMC energy buffenng features

DC Grid-side Current Dynamics 3} Energy Balance Dynamics ‘. AC Grid-side Current Dynamics

______________________ oo DR PRAReE TYRATE o L L DT T T

— Decoupling DC-Grid Dynamics = v¥}, designed independent of the £nergy
Balance and AC Grid-side dynamics. For example:



. -

MMC Energy Buffering Capabilities Revealed ‘

— The simplified model prowdes insight on MMC energy buffenng features

DC Grid-side Current Dynamics 3} Energy Balance Dynamics ‘. AC Grid-side Current Dynamics

______________________ oo DR PRAReE TYRATE o L L DT T T

— Decoupling DC-Grid Dynamics = v¥}, designed independent of the £nergy
Balance and AC Grid-side dynamics. For example

' 5
R PT R




. -

MMC Energy Buffering Capabilities Revealed ‘

— The simplified model prowdes insight on MMC energy bufferlng features

DC Grid-side Current Dynamics 3} Energy Balance Dynamics ‘. AC Grid-side Current Dynamics

______________________ oo DR PRAReE TYRATE o L L DT T T

— Decoupling DC-Grid Dynamics = v¥}, designed independent of the £nergy
Balance and AC Grid-side dynamics. For example:




. -

MMC Energy Buffering Capabilities Revealed ‘

— The simplified model prowdes insight on MMC energy bufferlng features

D =

DC Grid-side Current Dynamics 3} Energy Balance Dynamics ‘. AC Grid-side Current Dynamics

______________________ oo DR PRAReE TYRATE o L L DT T T

— Decoupling DC-Grid Dynamics = v¥}, designed independent of the £nergy
Balance and AC Grid-side dynamics. For example:




!(':Onclusions

MMC Energy Buffering Capabilities Revealed

— The simplified model prowdes insight on MMC energy bufferlng features

Al
D =

DC Grid-side Current Dynamics 3} Energy Balance Dynamics ‘. AC Grid-side Current Dynamics

______________________ oo DR PRAReE TYRATE o L L DT T T

— Decoupling DC-Grid Dynamics = v¥}, designed independent of the £nergy
Balance and AC Grid-side dynamics. For example:

%Qamﬂ@am




. -

MMC Energy Buffering Capabilities Revealed ‘

— The simplified model provides insight on MMC energy buffering features
MASTER. 2

SLAVE

S !—@9
> /_r @ @'M Y

DC Grid-side Current Dynamics Energy Balance ngamzcs AC Grid-side Current Dynamics

— Decoupling DC-Grid Dynamics = v¥}, designed independent of the £nergy
Balance and AC Grid-side dynamics. For example:

w%@#@a P




!Conclusions
. o

MMC Energy Buffering Capabilities Revealed ‘

— The simplified model provides insight on MMC energy buffering features
MASTER. 2

SLAVE

S !—@9
> /_r @ @'M Y

DC Grid-side Current Dynamics Energy Balance Dynamzcs AC Grid-side Current Dynamics

— Decoupling DC-Grid Dynamics = v¥}, designed independent of the £nergy
Balance and AC Grid-side dynamics. For example:

%Qamﬂ@am

— de to control the energy-dynamics
through the AC-side active current.



!Conclusions
. o

MMC Energy Buffering Capabilities Revealed ‘

— The simplified model provides insight on MMC energy buffering features
MASTER. 2 SLA\/E

= Q
+ C/N j-wLsid N
s, b
Bt Vde 2-upp) () Uity UGuq
DC Grid-side Current Dynamics Energy Balance Dynamzcs AC Grid-side Current Dynamics

— Decoupling DC-Grid Dynamics = v¥}, designed independent of the £nergy
Balance and AC Grid-side dynamics. For example:

”‘HCT)OH Pl

v " Py
L DC Voltage Droop 11 _ Outer DC Pouer L D L e ey, Clrndating &
— de to control the energy-dynamics J, :' | D) |
through the AC-side active current. T e T !
1w, 3: K |
| Outer Energy Loop '\ Inner AC-side Active Current Loop i



	Introduction
	MMC Modelling for Time-Invariance
	Energy Control for Stability Improvements
	Conclusions

