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Abstract—In future converter-based power systems, grid-
forming converters (GFMCs) have been regarded as promising
devices for enhancing the system strength. Due to the limited
capacity of electronic devices, a large number of GFMC modules
are usually aggregated to achieve better performance. How-
ever, GFMC aggregations often experience significant circulating
current when connected to the grid. In this paper, we first
establish the closed-loop model of a GFMC cluster delivery
system (CDS), which aggregates multiple GFMC modules. Using
matrix eigenvalue decomposition, we decouple the CDS into two
systems. We find that one of them determines the circulating
currents, while the other reflects the dynamics between the CDS
and the infinite bus. Based on our analysis, we propose an
approach to guide the suppression of circulating currents in
CDS. Simulation results validate the effectiveness of the proposed
analysis and approach, showing significant improvements in
circulating currents suppression in CDSs.

Index Terms—Suppression, circulating currents, grid-forming
converter, cluster delivery system.

I. INTRODUCTION

With the increasing integration of converter-based devices,
the power system gradually loses its original physical inertia,
which poses many challenges for power system operation and
control [1]. Grid-forming converters (GFMCs) are proposed
to strengthen the power system because of their voltage-
source-like properties [2]. GFMCs are usually aggregated
and connected to the grid, which expands the capacity to
achieve expected performance in the resulting GFMC cluster
delivery system (CDS), e.g., a renewable generation unit [3],
a transmission regulation unit [4], or a virtual power plant
for dynamic ancillary services provision [5], [6]. Due to the
differences in the power network topology and GFMC con-
figuration in the CDS, the GFMC cluster’s collective behavior
is constrained, and circulating currents within the cluster are
generally inevitable. Such circulating currents not only lead to
overheating losses at the device level but also to oscillations
and instability at the system level [7]-[10].

To analyze circulating currents in CDS, today’s research
focuses on CDS’s small-signal stability by using state-
space theory [7] and impedance-based theory [8]. To mit-
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Fig. 1: Topology of CDS with parallel GFMC interconnection.

igate circulating currents in CDS, either communication-
based or communication-free methods are typically consid-
ered. The former utilizes global information for controlling
the CDS [9]. The latter, which are more commonly used
virtual impedance [8] or adjust the power network parameters
between the GFMCs within one cluster [10]. However, there
are still two key problems that need to be clarified:

1) What is the relation between the CDS small-signal

stability and the circulating currents?

2) What is the general approach to suppressing the CDS

circulating currents?

The rest of this paper is organized as follows. Section II
derives the closed-loop model of CDS. Section III transforms
the CDS into two decoupled systems and proves that one of
them reflects the circulating currents between GFMCs, while
the other reflects the dynamics between the CDS and the
infinite bus. Based on this analysis, we propose an approach
to guide the suppression of circulating currents. Simulation
results are given in Section IV. Section V concludes the paper.

II. SMALL-SIGNAL STABILITY ANALYSIS OF CDS

A. Power System Model

As shown in Fig. 1, we consider a CDS that contains n
GFMCs, parallel-configured at a point of common coupling
(PCC). In what follows, the small-signal stability analysis
is based on impedance/admittance modeling in the global
synchronization coordinate system, i.e., the xy-axes. To model
one GFMC module, without loss of generality, we employ
the virtual synchronous generator control technology, which
emulates the rotor motion equation and the voltage-source
external characteristics. The detailed control diagram is de-
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rived in reference [11]. Linearized at the operating point, the
impedance model of the i-th GFMC can be expressed as

AV, = —Z, i(s)AL, (D

where V;, I; and Z,;(s) are the i-th converter’s zy-axes
voltage vector, output current vector and impedance matrix
respectively, A indicates the small-signal quantity, and s
represents the Laplacian operator. The multi-device impedance
model of the entire CDS can be established as

AV = —Zx ()AL )
where I := [IT,I7,--- | IT]T € R®" is the GFMC current
vector, V := [T, Vol .. VTT € R?" is the voltage vector,

Za(s) = diag(Za1(s), -+ , Zan(s)) is the impedance matrix
containing all GFMCs, and diag(-) represents a block-diagonal
transfer matrix.

For the modeling of the power network, i.e., the transmis-
sion lines between the GFMC units, in Fig. 1, the resistance-
inductance ratio 4 = R;/X; of the lines is assumed to be
constant, the impedance from the PCC to the infinite bus is
donated by X, the impedance from each node ¢ to the PCC
X; is assumed to be equal to X,. The infinite power grid (cf.
node n + 2 in Fig. 1) can be modeled as equivalent to the
ground in small-signal stability analysis. So the susceptance
matrix of the network is B € R(*+1)x(+1) cap be divided as

In/Xa *En/Xa
—EY/ X, n/Xa+1/Xg |’

where Z,, € R"*" is an identity matrix, &, :=[1,--- ,1]T €
R™ is a all-one collomn vector. The interior node (node n+ 1)
can be eliminated by Kron-Reduction [12], and the reduced
susceptance matrix B € R"*" simplifies to

1 i 1\ et
gLtz S 1) &
X. X. \ X, X, X,
3)
N
Xan Xan+77 oy

where 7 := X,/X, € RT, J, := £,EF € R™ " is an all-
ones square matrix. Therefore, the small-signal dynamics of
the power network can be expressed as

AI = Yn(s)AV, “)
where Yn(s) = B® F(s),

s/wo + p -1 1

F(S) = 1 S/wo + M
is a 2 x 2 transfer matrix encoding the small-signal dynamics

of an RL-line [13], and ® denotes the Kronecker product.

B. Small-signal stability analysis

Based on (2) and (4), the CDS interconnection can be ex-
pressed as a closed-loop system Za (s)#Yn(s) in Fig. 2. Since
Za(8), Yn(s) € RHZ®" and there are no right-half pane
pole-zero cancellations between Zx (s) and Yx(s). The closed-
loop dynamics Zx (s)#Yn(s) is internally feedback stable if
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Fig. 2: The closed-loop feedback interconnection of the CDS
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Fig. 3: The poles of S(s) that dominate stability.

its sensitivity transfer function S(s) := Za, + Za(s)Yn(s)
is stable [14]. Consider the CDS as shown in Fig. 1 whose
corresponding parameters are listed in Table I, we plot the pole
map of S(s) (see Fig. 3), which contains two groups of poles.
One group consists of a single pair of complex-conjugate poles
(indicated in orange), and the other consists of n—1 complex-
conjugate pole pairs (indicated in blue). The next subsection
will show that the n — 1 pairs of nearly overlapping poles
actually reflect the circulating currents in CDS.

C. Circulating Current

According to the definition of circulating currents in the par-
allel connection of multiple GFMCs [15], the ¢-th circulating
current of GFMC i is defined as the actual output current
of GFMC ¢ minus the converter’s ideal output current I,
ie, I, = I, — I, where Iy = >oi, I;/n. By defining the
transformation matrix 7, := Z,, — 7, /n, the CDS’s circulating
currents can be expressed in matrix form

I=T,lI, (5)

where I := [IT, IT, - - - I']"is the vector of circulating currents.
By definition, the sum of all converter circulation ) I =
0, which means these circulating currents only flow within
the parallel branches between all GFMCs and not into the
remaining power grid. Here, rank(7,) = n — 1, which means
T, is essentially an irreversible mapping from the original
current space to the circulating current space. For example,
when n = 2, circulating current I = I/2 — I5/2 and
I, = I,/2 — I,/2 are equal in magnitude and opposite
in direction. Note that only one circulating current can’t
characterize the whole dynamics in the two-machine parallel
system. Usually, we additionally consider the ideal output
current Iy = I;/2 + I3/2 to characterize the whole system
dynamics.

Similarly, it is demonstrated that an m-machine parallel
system requires n — 1 circulating currents and an ideal output
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Fig. 4: The responses of CDS after a disturbance.

current to fully characterize its dynamics. We replace the last
element of the vector I with I, o to get the extended circulating
current vector I, := I — A, I, + A,Jy. And we replace the
elements of the last row of the T, with 1/n to get the extended
transformation matrix T, := T, — A, AL T, + A,,.EF /n, where
A, :=10,0,---,0,1]T € R™. With this, we rewrite (5) as

I =T.I. (6)

Thus, the sensitivity function for the extended circulating
currents is 7,5(s)T, *. Here, T, is full rank so that det(7,) #
0 and det(7.S(s)T; 1) = det(T.)det(S(s))det(T, 1) =
det(S(s)). Therefore, the poles in Fig. 3 can reflect both the
stability of the GFMC cluster output current and the stability
of the circulating current between the GFMCs.

We can gain a more intuitive understanding of this con-
clusion through time-domain simulations. Consider a CDS
whose topology is the same as in Fig. 1 with the closed-loop
interconnection as in Fig. 3, and the corresponding parameters
are listed in Table I. The current and active power responses
of all converters (I;, P;) and the GFMC cluster (I., P.) are
monitored as shown in Fig. 4. After a power angle disturbance
of the GFMC 1 at ¢ = 0.5 s, the oscillation frequency of I, and
P, is 1 Hz (related to the single pair of poles in Fig. 3), while
the oscillation frequency of I, ; and P; is 4.8 Hz (related to
the n — 1 pairs of poles in Fig. 3). The 4.8Hz oscillation can’t
be monitored by I. or P, which is another evidence that this
mode is a circulating oscillation.

III. CIRCULATING CURRENTS SUPPRESSION IN CDS

A. Decoupling of the of CDS Dynamics

We analyze the small-signal stability of CDS based on (2)
and (4). The power angle difference of each GFMC is tiny,
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Fig. 5: Two decoupled interconnection systems.

and can be considered to be equal, i.e., Z,;(s) = Za(s). So
the det(S(s)) = 0 can be simplify as
det(Zan + Za(s)Yn(s)) =0
= det(Z, ® Z; ' (s) + BR F(s)) =
= det(Z, ® Z; ' (s) + D@ F(s))
= [Tim det(Z;" (s) + DiF (s)) = 0,
where D is the diagonalized matrix derived from B by
matrix eigenvalue decomposition, whose elements {D;|i €
1,2,--- ,n} are the eigenvalues of B. Considering the B
matrix in (3), we can find that 5 is a symmetric Toeplitz

matrix with diagonal elements eq and non-diagonal elements
en, Where

(7

1 I 1  n—-1+n
€= X, Xan+n Xaln+n)’
1 1
en = —— )
Xan+mn

According the symmetric Toeplitz matrix eigenvalue theory
[16], we can calculate the eigenvalues of the B matrix, one of
whichis D :=eq+ (n—1)e, = 1/(Xa(n/n+1)),and n —1
of them are D := eq — e, = 1/X,. Therefore, the steps to
suppress circulating currents is as follows:

1) To assess the overall CDS’s stability via (7), we divide
matrix B eigenvalues, i.e., {D;|i € 1,2,---,n}, into
two groups D and D.

2) This allows us to decouple the CDS into two separate
systems as shown in Fig. 5, where System 2 reflects the
circulating currents.

3) By ensuring stability of System 2, we can suppress
circulating currents.

Define a map M : n — M that maps 7 to the decoupled

interconnection system set M. Combine (7) and the value of
D and D, we have

M (1) ={Za(s)#DF (s }U{Z J#DF (s >}
_ Fis), ®
(2ot U )
When 1 = X, /X, — 400, (8) converges to

F(s)
Xa
which can also be verified in Fig. 6. Mathematically, the
ordinary set in (8) and the set in (9) are homotopic, and the
map M is their homotopy [17]. This homotopy equivalence

M(+00) = {Za(s)#

2 €))
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Fig. 7: Circulating currents suppression approach.

relation is attributed to the topological invariance of the CDS
system power network during the continuous variation of 7.
It is consistent with physical intuition that the scenario in
(9) corresponds to the scenario where all GFMCs are almost
directly connected to the infinite bus, thereby verifying the
correctness of CDS’s dynamics decoupling.

B. Circulating Currents Suppression Approach of CDS

Thanks to the special property of Toeplitz matrices, the CDS
can be decoupled into two systems, as shown in Fig. 5. The
CDS is small-signal stable if and only if System 1 and System
2 are stable. Usually, the GFMC is prone to instability under
a strong grid, but more stable under a weak network [18].
Therefore, if System 2 is stable, then System 1 is also stable,
which means that the CDS small-signal stability is dominated
by System 2, corresponding to circulating currents.

Theoretically, making the dominant pole of System 2 move
as far to the left as possible can suppress the CDS circulating
currents. However, from a practical point of view, it is more
feasible to use some index to guide the suppression of cir-
culating currents in CDS. Here, we choose the H ., norm of
Z,(3)#DF(s), the so-called forming index [19]

K1 := ||y + Za(5)D @ F(s)]|oo (10)

to suppress the circulating currents. Therefore, reducing Kgy
as min Kr1(Za(s), D(Xa,7n), F(s)) is an approach to sup-
press the circulating currents in CDS. And there are two ways
to suppress the circulating currents (see Fig. 7). One way is
to redesign the GFMC control to align with the line dynamics
DF(s). The other way is to adjust the power network line
parameters to align with the GFMC impedance Z,(s).
Notably, grid-following converters are usually stable under
a strong grid but unstable under a weak grid. Therefore, the
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Fig. 9: Suppressing circulating currents by reshaping the
GFMC impedance.

stability of a grid-following converter cluster is dominated by
System 1. It is consistent with the fact that grid-following
converters typically do not experience circulation problems
caused by clusters, but rather small-signal instability issues
associated with long grid-connected lines.

IV. SIMULATION VERIFICATION

In this section, we will validate the proposed small-signal
stability analysis and the suppression approach of circulating
currents. The corresponding parameters are listed in Table 1.

To validate the dynamics decoupling of CDS, we plot the
dominant pole map of CDS, System 1, and System 2, as shown
in Fig. 8. The x markers and O markers are overlapped, which
means the two decoupled interconnection systems established
in Fig. 5 perfectly characterize the dynamics of the CDS in
Fig. 1.

To validate the proposed approach, we verify it from two
aspects. On the one hand, we redesign the GFMC impedance
to align with the line DF(s). As shown in Fig. 9 (a), by re-
shaping the GFMC impedance, K can be effectively reduced
under five different power network parameters. Furthermore,
we simulate the CDS under parameter V in Fig. 9 (b). We
found that the circulating current of the CDS was significantly
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suppressed after GFMC impedance reshaping. On the other
hand, we adjust the power network to align with the GFMC.
As shown in Fig. 10 (a), by adjusting the power network
parameter, Ky can be effectively reduced under five different
GFMC configurations. Furthermore, we simulate the CDS
under configuration V in Fig. 10 (b). We found that the
circulating current of the CDS was significantly suppressed
after adjusting the power network parameters.

V. CONCLUSIONS

This paper has addressed the challenges of small-signal sta-
bility and circulating currents in a CDS fully configured with
GFMCs. By establishing the closed-loop system dynamics and
employing a matrix eigenvalue decomposition, the CDS can be
decoupled. A key finding was the theoretical proof that one of
them directly governs the behavior of circulating currents. A
corresponding suppression approach was proposed. Simulation
results have conclusively validated the effectiveness of the
proposed analysis and suppression approach. This work paves
the way for ensuring high penetration of GFMC integration
and modular construction in future power systems.
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