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* Question
— Traditionally, grid-tied inverters widely rely on a PLL ’
to align frequency with the grid, hence named grid- - -y P@
following (GFL)-IBRs. But,... ’ f
* PLLs -> de-stabilizers. i ‘
e PLL dynamics -> implicit inertial and damping coefficients. Power
Calculator

— To overcome the limitations, grid-forming (GFM)- Grid-Following (GFL)-IBR

IBRs have emerged. But,...
PWM I—)‘.JI<}

* may not always be the optimal choice:
P, 0 Power

Calculator

— a)resonances.

— b) hinder MPPT and require energy storage.

— Stable current-source behaved GFL-IBRs are not
often subject to these GFM-IBR issues and will likely
remain the dominant strategy for the foreseeable Grid-Forming (GFM)-IBR
future due to industry trends.
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* Literature review |
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— The above considerations have gained renewed [13] Li, Y. Gu, and T. C. Green, “Revisiting grid-forming and grid-following
interest in refining GFL controls. A promising direction  inverters: A duality theory,” IEEE Trans. Power Syst, Nov. 2022.

is to explore PLL-free approaches [13].

— Early efforts focused on direct power control (DPC). [16] S. Vazquez, et al., “Predictive optimal switching sequence direct

Yet, it lacks current controls to limit over currents [16].  power control for grid-connected power converters,” I[EEE Trans. Ind.
Electron, Apr.2015

— Voltage-modulated DPC [17] was proposed to address
[17] Y. Gui, X. Wang, H. Wu, and F. Blaabjerg, “Voltage-modulated direct

these issues. However, subsequent studies proved its _ ) N
o . o power control for a weak grid-connected voltage source inverters,” IEEE
vulnerability to grid frequency deviations. Trans. Power Electron., Nov. 2019.

— Drawing inspiration from GFM-IBRs, researchers 11N, Moh W 2 4B, Bahrani “Doubl )
explored active power-synchronized (PSC) GFL-IBRs [21]N. Mohammed, W. Zhou, and B. Bahrani, “Double-synchronous-
reference-frame-based power-synchronized PLL-less grid-following

[19-21]. But, the intrinsic w-P coupling remains a inverters for unbalanced grid faults,” IEEE Open J. Power Electron., Jun.
challenge. 2023.
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The w-P coupling led to the early exploration of PLL induces
reactive power-based synchronization (RPS). It
firstly used in formulate GFM-IBRs.

o Remove PLL?
stability issues

Yet, recent studies clarify that PLL-based GFL-IBRs . Exploring PLL-
also exhibit inherent Q-dominant synchronous Progress: free GFL-IBR
dynamics [13].

How to maintain a

. . . : stable current-source
This raises the question of whether the RPS should DPS -> overcurrent issues feature for integrating

be exclusively classified as a GFM method. PSC -> w-P couplings renewables?
Based on these ideas, this work introduces a PLL- \

free synchronization approach for GFL-IBRs.
Recent finding: PLL-based sync.
couples with Q dynamics

Is it possible to achieve sync. in GFL-
IBR using a Q-driven approach?




AC Capacitor-Based Synchronization

A

 What is the mechanism of the method?

_______________ SPRINT
1 1
p* DC-link ( \ e, PCCi I, e AC-side
— Vdc : Eabc —> Vabc  —> Uabc
.. .
1
Goor = Coo \
RES . S | Grid
IBR power stage: = = = Control |1 = =
Vdc : Iabc,vabc :
— The voltage across ac filter .
capacitor C;in s-domain is: (SCf + Gf + ]ch) V(S) — I(S) o Ig(S) (1)
V = Vel

— After substitution:
* The superscript " denotes

the rotation in dg-frame. (Scf + Gt + ijf) V= (I _ Ig) e—j9v =:I' — I; (2)
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 What is the mechanism of the method?

— The coupling between operating frequency and its - -
reactive power output (w-Q) in GFL-IBR is [7]: w = 891 = wawQ(S)Q (3)

* The subscript , denotes the signal base value.

SPRINT

* The symbol ~ denotes small-signal dynamics. ~ ~
+ @ phase angle of output current vector. Q-Vdroop: |/ = _nQ
*  Kyals): transfer function from Q to w.
*  Kyv(s): transfer function from V to w.

* n: Q-Vdroop coefficient. (I) — Séi — wawV(S)v (4)

RETRIENCE: e ———

[71Y. Gu and T. C. Green, “Power system stability with a high penetration of inverter-
based resources,” Proceedings of IEEE, Jul. 2023.
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* What is the mechanism of the method? lSPRINT
==~ =-Z=—=—=-—=—---- | For-===-==-==-=--- G TS mTSSssssooooooooooooooos \
: Of o :G ¢ _|_ ij’f 1 - - | Synchronous Machine !
: s%0;1+ sp=1" -1, (5) | :
: wp K v () Cwp Kuv(s) i N ({}(J‘)}) o
Tty T L__T___: T : 4 i
Inertia N7 Damping N /'7 resembles i Torque Torque !
term term N | !
k1 24 kb . i Swing Eqn |
1 1 \ |
Wh Wh N !
— Hence, by ignoring the coupling term jwC; for its minimal :’GFL'IBR i
influence, an expression for K ,,(s) can be: | I {) I !
| — o 2
Ct o~ Gy ~ kEy o~ kp ~ | ( e ) i
cg ei + Sei —_ — cg Oi + - 19 9i : |
W va (9) Wh va (9) Wh Wh | Torque Torque i
| » Eqgn. (5) i
Kov(s) = (sC¢ + Gr)/(sky + kp)  (7) T )
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A

° i i ?
What is the method mechanism?~ <SPRINT

~

o= sb; = w,Kov(s)V  (4) K.v(s) = (sCs + Gg)/(sky + kp)  (7)

S
o ke \ - (8
= (Cf + ?> V =. KSYN(S)V

— Eqn. (8) defines a synchronous controller for GFL-IBR based on

the ac capacitor dynamaics. _
How is the controller

i ?
— k, (inertial coef.), kp (damping coef.), and kg (virtual conductance) designed

are variable parameters to configure synchronous behaviors. 10
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 What is the control design?

SPRINT

I_ ______________________________________________ 1
! g _ w B wawV(S)V Synchronous controller |

P — |
- S S 8) : Termed ac capacitor dynamics-
1

Wi ka\ ~ ~ ' synchronized (CacDS) GFL-IBR.
| — Cir+— |V = KSYN(S)V : y ( )
! sky + kp S |
pP* DC-link AC-side
—> Vdc
2
Gdc p— Cdc
RES 1l 1 4 WM Grid
Vdc A Iabc, Vabc P <«— Power
i » dg/abc I calculation
1 g abc/dq A \v 1
DVC —> CC | v o
V. T [/ Iio] R A '
o ‘ Ot wt Synchronous |V | Magnitude

(a) controller calculation (b) Synchronous reference frame (SRF) |,
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- - -

* Does the CacDS control synchronize by balancing Q?

— From Eqn. (8), the CacDS control o r {) Iy i
. . . ! _> B A A _> ]
regulates V to achieve synchronization, : w |

SPRINT

reflecting a reactive power
synchronization (RPS)-based essence.

— Reformulate the dynamics in Eqn. (5)

into Eqn. (9) with reference to the Q ° * °Q, Q () Qg
. . —> —> —> e —>
rotor-swing equation: V | w

Cs A
Cy 20 4+ G + jwCi G =TT (5) 1 <« Torque Torque | (@)
wpKov(s)” 1 wpKuv(s) & y w
» EqQN. (8) —» s — Eqgn. (12)
Showing a reactive power
sync. (RPS)-based method ——— =05 p.u. 1‘5 Reactive power (p.u.)
______________________________ - = =[=1p.u. -~
g k | p P N
' |
. RJ D ' o+ - —> (b)
—sAw+ —Aw =0 — 9) | \_/U’ s
o o Q—-Qg (9 i O\ 2 /2 0. (rad)
| “
D ————————————————————————————— I ~ P 1

-~ - i 12
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 Why is the RPS a method for the GFL-IBR?

— When the current vector serves as the SRF phase reference, it
leads to the power equations:

P:=Ulcost;, Q :=Ulsinb; — X,I? (10)

ﬁsAw + k—Aw =Q—-Q: (9)

Wh

After linearization

k k ~ 5
e+ Bo = Qs — Uyl cos 00 + Lglgw (11)
Wh Wh

(b) Synchronous reference frame (SRF)

— Eqn. (11) reveals a negative damping
adversely impacts IBRs” damping when
grid weakens (i.e., L, grows).

ING'S
College
LONDON

— The RPS-based IBR behaves more likely a

GFL-IBR rather than a GFM-IBR in weak
grids, confirming a GFL design.

13
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 (Can the CacDS control be extended?

SPRINT
— Under the CacDS control, the constant ac (9i = _KSYN (S) (kchV — kQCAQ) (12)
voltage control (CAVC) is used for sync.. o |
! V :
— In practice, often three reactive-power controls : V' oy - ko | T Ksyn(s) 6 + Otwt :
. | Ve SYN |
(RPCs) are used in IBRs: i CAVC + $+ !
_________________________ | |
. CAVC, | Q* + P ! | :
* constant reactive power control (CRPC), and ~ Qc ! CacDS !
* Q-V droop control (QVC). CRPC [qQ QVC ! control T Wt
| |

— Thus, by adding them into the CacDS controller,
it formulates the unified PLL-free
synchronization method (Egn. (12)).

kyc and kqc are constants:

— If kyc# 0 and kqc =0, it corresponds to the original
CacDS control.

— If kye=0and kqc 2 0, the CRPC strategy is applied.

— If kye# 0 and kqoc = n (Q-V droop coefficient), the
QVC strategy is applied.

14
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* Further analysis?

— An SISO model for the proposed
unified PLL-free GFL-IBR framework is [\’/fc"'"k

-
derived. ) T
RES | ] I
Ve )

SPRINT

AC-side

— ltillustrates how the angle generated =
by the CacDS control tracks variations
of the infinite-bus angle.

Iabc, Vabc

small-signal modeling

infinite-bus angle dynamics

DC-link
dynamics | v, \
. -Kovc(S)
Gy 0] [Fouete)]
5]
Q
Method validation? > Unified PLL-free

synchronization
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* Impact of grld strength on unified PLL- fregﬂgyngh.rqnuluzgplgn ....................................................... | SPRINT
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Simulations cAVC | T SR —
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* Impact of grid strength on unified PLL-free synchronization
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10% grid
voltage sag
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* |mpact of synchronization parameters: kp

SPRINT

20— :
: Damping factor kp:
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L
o 5
X s s
> Of XXX M
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£ 0l {%-
w
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_(a) Real axis (s™) Frequency (Hz) ‘
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- T 50
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* Impact of synchronization parameters: k,

:-' 20 - r T 50
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* Impact of synchronization parameters: kg SPRINT
- Virtual RHP | —
15 [ conductance kg: k=2
ol E g
v s " g
% AsAs Az
> 0f-dXX X
5 | %
g s '3
E 0 Ao l% | =35
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o N : li
: |
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* This work proposed a synchronous control strategy for grid-tied GFL-IBRs
based on the ac-side capacitor dynamics, named CacDS GFL-IBR.

SPRINT

P* DC-link [ PCC |, AC-side
— Vs Ee  —>  Vano/ 25 U

Control RESCPQT%C“ :Lf‘ ‘ f_[IC'LQ ’ ;

Diagram: Ve

|V
[ ove |——f cc e v

[kl
* =0
VGCT : 6+wt | [ Synchronous V | Magnitude
(a) | controller calculation

* |t enables synchronization independent of the active power control and
PLL, offering explicit synchronous inertia and damping coefficients.

Inertia ﬁ82§_ Damping
term: Wh ' term: Wh

* The analysis study further confirms that reactive power synchronization
(RPS)-based designs manifests GFL-IBR behaviors, not GFM ones.

[k ko . !

. — —w = — Uyl 0:00; L, 12 !
L, impacts on L wp Wt Y= Qe = Unlo cosbhofh + LgIie SN
Q-based sync.: 1 :
: | 21

_________________________________
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Q := Ulsinf; — X I?  (10)

* Numerical tests

— An EMT simulation is built to exemplify
the proposed method.

* At0.5s, V* steps from 1 to 1.05 p.u. for
both the CAVC and QVC, and Q* steps
from 0 to 0.5 p.u. for the CRPC.

— The inverter begins at point a on the
initial curves and converges to a new
equilibrium point a' on the final curves
after swings.

— Beyond verifying the presented
synchronous control, it highlights the
tight coupling between the reactive
power output Q and the control-
dependent angle J, in the GFL-IBR.

serves as the reference curve

Q-6;curve
(V* =1.05) <-s

Qj'

Actual Q-6 |
trajectory

0.4

Q-6,curve
(V* =1.05) <-

Actual Q-6,
trajectory

0 0.2
(Ji (rad)

0.4

Q (p.u.)

-0.25¢

(b)

f (Hz)

(d)

0.5

0.25¢

50.4 ¢

49.6¢

Q-Gcurve .7 o
_________ (Q=05) :a 3-.’:._._
Actual Q-6; o
trajectory '

v

Q-6;curve
(Q*=0)
0.2 0.4 0.6 0.8

¢, (rad)
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* Experimental setup

— The experimental study is conducted on
the platform in the right figure, which

consists of _ Controller model . G'FL-IBRsystem model
- an Imperix B-Box RCP 3.0 for control |2 ' gy [ 8T B g gEeEEs

algorithm implementation (in C codes), and (cénvér'iisd t0C codes) Host computer
e an OPAL-RT 0OP4512 that emulates the
system physical circuits with a simulation BBox — 5.’
time step of 5 us.
* Signal exchange between the two devices is ?:::#gi‘;’/
managed by the Imperix simulator interface,

enabling real-time controller hardware-in-  op4s12 —»
the-loop (CHIL) testing.

SPRINT

Ethernet

— Both the B-Box and OP4512 are linked to a
host computer via Ethernet cables for
signal recording using the Imperix Cockpit
software, as well as for applying associated

perturbations.
24
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* |Impact of Power Variation in Network Scenario (WSCC 9-bus grid-based)

SPRINT
/ |Bus 1 | Bus 5 |Bus 7 | 12F L(‘)ac1| in‘cre‘me‘nt‘ r I l _.'.._l.-.;DGFlW‘ ]
& - 3 | :
/ | | :; " H S :h GFL#2
Bus 4 Bus 2 a 1 i -
SG#1 Brk GFL #1 L e ————————
(50 MW) 125 MW (163 MW) 0.8h- P*increment in GFL #1 ]
’ " 1 | i 1
SG #2 {
Bus 6 (50 MW) Bus 8 348 MW f " 50_50 S ? —r 110 e 1é5 Ty 2,0 —— %
L form = = = -~ forune Tsaut e Fogun
90 MW .
somw 4 / B-Box RCP =
‘ T 50 .
(...) Apparatus capacity in MW | -
—» PWNM signals Bus 9 -JI::} GFL #2 :
: I 85 MW , . ,
----- » Analog signals | ( ) 49'50 5 10 15 20 25
:. ...................... !‘ .......... RERLLLL ,::. ...................... R IS RELLLLLLLLLEN . 1.05F T T __I_____v ]
: | v, i : : GFL#1
L e o ff g ? g 14
R B L T VA
D> o> :
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14 S . . : . . Time (s)
Vo | i : Results following the load increment in the test system and P*
L3 e : increment in GFL #1.
S Mt e A e e
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o %8s 1 q0s 11 a1si "8es 1 105 11 145 robust operation of the CacDS GFL-IBR within an
i (a) Time (s) i (b) Time (s) : .
e e eeeeeeeeeeeeeee et B i et eieraetateraetaseeaetate ettt raas . ac power System envlronment. 25

Voltages following the load increment for (a) GFL #1 and (b) GFL #2.



