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Introduction _

The power electric system is facing a huge challenge with the
increase of power electronic converters in the transmission system.
In fact, the challenges are many fold.

On this challenge is the question of the definition and
characterization of the devices which are connected to the grid



Introduction _

With a simple system : the things are clear

Example of a resistance R ug = R ig

URr

There is no debate, the equation is accepted by every body.
It is quite easy to characterize this device.
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With a the synchronous machines, the things become less easy
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= S, Not that easy to characterize all the elements

More over, there is a control which is applied to this machine

There are some standard IEEE controls DC, AC, SS ...

But it is known that a lot of industrial controls are different from this standard control.



Introduction _

With a the synchronous machines, the things become less easy

The generic dynamic behaviour of the synchronous machine it

_ self is well known
axe fixe

—> S,

The control can modify it (e.g. PSS) but it doesn’t change the
overall behavior since the inherent electromechanical

behaviour has still a very strong influence on the final dynamic
behaviour
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With the power electronic converters, the things are coming even much more difficult

E3

Unf, e The aim of the low level control is to obtain:
|L0w level contr01| |
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If so, the power electronic converter converter can be considered as a perfect gain.

Its own internal dynamic can be neglected.

This is not 100% true but it gives the general trend.
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The dynamics of the system mainly depends on the high level converter. An in the real life, this block is
nearly a black box
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For the transmission system application, TSOs are writing grid codes. But there are not allowed to impose
any specific control, they can only specify some requirements.

This has been done in the 15t version of ‘RfG’ grid code but the 2" version of the grid code will have to
include the complex question of grid forming
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High Penetration of Power Electronic
Interfaced Power Sources and the Potential
Contribution of Grid Forming Converters

SO Entsoe + other stakeholders have published a document

with a list of functionnalities for the grid forming

Creates system voltage (does not rely on being provided with
firm clean voltage)

e Contributes to Fault Level (PPS & NPS within first cycle)

e Contributes to TSI (limited by energy storage capacity)

e Supports system survival to allow effective operation of LFDD
for rare system splits.

e Controls act to prevent adverse control system interactions

e Acts as a sink to counter harmonics & inter-harmonics in
system voltage

e Acts as a sink to counter unbalance in system voltage
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Germany

UK

GC0137: Minimum Specification Required for Provision of GB
Grid Forming (GBGF) Capability (formerly Virtual Synchronous
Machine/VSM Capability)

N

y 4
T OsMesE

OPTIMAL SYSTEM-MIX OF FLEXIBILITY
SOLUTIONS FOR EURCPEAN ELECTRICITY

FNN Guideline: Grid forming Grid-Forming Inverters: Are They the Key for High Renewable Penetration?
behaviour of HVDC systems and |IEEE Power Magazine 2019 J. Matevosyan; B. Badrzadeh; T. Prevost; ....

DC-connected PPMs

© VDE|FNN

Supplement to VDE-AR-N 4131 for dynamic frequency/active power o000
behaviour and dynamic voltage control without reactive current
specification

Uncountless different specifications of grid forming

None of them are a real precise definition


https://ieeexplore.ieee.org/author/37077651000
https://ieeexplore.ieee.org/author/38485196800
https://ieeexplore.ieee.org/author/37085690717
https://ieeexplore.ieee.org/author/37888467500

Introduction _

One common characteristics : A voltage source behind an inductance

In standalone situation : this definition can be considered as sufficient.

In grid connected : the voltage source has to be driven.

Proposal for a definition of grid connected - grid forming

A grid connected grid forming principle is based on the control of
the active power with a voltage angle.

From this definition, it is possible to derive the fundamental grid
forming control



Outline of the presentation _

1 — Presentation of 2 main controls deduced from this fundamental definition
2 — Application to MMC based HVDC link

3 - Conclusion



Simplified modelling of the power electronic converter

Let’s start from a simplified representation of a VSC
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Let’s represent this system by a single phase steady state modeling

]X I; PCC ng

200 > | L)
l‘/} V, V.
Vm:Vm ejam ]_(g =VgeJSg I7e=]/eej66

As said before, we consider that

(vma>Ts ~ Um,
(vmb>TS ~ vma

(vmc)Ts ~ Um,

This VSC is a « driven voltage source »



From this single phase phasor modeling of the system, it B
can be derived three different formula for the active power Vim
I,=1,e7? P=V,I,cos(¢p) JXCT
iX, I PCC 71X .
W > I fm ngIg
L L L — .\_ ............................ —
U = Vyy €35m v, =V, el Ve ="V, el o
VgV VoV .
= 4 Zgj — P=_—"—=sin(6,, — 6

c

From this formula, it can be deduced that the active power can
The converter can control the angle 6. be controlled thanks to the difference between &, and §, or
6, and &,



P = VgIg COS(d)) The control of the active power supposes to drive the current I, in phase

and magnitude. A current loop and an information on the grid voltage
angle is needed.

p= VgVin . 5 5 The control of the active power is directly linked with the modulated
D, ¢ Sln( m .9) voltage angle difference of angle between &,, and d, An information on
the grid voltage angle is needed
— Ymle sm(6m - 63) The control of the active power is directly linked with the modulated

X +Xg

. voltage angle difference of angle between §,,




18t solution : Power control with an information at the PCC _

Phasor quasi static model

First solution for the control :

]Xc I_’
. g
Use of an estimate of the voltage —0000° —> VgVm .
angle at PCC } , P = Sln(Sm - g)
Vin l Vg X T

(o}

Phasor angles

Dynamic EMT model
Le iga
Uma(t) = Vm\/i Sil’l(wbt + 6m)= Vm\/7 Sln(em) A UTZG Zgl‘: ‘ Ue; Vga(t) - Ve\/i Sln(wbt + Sm) - Vgﬁ Sll’l(gg)
vy () = VN2 sin(wyt — 2/3 + 6,,) = V,NZsin(6,, — 21/3) Um&mzy\ o Ver Ven(t) = VeV2sin(wgt + 6, — 21/3) = V2 sin(6, — 2m/3)
Vme() =V, V2 sin(wyt — 41/3 + 6,,) = V,,V2sin(6,, — 41/3) e e Vee(t) = VoV2sin(wgt + 6, — 4m/3) = V2 sin(6, — 41/3)
Vma(t) = VW2 sin(0, + 1) P _ Vg Vm . 8
In steady state : w;,= wWy= Wy ‘ D (8) = V2 sin(6, — 2/3 + 6,,) X,

Ve (£) = Vy V2 sin(0, — 41/3 + 6.,,) Time domain angles



18t solution : Power control with an information at the PCC _

The converter controls the instantaneous three-phase modulated voltage vy, , in
magnitude 1/, and angle 6,

p - Vng

sin(6py — 6,) = Vngsm(w) In order to control P, an information on 6, is needed

C

Uma(t) = Vm\/E sin(6y,)

i () = Vo2 sin(By, — 21/3) Ve

U;;w- (t) = Vm\/E sin(@m - 4”/3) |LOW level controll
B Iy
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> UdcT:: Cic A’Umb iy, AUg,
E /\/ /3000 > Vep (t) = VoV2sin(wyt + 6, — 21/3) = V,V2sin(6, — 2m/3)
E Umc Ugc

VSC - == - == Vec(t) = VW2 sin(wgt + 6, — 41/3) = I(gx/i sin(6, — 4m/3)



18t solution : Power control with an information at the PCC _

The control can be implemented in Park frame

) . ~ . ) . * _ ~ *
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18t solution : Power control with an information at the PCC

The steady state model is correct but the o i AN~
poorly damped poles of the system induce o4 NE10

02 v U, 010 v
an oscillatory behavior for the systems B R -

It can be demonstrated that :

. 1

L 2
¢ (Rc+w—‘;s) + (Lo wp)?

V4
AP ~ -2

A8,

It is possible to damp this system by

0.7

In transmission system R, < L w,

adding a damping resistance thanks to the control




18t solution : Power control with an information at the PCC
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A virtual damping resistance is introduced in the control AVSa= Ryiga  AVig = Rylgq

To cancel its effect in steady state, a washout filter is added AV = a)—-l-sRvigd Avpmg= ————Ryigyq
TVR



18t solution : Power control with an information at the PCC _

Without damping With damping
resistance resistance
P
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R, =0.09 wf=60rad/s

The system with a damping resistance behaves nearly as the quasi static system since the oscillatory poles are damped



18t solution : Power control with an information at the PCC
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18t solution : Power control with an information at the PCC _

This open loop control would not be reliable enough in practical application. Hence, a closed-loop control is implemented

Open loop control g
g
vg—{ PLL O

*
P —

Vg — PLL

Closed loop control

P > m




18t solution : Power control with an information at the PCC

0,
vg —| PLL
vy 0* P
Pr e o & =
s

It possible to obtain P = P™ in steady state

K has an in influence on the closed loop dynamics.
The dynamics cannot be choosen too high due to the assumptions which have been done on the model.

This control is robust against grid impedance variation since this impedance has no influence in the simplified model.

In practice, the short circuit ratio may have a slight influence on the active power dynamics



2nd golution : Power control with no information at the PCC

7 PCC

]Xc ]Xg
T —n

V, =V, elom

il

Let’s suppose that no information is available at the PCC. p= VinVe Sln(5 —5) = VmVe
e

Let’s suppose that the Thevenin equivalent angle is known. X +X X +

xg Sn(p)

The active power is controlled thanks to the difference of angle between 1/,, and 1/,



2nd golution : Power control with no information at the PCC

The control is implemented in Park frame, a transient virtual impedance is added.
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The grid impedance X is involved in this model o
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control



2nd golution : Power control with no information at the PCC

Open-loop
control

S i
y g* | Y v :
* m . Vi Ve |
p > P AT
I
| .

As expected, the gain of the model is
depending on the SCR

0.45
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Po3st
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0.15
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0.05

-0.05

_ SCR=20

0.2 0.4 0.6 0.8 1

R, =01 ws=60rad/s

X, =0.05 pu

X, =0.5 pu



2nd golution : Power control with no information at the PCC

V.. V. I
> XX, —

Open-loop |

control | Power model !

As previously, in practice, this open-loop control would not be reliable enough. A closed-loop system is compulsory

w 0, . : .
1—» JSZ 0, It is not possible to place some sensors on the Thevenin
A S equivalent voltage as previously on the PCC voltage.
. Sty n ANOL Y '
P my |2 WJSZ o : > X‘Z"jr‘)/gg E» i _ . . . _ _
: : A first solution to estimate 8, is a simple integrator as

i mentionned on the figure.




2nd golution : Power control with no information at the PCC _

Y - 6, This control can be presented in another way.
i e e , It highlights w,,,, the frequency of the modulated voltage
\ Swm | wp |wm  ANOE i In steady state w,,,= w
P mp_,Jsz ,é) s . P y m= Wy
| Powermodd i Hence, is steady state, it can be written
1 wg = Wy =1+ my(P*—P)
In another way :

1 0. — D*

AT | P=P +1/mp(1—awy)
P* m 5wm Wm WJZ e;knl % Vi Ve : P
’ s [T °C " AT This clearly a frequency droop equation. m,, is the

|

Power model ! frequency droop coefficient.

Problem of this type of control : coupling between the frequency droop and the closed loop dynamics.



2nd golution : Power control with no information at the PCC

Two solutions exist to solve this issue.

The first one consists in using an estimate of the grid frequency in the control

P V.. V. I P
X.+ X,

1 p@ 1 *
—. » = - m
"I ’ i

Power model !

1+7s <

In steady state ag = wy, Hence P = P*

m,, gain is calculated with respect to the closed loop dynamics

If required, it is possible to add an external frequency droop with a dedicated droop coefficient 1/R



2nd golution : Power control with no information at the PCC

The second one consists in adding a second integrator in the loop.
In steady state w,, is constant and equals to w,

Hence the input of —=0 P=PpP"
2Hs

et i
: P
N wm | W g ! ¥ p :
P . » =D = ;»é 2B ot m
2Hs s : X ]
|
|

Doing so, an inertial effect is embedded since it can be written P* — P = 2H dw,,,/dt

Which is the same type of equation as the « swing equation » in the synchronous machine



2nd golution : Power control with no information at the PCC _

SN -,
* P .
P 1 | Wm Om . - Vi Ve |
D e by i XA T
! i
| :

This a second order system with a null damping.

« |&

A damping effect has to added

[
Vin Ve |
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|

* i . * ] Win
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P 2Hs " s > b=z : 2Hs
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Power model

Two possible solution is the Virtual Synchronous Machine Scheme (VSM)



Different variants on the grid-forming control : PI controler _

X.+X,

P* L
2Hs

|

p| VmVe L
|
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Power model

With the second solution, it is very easy to have a rigourous design of the controller
This is a 2"d order system — 2 parameters : natural frequency w,,, damping ¢

H is choosen by an external consideration (need of an inertial effect on the grid)

k, is the only degree of freedom of this control

The choice is to control ¢

w, IS a consequence, Hence the response time cannot be choosen



Different variants on the grid-forming control : PI controler _

: |

P* L : P v |
2Hs . XetXg I

| 3

: |

Power model

The response time depends on

H and the grid impedance X,

SCR=20 -




2 — Application to a MMC HVDC



Application to a MMC HVDC s

Transmission Cable

Sl 2 Ry, L, PCC2 _ [ e———— i, PCC1 By, Ly Grid 1
Y g0\ < T 2= —=2Ca| 777 > N ;
V) o1 ., —m——{"\y

\/\ C c /\/ vng TUel

Transmission Cable

1 — Grid forming and MMC
2 — Grid forming and DC bus control

3 — Grid forming and HVDC



Grid-forming control for MMC _

Active power
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Grid-forming control for MMC

Grid forming > Transf:r:iation - iq,ip,ic.
Control Control
, Balance
0 Algorithm
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2 solutions for the energy control

Energy loop : Full energy control
CCSCdq : No loops - the energy stabilize by it self at the good level



Grid-forming control for MMC _

Step on the active power

P_EB, P_CCSC, P_VSC

Full Energy Control — | —ee==oeen. ——reoso
0.6 An d / ® e L i
VSC / \
With a full Energy Control 055 Vi \\
the dynamics of the !
. . 05 i CCSCAa
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Application to a MMC HVDC I CH

Transmission Cable

Sl 2 Ry, L, PCC2 _ [ e———— i, PCC1 By, Ly Grid 1
Y g0\ < T 2= ==2Ca| T7° > Q0 ;
V) o1 ., —m——{"\y

\/\ C c /\/ /Ung Tvel

Transmission Cable

In an HVDC link, one converter is controlling the DC bus voltage, the other
is controlling the power flow

Is the DC bus control compatible with the grid forming control ?



Interaction between grid forming and the DC bus voltage control _
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Interaction between grid forming and the DC bus voltage control _

With the first type of grid forming control, the converter behaves as a power injector
Hence, it is possible to add an external DC bus voltage loop

" DC bus
y voltage control




Interaction between grid forming and the DC bus voltage control

With the second type of grid forming control, the actions may have contradictory effects

~

Wy

=

o DC bus
s voltage control

If the frequency decreases, P increases due to the inertial effect

In the same time w4, decreases so the output of the DC bus controller tends to decreases P*

The DC bus control tends to counteract the inertial effect.

It may work if the inertial effect is not too high (1s for example) but in case of stronger inertial

effect (5s for examplea, this will lead to instable behaviour



Interaction between grid forming and the DC bus voltage control _
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Conclusion : it is very difficult to control the DC bus voltage with a grid forming converter bringing inertial effect.
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Application to a MMC HVDC e

Transmission Cable

. PCC 1 R917Lgl Grid 1

2 — — Lgy
— b == o= —=20u| T -2 m——
CHERT A N b ] A = S=Q
Vg, Ve,

Transmission Cable

It is possible to have
A grid forming control (with or without inertial effect), on the station which controls the active power
A grid following converter on the station which controls the DC bus voltage

OR

A grid forming control (with or without inertial effect), on the station which controls the active power
A grid forming control with no or small inertial effect on the station which controls the DC bus voltage



Application to a MMC HVDC s

MMC 2 . . MMC 1
. Transmission Cable .
Camal 2 Ry, Ly, PCC 2 _ [ e—— . ; PCC1 Ry Ly, Gtel 1
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Storage —TC
Element —

If a strong inertial effect is required on both sides, a storage element is neeeded on the DC bus.

The storage element is controlling the DC bus voltage.
Importance of a good control of the level of energy in the storage.



Two mains types of grid forming control have been defined

1. One using a PLL
2. The other with no PLL

In the second case, two types of control

1. One with inertial effect
2. The other without inertial effect

The first control provides system strength but no inertial effect

The second control provides system strength and a possible inertial effect



Two mains types of grid forming control have been defined

1. One using a PLL
2. The other with no PLL

In the second case, two types of control

1. One with inertial effect
2. The other without inertial effect

For each control, there is a rigourous way to design the controller.

However in the second case, the response time depends on the grid impedance

In an extended version of the presentation, it is possible to show how to integrate a
current loop in this kind of control



Even if the industrial controls are not implemented as explained in this
presentation, this proposal could be help full to have a generic definition of the
grid forming control. It is also very easy to characterize the overall behaviour
of the grid forming converter.



The MCC behaves as an ideal VSC with grid forming control in case the energy is
controlled inside the MMC

It is possible to have a grid forming control on each side of the HVDC link

But if a strong inertial effect is asked on each side, a storage is needed on the DC bus



Thanks for your attention



