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Abstract—Complicated dynamic interactions in multi-grid-
connected converter (GCC) systems have unexpected impacts on
the overall response of the system. Online state sharing among
different GCCs can enhance the coordination of the whole system.
However, due to the significant communication delay, the power
angle and frequency states cannot be transmitted rapidly enough.
In this letter, an innovative power angle remote estimation method
is proposed to realize real-time power angle and frequency informa-
tion sharing among different GCCs with the local measurement of
voltage and power. This method decouples interactive information
by revealing the transient response mechanism of the network. The
proposed method could inspire distributed cooperative control and
online transient stability analysis for multi-GCC systems.

Index Terms—Distributed cooperative control, grid-connected
converters (GCCs), microgrid (MG), online power angle
estimation, transient stability.

I. INTRODUCTION

RID-CONNECTED converters (GCCs) are widely uti-
G lized to integrate renewable energy sources. GCCs can be
divided into two categories: grid-following converters (GFLCs)
[1] and grid-forming converters (GFMCs) [2]. However, both of
them are designed based on the single-machine infinite-bus sys-
tem and fail to account for the complicated dynamic interactions
in the multi-GCC paralleled system (MCPS) [3]. These unde-
sired coupling interactions in the MCPS compromise system
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stability and are hard to quantify since they are path dependent.
Access to each other’s transient power angles is essential for
implementing cooperative transient control and online stability
assessment in the MCPS. Existing cooperative control primarily
relies on communication, but its delay is as high as 200 ms
[4], which is impractical for the GFLC. This communication
delay is mainly due to the communication protocol. The online
estimation method has been widely applied in impedance esti-
mation but has not been adopted to power angle and frequency
estimation yet [5]. In practice, even the converters’ own transient
power angles are unknown, since the grid frequency change
during a fault is unpredictable. This lack of knowledge prevents
online stability assessment, even if stability region estimation is
available [6].

In this letter, an online estimation method of both the local and
remote GCCs’ power angle—frequency information is proposed
for a GFLC-GFMC paralleled system, commonly utilized in
offshore wind power plants (OWPPs) paralleled with onshore
battery energy storage systems (BESSs) [7]. This letter reveals
transient dynamic response mechanisms of the network and
enables decouple of interactive information from the physical
quantities measured locally by each GCC. Consequently, each
GCC can access its own power angle and that of the other
converter within a millisecond scale, which is significant faster
than the traditional communication method. As it requires no
additional equipment, the proposed method is more economical
and reliable than communication-based methods.

The proposed noncommunication state sharing among GCCs
could promote the research on transient cooperative control and
online transient stability assessment for the MCPS. It is impor-
tant to note that the proposed online estimation method primarily
relies on the network mechanism, making it versatile across all
the control types. Based on the observed states, an example
of transient cooperative control is presented in Section IV to
illustrate the practical application of the proposed method.

II. SYSTEM MODELING

The structure of the GFMC-GFLC paralleled system is given
in Fig. 1. The GFLC and the GFMC are paralleled at S through
lines Zgrr, and Zgrm and together connected to the grid
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Fig. 1. Structure and the controller of the GFMC-GFLC paralleled system.

through Z,. V, and 6, are the amplitude and phase of the grid
voltage, respectively. Ly and Cy are the inductance and capac-
itance of the output filter, respectively. In practice, the OWPP
adopts the GFLC, while the accompanying onshore BESS uses
the GFMC. Therefore, Zgpy, is larger than Zggm.

GFLC’s control includes a phase-locked loop (PLL) and a
current loop. K, and K; are PLL’s proportional and integral
coefficients, respectively. fpry, and wpy, are PLL’s output phase
and frequency, respectively, while w,, is the nominal frequency.
The dynamics of the current loop are much faster than those of
the PLL and can be ignored when analyzing transient stability.
Therefore, GFLC’s output current gy, can be assumed to equal
the current reference: IgrL = Iver = Iret 291 = Iveta + jlretq-
wr= tan’l(Irefq/Irefd) is defined as the power factor angle of
the GFLC. GFMC'’s control utilizes the virtual synchronous
generator (VSG) as the active power controller (APC), and it
includes a droop-based reactive power controller (RPC).

In addition, GFMC’s control includes voltage and current
inner loops. The dynamics of inner loops are much faster than
those of the VSG and, thus, are also ignored. The output voltage
of the GFMC is assumed to be E£0vsqg, where E and Ovysg
are the output voltage amplitude and phase of APC and RPC,
respectively. J and Dp are the virtual inertia and damping of
APC, respectively. P, and Q,r are active and reactive power
references of the VSG, respectively. k, and V,, are the propor-
tional coefficient and nominal voltage of the RPC, respectively.
Pcrv and Qg rv are the output active power and reactive power
of the GFMC, respectively. Based on the nodal analysis method,
it can be derived that

Yerm+Yy Yorm —Yg4| | Vs IgrL
Y grm Y ecrm 0 E | = |lgrMm
-y, 0 Y, | |V, I,

where Y; = 1/Z; are the admittances of Z;. Igrn and 1, are
the current on Zgrm and Zg, respectively. Vg is the voltage at
S. The power angles of the paralleled system can be defined as
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follows:
01 = Oprr — by, 021 = Ovsg — Oprr. (2)

The PCC1’s voltage vpc 1 can be derived as

02 = Ovsg — by,

vpcct = ZgFrdrer + V. 3)

Applying park transformation on vpcc1 with 6pyr,, the dg-
axis components Vpcaiq and Vpcci g can be derived based on

(DH-(3)
Veccid = Lefar cos (o1 + 01) + Lefay cos (o1 + 04)

Cq
+ asE cos (021 + 02) + agVy cos (61 — 63)
Veccig = Tretar sin (o1 + 601) + Lepaq sin (@1 + 04)

Cq
+ asE'sin (021 + 02) — azVysin (61 — 63) . (4)
The coefficients a1—a4 and 01—, are denoted as follows:
a1261 =1/(Yerm + Yg), @240y
=Ygerm/(Yarm + Yy)
a3Z03 =Y g/(Yarm +Yg), a1Z0s=1/YgrL). (5)
Combining (1) and (2), Pgrm and Qgry can be derived as
Porm = 1.5 [E*G5 — EVyas cos (63 — 05)
— Elpaz cos (021 — 02 — o1)]
Qcrm = — 1.5 [E®Bs + EVjas sin (62 — 65)
+ Eleraz sin (d21 — 02 — ¢1)] (6)
where ag and 05 are denoted as follows:
a5Z05 =Y armY 4/ (Yarm + Yyg)

According to the controller structure in Fig. 1, the dynamics
of the PLL and the VSG can be denoted as

o = K;Veceqr + KpVeceqt )

=G5+ jBs. (1)

- R‘ef/wn - PGFM/Wn -

{J(s2
E =V, + (Qrer — Qcrm) /Ky
Combining (6) and (9) can obtain the RPC’s output voltage E

D,yds ©)

E(62,61) = {(D (02,01) + \/qS (02,01) — 4(]1(]3] /2(]1

(10)
where constants ¢; and g3 and function go(d1, d2) are derived
as

q1 = 1~5B57 q3 = Qref + kqvn

q2 = 1.5 (Vga5 sin (62 — 95)+Irefa/2 sin (621 _92 _SDI)) _kQ'
(11)

As shown in (4), (6), and (8)—(11), the transient dynamics
of the GFLC and the GFMC are strongly coupled with each

other. This causes cascade synchronous instability, which brings
a serious challenge to systems’ safe operation. The distances
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between the OWPP and the BESS are usually very far. Thus, it
is unrealistic for the local GCC to access the states of the remote
GCC through communication. Due to the physical connection
of lines, each converter’s locally measured physical quantities
contain the power angle information of the other converter. This
letter reveals the transient interaction mechanism of the MCPS
under large disturbances and proposes an estimation method to
realize online estimation of both the local and remote GCCs’
power angles and frequencies based on the locally measured
physical quantities.

III. ONLINE STATE ESTIMATION ALGORITHM

In this section, both the remote and local GCCs’ power angles
during normal operation and after fault clearance are accurately
and quickly estimated based on the locally detected physical
quantities: Vpcciq and Vpceci 4 for the GFLC and Pgryv and
QOcrum for the GEMC. Note that the local power angle cannot
be directly integrated with the predisturbance equilibrium as the
initial conditions, because the change in grid frequency during
the fault remains unknown. Therefore, this section also explains
how to estimate the local power angle.

A. State Estimation Method for the GFLC

For the initial time ¢y, which is identified as when the converter
detects the fault is cleared, the calculated values 61 ¢a, 0%2¢a, and
E°., (the subscript “ca” represents the calculated value by the
proposed method, and the superscript represents in which time
this value exists) can be derived based on the measured VOpcc1 4
and Vpcci g

0 _ 2 0
50 —cos -1 (VPCOChi Cd) 9 ( E ) 2&2G3EV
+(Vecciy — Co)” — (asVy )?

2ca

+03 — 0 (12)
5(1) — cos ! Veccia—Ca 0
ca
[asV, cos B3 + az B2, cos(83,, + 62)]°
+[a3V, sin 93 + as EY, sin(49., + 92)]2
0 __ _1 a3V, sinO3+ax EQ sin(89,, +62)
7 =tan a;V cosaz+a2Egcos(6ica+922)
(13)
EO ( q2 (62ca7 6lca + \/q2 6204’ 510@) - 4QIq3)/2q1-
(14)

The specific expression of Cyq and Cq can be found in (4).
Equation (12) is derived by moving the Cy and C, terms to the
left of (4) and then summing the squares of Vpoe1a—Cq and
VWpoot ¢—C,. Terms relating to §; can be cleverly eliminated by
trigonometric function identity transformation. Equation (13) is
derived by decoupling the 9, terms in the expression of Vpccid
(4), and (14) is derived based on (10) and (11). Equations
(12)—(14) are ternary nonlinear algebraic equations of §°;,,
8%eca, and E°.,, respectively, which can converge by about two
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Fig. 2. Iterative process of the GFLC’s estimation algorithm.

to three times of iterations

{Eca 0o — Vn’ QCaJ f12 ( CaJ 1)
lcaJ f13( 2C3.J7ECZ!J 1) f14( 1ca__7762c(aij5))

where the parameter x°; represents the result of the jth iteration at
time #(, and functions fi, f13, and f14 refer to the formulas (12)—
(14), respectively. The selection of ¢y does not have much effect
on the proposed estimation method, since the iterations at each
time #; are independent. Based on the measured Vipcc1q and
Vipcciq at time t;, 8'1ca, 0'2ca, and E'c, are derived as follows:

t;
1ca 61ca / wldt (16)
to
ben = COS T
(Vicera — Ca)” — (asEL)’ ‘
PCC1d W) [ 2a5a3BLV, | 4 05 — 6,
+(VPCCIq - Cq) - (a3‘/9)
(17)
E(fd - ( q2( 2ca’ 1ca \/q2 2ca751ca) 4q1q3> /Qq1
(18)

where wy is the frequency of 1, which is a directly available
value for the GFLC. Equations (17) and (18) are binary nonlinear
algebraic equations concerning &'s., and E'.,, which can con-
verge by about two to three times of iterations in the following
equation:

i =V,

ca_0 —

= fl7 (Eciajfl> ) EéaJ

= f18 ( ica? %ca_j)

’ 6écaj
(19)

where the parameter x'; represents the result of the jth iteration
at time ¢;, and functions fig and fig refer to the formulas (18)
and (19), respectively.

The frequency ws., of GFMC’s power angle can be derived
by differentiating the calculated 85,

(656 52ca)/(ti - ti—l)-
The overall flowchart of the GFLC online state estimation

algorithm is summarized in Fig. 2. It is seen that the iteration
at time fo is calculated by (15), while the iteration at V¢, is

(20)

) —
Woca =
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calculated by (19). Iterations at different times #; do not affect
each other. Test results show that both (15) and (19) can converge
after only two to three iterations and cost about 10 ps. In
other words, the proposed iterative method can realize online
monitoring of other converters’ power angle and voltage with
almost no delay, while the communication equipment fails.

B. State Estimation Method for the GFMC

Similarly, the GFMC can also calculate the power angle 6’1 ¢
of the GFLC by measuring its own output P'qry and Q' apm

8t =cos

) . 2
e )
7(Ei)2vgza% - (Ei)QIrQefag/Q(Ei)2VgIrefa5a2
. _ P)
+(2Qbe /3 + (E')Bs)
+ 05 — 05 — 1. 1)

Equation (21) is derived by trigonometric function identity
transformation over (6). Terms relating to Jo can be neatly
eliminated. The frequency w'i., of GFLC’s power angle can
be derived by differentiating the calculated 8 ea

( ica - 515;)/@1 - ti—1)~
Based on 6%, derived in (21), 6%, at o can be obtained by
combining the active power expression in (6)

50 = cost {((E0)2G5 - QPSFM/?))/\/a% + a%} + 05

(22)

[
Wica =

(23)
where coefficients ag, a7, and g are denoted as follows:
ag = E°Vyas5 cos 05 + E°Lepas cos (5?Ca + 05 + @1)
a7 = EOVgag, sin 05 + E°Iesas sin (5?Ca + 05 + gpl) (24)

s = tan~! (ar/ag) .

For V time t;, the corresponding 6’5, can be derived as

t;
(%ca = 5gca + / wadt (25)

to

where w- is the frequency of o, which is a directly available
value for the GFMC. The state estimation algorithm for the
GFMC, shown in (21)—(25), does not need iteration. This is
because the RPC’s output voltage E' is available to the GFMC.
Since the proposed algorithm is analytic algebraic operation
and does not require iteration, it is significantly faster than
communication.

IV. VERIFICATION AND APPLICATION DEMONSTRATION OF THE
PROPOSED METHOD

The online state estimation method proposed in the previous
section realizes real-time state sharing among GCCs, which
facilitates coordinated control strategies and online stability
monitoring methods for multi-GCC systems. The parameters of
the system adopted for the verification of the proposed approach
are listed as follows: V, = V;, =311 V, Rgrr, = 0.1 Q, LgrL =
1 mH, RGFM =0.05 Q, LGFM =05 mH, Rg =0.15 Q, Lg =
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J(rad)

dy(rad)

(b)

Fig. 3. (a) and (b) Time-domain comparison of d1cs and d2c, with 1 and
§9, respectively.

TABLE I
ERROR EFFECTS OF PARAMETER DRIFT ON ACCURACY

Parameter drift
1.01 p.u/0.99 pu. V,
1.01 p.u./ 0.99 p.u. Z

(jlca by GFMC
0.79%/—0.97%
0.34%/—0.67%

(jzca by GFLC
0.39%/—0.48%
0.23%/—-0.31%

1.01 p.u./ 0.99 p.u. Zerr 0.13%/—-0.35% —0.34%/0.26%
1.01 p.u/0.99 p.u. Zerm 0.12%/—0.38% —0.41%/0.34%
No parameter drift —0.13% —0.04%

1.5mH, w, =100 7, I, =250 A, ;= 0.02, K, = 0.07, K; =
10, Pref = 170 kW, J = 10, D), = 15, Qref = 20 kVar, and K, =
10°.

A. Accuracy Verification of the Proposed Estimation Method

The time-domain verification of the proposed state estimation
method is illustrated in Fig. 3. The grid voltage amplitude drops
to 0.3 p.u. at 9 s and recovers to 1 p.u. at 9.12 s. The GFLC’s
power angle estimation d1., calculated by the GFMC and the
GFMC'’s power angle estimation 0, calculated by the GFLC
are the blue dashed curves in Fig. 3(a) and (b), respectively.
The simulation results of GFLC’s phase difference §; with grid
and GFMC’s phase difference d, with grid are the pink solid
curves in Fig. 3(a) and (b), respectively. The calculated values
01ca and doc, demonstrate little error compared to the actual
values 97 and do during the transient process. It is important to
note that the errors are relatively significant at 9-9.12 s, since
the system parameters under fault (i.e., the voltage dip degree)
are unknown to GCCs. However, considering that the stability
analysis and cooperative control are mostly aimed at the system
after fault removal, these large errors in 9-9.12 s do not affect
the effectiveness of the proposed online power angle estimation
method.

Table I shows the average errors of the proposed method
within 5 s (disturbance is the same as Fig. 3) under different
parameter drifts, indicating that it is robust against parameter
variations and offers a significant practical value.

B. Application Demonstration

To exhibit the practicality of the proposed online estimation
method, a cooperative control without communication is given
as an example in this section. Applying the online estimation
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Fig. 5. Experimental verification of the proposed stability enhanced control.
(a) Unstable when fault recovers at 120 ms, without the proposed control.
(b) Stable when fault recovers at 300 ms, with the proposed control.

method, each GCC in the system shown in Fig. 1 can sense the
power angle—frequency real-time values of the local and remote
GCCs with almost no delay. This yields that the GCCs canrealize
the active online estimation of the complicated interactions
among different GCCs.

When the GCCs detect that the interaction terms at a certain
time are unfavorable to their own transient stability, the compen-
sation for undesired interaction terms’ effects will be conducted.
Specific control strategies of the GFLC and the GFMC are given
as follows:

OpL, = / [wn + K; / (ForL + Veceqr) dt

+ K, (FgrL + Vi’Cqu):| dt

FGFL = — agEca sin (521ca + 92) when sin (521ca + 02) >0

For = O when sin (5210a + 92) <0 (26)
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JOysg = Pret/wn — (Porm + 1.5FgemasE) fwy,
- D, (9VSG - wn)

Form = Iier cos (021ca — 02 — 1) when cos (d21¢a
— 0 —1) >0

Form = O when cos (d21¢a — 02 — 1) < 0. 27

As shown in Fig. 4, an RT-Lab-based hardware-in-the-loop
experimental platform is built to verify the proposed cooperative
control. Without cooperative control, the system loses stability
when the grid voltage drops to 0.2 p.u. and recovers at 120 ms,
as shown in Fig. 5(a). However, with the proposed control, the
system can still maintain stability under the same voltage dip,
even if the fault recovery time increases to 300 ms, as shown in
Fig. 5(b).

V. CONCLUSION

This letter introduces an online state estimation method for the
GFLC-GFMC paralleled system. By elucidating the system’s
transient dynamic response mechanism, the proposed method fa-
cilitates real-time power angle sharing among different convert-
ers within milliseconds—significantly faster than conventional
communication equipment. This method promotes enhanced
transient stability and cooperative control, as well as online
stability assessments for multiconverter systems. An example
application of a stability-enhanced cooperative control strategy
is provided to demonstrate the effectiveness and practicability of
this estimation method. It is important to note that the proposed
method primarily based on the network mechanism is adapt-
able to various system structures; the GFLC-GFMC system
discussed in this letter serves merely as one example.
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