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Abstract——The gradual penetration of grid-forming (GFM) 
converters into new power systems with renewable energy 
sources may result in the emergence of small-signal instability 
issues. These issues can be elucidated using sequence impedance 
models, which offer a more tangible and meaningful interpreta‐
tion than dq-domain impedance models and state-space models. 
However, existing research has primarily focused on the impact 
of power loops and inner control loops in GFM converters, 
which has not yet elucidated the precise physical interpretation 
of inner voltage and current loops of GFM converters in cir‐
cuits. This paper derives series-parallel sequence impedance 
models of multi-loop GFM converters, demonstrating that the 
voltage loop can be regarded as a parallel impedance and the 
current loop as a series impedance. Consequently, the corre‐
sponding small-signal stability characteristics can be identified 
through Bode diagrams of sequence impedances or by examin‐
ing the physical meanings of impedances in series and in paral‐
lel. The results indicate that the GFM converter with a single 
power loop is a candidate suitable for application in new power 
systems, given its reduced number of control parameters and 
enhanced low-frequency performance, particularly in weak 
grids. The results of PLECS simulations and corresponding pro‐
totype experiments verify the accuracy of the analytical analysis 
under diverse grid conditions.

Index Terms——Grid-forming (GFM) converter, sequence im‐
pedance, renewable energy source, small-signal stability.

I. INTRODUCTION 

THE increasing penetration of renewable energy sources 
into power grids and the high demand for switching be‐

tween grid-connected and off-grid states have led to a wide‐
spread use of power electronic converters. However, this 
widespread use may result in harmonic oscillation and other 
interaction stability problems [1], [2]. Power electronic con‐

verters can be classified into grid-forming (GFM) and grid-
following (GFL) converters. The GFM converters exhibit su‐
perior dynamic responses and weak grid adaptability due to 
their synchronous-generator-like characteristics [3], [4].

In practical application, it should be noted that GFM con‐
verters are produced by different companies and therefore 
have relatively different multiple control loops. The power 
outer-loops of GFM converters, which include droop control, 
power synchronization control (PSC), virtual synchronous 
generator (VSG) control, and matching control (MC), exhibit 
similar impedance behaviors [5]. Conversely, the inner-loops 
exhibit a wider bandwidth and are typically ten times faster 
than the power outer-loops, which are previously simplified 
or even discarded. Nevertheless, these inner-loops do affect 
the oscillation frequency and damping of converters [6].

The stability mechanism of multi-loop GFM converters, 
including small-signal stability under diverse grid conditions, 
can be analyzed by state-space modeling or impedance mod‐
eling [7]. The state-space models of GFM converters consid‐
er a great number of state variables and the state-space matri‐
ces have a high dimension. Although the dominant eigenval‐
ues can be modified through the introduction of control pa‐
rameters, the physical meanings of the models remain 
opaque, presenting challenges for subsequent improvements 
[8]. The impedance modeling can reduce the dimension of 
state-space matrices, and an impedance model of GFM con‐
verters considering the power loop and the voltage and cur‐
rent dual-loop on the AC side has been established in the dq-
frame [9]. The impedance circuit model in the dq-frame is al‐
so proposed to separate multiple control loops into virtual 
circuit elements [10]. However, the intricate effects of virtu‐
al circuit elements on converter stability persist. The multi‐
tude of circuit elements in series and in parallel gives rise to 
a higher dimensionality of models, which in turn creates a 
challenge to directly display the characteristics of voltage 
and current controllers. Moreover, the impedances in the dq-
frame possess more vague physical meanings than sequence 
impedances [11], which can be more accurately measured 
through the injection of harmonics, whether simulated or ex‐
perimental. Although the impedances of converters in the dq-
frame can be transformed into positive- and negative-se‐
quence impedances through linear matrix transformation 
[12], the sequence impedances can reflect more nonlinear in‐
formation including harmonic stability.

The sequence impedance model, particularly the positive-
sequence impedance model, tends to be a method more suit‐
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able for analyzing the small-signal stability of GFM convert‐
ers. This model divides the grid-connected converter system 
into two impedances: one representing the grid and the other 
representing the converter [13]. This simplified system mod‐
el is valid for the purpose of collectively determining possi‐
ble resonances between the grid and the converter. Further‐
more, the model necessitates the nonlinearity in at least part 
of the system, as illustrated by the impedance alteration in 
response to varying control parameters such as inertia and 
damping and system parameters such as grid impedance. 
However, the observed behavior is distinctively different 
from similar oscillatory responses that have been previously 
investigated in the domain of nonlinear system theory [13]. 
Consequently, the sequence impedances can reflect nonlinear 
information in small-signal stability analysis, particularly 
when considering the distinct linear or nonlinear resistive or 
inductive characteristics in the GFM converter connected to 
the grid.

Previous sequence impedance models [14]-[17] have con‐
sidered the characteristics of different power loops and con‐
trol parameters of GFM converters. Reference [14] proposes 
a sequence impedance model of the GFM converter with 
voltage and current control loops. Reference [15] employs 
the sequence impedance model to facilitate a comparative 
analysis of the small-signal characteristics exhibited by GFM 
and GFL converters. Reference [16] constructs a comprehen‐
sive and detailed sequence impedance model of the GFM 
converter, encompassing the power loop and the voltage and 
current inner-loops. Nevertheless, there is still a lack of dis‐
cussion on the small-signal characteristics of each loop. Ref‐
erence [17] employs a multi-loop sequence impedance mod‐
el to examine the small-signal characteristics of each control 
loop. However, the primary focus is on the control parame‐
ters, and the specific role of each control loop is not clearly 
defined. The objective of [18] and [19] is to develop an ac‐
curate model that considers the impact of frequency cou‐
pling: [18] concentrates on the sequence impedance model 
of the current-controlled GFM converters; whereas [19] fo‐
cuses on the sequence impedance model of the voltage-con‐
trolled GFM converters. However, these models exhibit con‐
siderable degrees of complexity with dozens of dimensions 
when considering the frequency coupling, which presents a 
greater challenge for intuitive analysis of the impedance 
characteristics and subsequent improvement to address relat‐
ed small-signal instability issues. Therefore, it is imperative 
to simplify the model for further analysis and design.

A unified sequence impedance model is proposed to ana‐
lyze the influence of different control parameters of GFM 
converters [20]. However, in comparison to irregular control 
parameters, control loops represent a more effective means 
of simplifying the model. Reference [21] endeavors to modu‐
larize the model of the multi-loop GFM converter into three 
components for further analysis. However, each component 
is composed of transfer function matrices, which are also too 
complicated to analyze. It is recommended that outer-loops 
and inner-loops should be modeled as interrelated compo‐
nents, with a view to emphasizing their respective roles in 
sequence impedances. Given the complexity and high dimen‐

sionality of impedance models for GFM converters, this ap‐
proach can be employed for rapid modeling when the con‐
trol strategy of the outer-loop or inner-loop is altered, and 
can also be utilized to verify the accuracy of impedance 
models in a timely manner.

This paper proposes a series-parallel sequence impedance 
model of multi-loop GFM converters to separate different 
control loops in GFM converters like puzzles to elucidate 
their physical meanings in circuits. Furthermore, this model 
can also be employed for rapid modeling when modifying 
control loops, enabling swift verification of model accuracy. 
Additionally, it can be utilized to elucidate the distinctive 
positive- and negative-sequence impedance characteristics 
and associated small-signal instability issues of the voltage 
and current inner-loops and the power outer-loop. This al‐
lows for the selection of an optimal control strategy.

Accordingly, this paper is structured as follows. Section II 
illustrates the process of sequence impedance modeling for 
GFM converters. Section III proposes the model to decom‐
pose sequence impedances into series parts and parallel parts 
to reveal their physical meanings in circuits. Section IV ana‐
lyzes the impedance characteristics of different control loops 
and control parameters in GFM converters, and recommends 
GFM converters with the single power loop. Section V pro‐
vides applications of the proposed model in addressing small-
signal stability issues. Section VI employs simulations and 
prototype experiments to validate the findings. Section VII 
offers a summary of the principal contributions.

Ⅱ. SEQUENCE IMPEDANCE MODELING OF GFM CONVERTERS 

A. Sequence Impedance Modeling of GFM Converter with 
Single Power Loop

As shown in Fig. 1, a GFM converter with an ideal DC 
voltage source is connected to an ideal three-phase three-
wire system that is three-phase symmetrical and devoid of 
harmonic voltages and currents.

The fundamental voltage and current signals in phase A 
with harmonics at a certain frequency caused by disturbance 
or injection, i. e., va (t) and ia (t), respectively, can be repre‐
sented as two-pole frequency signals and can be expressed 
in the time domain as:

va (t)=V1 cos(2πf1t)+Vp cos(2πfpt + φvp )+Vn cos(2πfnt + φvn )
(1)

ia (t)= I1 cos(2πf1t + φi1 )+ Ip cos(2πfpt + φip )+ In cos(2πfnt + φin )
(2)

+ Lf

Lg Rg

Cf

Iac vg
Vdc vp



Phase A
GFM converter

Rc

iaIaf

va

ema�

+

+ +

�

�

Rf

�

+ �+

Fig. 1.　Circuit model of GFM converter.
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where V1, Vp, and Vn are the amplitudes of the fundamental, 
positive-sequence, and negative-sequence voltages, respec‐
tively; I1, Ip, and In are the amplitudes of the fundamental, 
positive-sequence, and negative-sequence currents, respec‐
tively; f1 is the frequency of the fundamental voltage; fp and 
fn are the frequencies of the positive- and negative-sequence 
harmonic voltages, respectively, and fp = fn; φvp and φvn are 
the phase angle differences between the fundamental voltage 
and the positive- and negative-sequence harmonic voltages, 
respectively; φip and φin are the phase angle differences be‐
tween the fundamental voltage and the positive- and nega‐
tive-sequence harmonic currents, respectively; and φi1 is the 
phase angle difference between the fundamental voltage and 
current.

In a three-phase symmetrical system, the positive- and 
negative-sequence components can be decoupled [12], allow‐
ing for the discussion of the positive sequence in isolation. 
Real signals can be decomposed into positive- and negative-
frequency values with the same amplitude, as shown in Fig. 
2. This decomposition can be expressed as cos ωt = (ejωt +
e-jωt )/2.

The voltage and current signals in the frequency domain 
can be expressed as (3) and (4), respectively.

Va =
ì
í
î

ïïV1 /2             f =±f1

Vpe±jφvp /2    f =±fp

(3)

Ia =
ì
í
î

ïï
ïï

I1e±jφi1 /2       f =±f1

Ipe±jφip /2       f =±fp

(4)

where f is the power frequency; and the symbol ± corre‐
sponds to positive and negative frequencies.

In general, GFM converters are controlled by instanta‐
neous power signals in the time domain, which can be ob‐
tained in the frequency domain by the frequency-domain 
convolution theorem. Therefore, the active power P can be 
obtained through the inverse Fourier transform of the prod‐
uct of (3) and (4) after the Fourier transform as:

P =

ì

í

î

ï

ï
ïïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

(V1 I1ejφi1 +V1 I1e-jφi1 +Vp Ipej(φvp - φip )+

Vp Ipe-j(φvp - φip ) )/4                 f = 0

(Vp I1e±j(φvp - φi1 )+V1 Ipe±jφip )/4    f =±( fp - f1 )

V1 I1e±jφi1 /4                                   f =±2f1

(Vp I1e±j(φvp + φi1 )+V1 Ipe±jφip )/4    f =±( fp + f1 )

(5)

In a three-phase symmetrical system, the phase power can 
be considered in relation to the power frequency. When the 
power frequency is 2f1 or fp + f1 (ignoring the negative fre‐
quency), the phase power is in the positive sequence, and 
the sum of three-phase power is 0; when the power frequen‐
cy is 0 or fp−f1, the phase power is in the zero sequence, and 
the sum of three-phase power is three times the power per 
phase, as given in (6). This component of active power is 
transferred to the DC side in accordance with the law of en‐
ergy conservation.

Pe =
ì
í
î

ïï
ïï

3(V1 I1ejφi1 +V1 I1e-jφi1 )/4               f = 0

3(Vp I1e±j(φvp - φi1 )+V1 Ipe±jφip )/4     f =±( fp - f1 )
(6)

where Pe is the transferred active power of three-phase sym‐
metrical system.

Similarly, the frequency fp + f1 caused by a negative-se‐
quence disturbance can be transferred to the DC side and 
should be considered.

The control structure of GFM converter with single power 
loop is shown in Fig. 3.

The amplitude and the phase angle of the input signal for 
the sinusoidal pulse width modulation (SPWM), i.e., Em and 
θ, respectively, are controlled by the actual and target values 
of the instantaneous active and reactive power on the output 
side. The three-phase modulated signals ema, emb, and emc are 
expressed as:

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

ema =Em cos θ

emb =Em cos ( )θ -
2π
3

emc =Em cos ( )θ +
2π
3

(7)

In accordance with Kirchhoff’s current law (KCL) and 
Kirchhoff’s voltage law (KVL), the relationship between the 
terminal current and voltage of phase A in the frequency do‐

Voltage Voltage

(a) (b)

�fp �fn fnfp�f1 �f1

�fp �f1

f1 f1

�fn fn�f1 f1

Current Current
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f f

ff

f

Active power Active power

�fp�f1 �fn�f1�2f1 �2f1f1�fp f1�fn2f1fp�f1 fp+f1

00

0

0 f2f1fn�f1 fn+f10

0

Fig. 2.　Diagram of active power signals in frequency domain. (a) Positive-
sequence domain. (b) Negative-sequence domain.
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Fig. 3.　Control structure of GFM converter with single power loop.
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main can be derived as:

Lf s
é

ë
êêêê

ù

û
úúúúIa -

va

1/(Cf s)+Rc

= ema - va (8)

Lf sIa =Em cos θ -R(s)va (9)

where Lf is the filtering inductance of GFM converter; Cf is 
the filtering capacitance of GFM converter; Rc is the equiva‐
lent resistance of Cf; and R(s)= (LfCf s

2+RcCf s+ 1)/(RcCf s+ 1).
In accordance with (9), the sequence impedance can be de‐

termined by examining the influence of harmonics on Em 
and θ through the implementation of control strategies.
θ can be expressed as (10) according to the P-f loop 

shown in Fig. 3.

θ =
1

Js2 +DP s ( )Pset -Pe

ωn

-DPωn (10)

where J and DP are the virtual inertia and damping set by 
GFM converter, respectively; Pset is the setting value for the 
output active power of GFM converter; and ωn is the rated 
angular velocity.

The only variable influenced by small-signal disturbances 
in (10) is Pe, which requires further research. According to 
(6), Pe can be separated into two distinct components as Pe =
Pe0 +DPe, where Pe0 is the constant fundamental active pow‐
er, and DPe is the harmonic active power. Similarly, θ can be 
divided as θ = θ1 +Dθ, where θ1 is the original value of 
phase angle, and Dθ is the phase angle deviation caused by 
the harmonic active power, which can be calculated as:

Dθ =-
DPe

(Js2 +DP s)ωn
(11)

In the frequency domain, Dθ can be expressed as:

Dθ =

ì

í

î

ïïïï

ïïïï

0                                               f = 0

-
3(Vp I1ejφvp +V1 Ipejφip )

4(Js2 +DP s)ωn

    f = fp - f1

(12)

Substituting θ = θ1 +Dθ into cos θ, we have:

cos θ = cos(θ1 +Dθ)= cos θ1 -Dθ sin θ1 =
j
2

(ejθ1 - e-jθ1 )Dθ =

1
2

(ej(θ1 + π/2)+ e-j(θ1 + π/2) )Dθ =
1
2

(ej(ωnt + δ)+ e-j(ωnt + δ) )Dθ (13)

where δ = δ1 + π/2, and δ1 is the power angle of GFM con‐
verter.

Due to the power angle characteristic of generator, we 
have:

Pe =
Emva sin δ1

ωn Lf
(14)

δ1 = arcsin
Peωn Lf

Emva
(15)

Since (13) represents cos θ in the time domain, according 
to (12) and the frequency-domain convolution theorem, cos θ 
in the frequency domain can be derived as:

cos θ =
ì

í

î

ïïïï

ïïïï

0                                                                       f = f1

-
3ejδ (Vp I1ejφvp +V1 Ipejφip )

8[J 2 (s - j2πf1 )+DP (s - j2πf1 )]ωn

    f = fp

(16)

Substituting (16) into (9) yields the positive-sequence im‐
pedance:

Zp (s)=-
Vp

Ip

ej(φvp - φip )=
Lf s + 2 EmejδMV (s - j2πf1 )

R(s)+ 2 EmejδMI (s - j2πf1 )
(17)

MV (s)=
3V1

4(J 2 (s)+DP (s))ωn
(18)

MI (s)=
3I1

4(J 2 (s)+DP (s))ωn
(19)

It is important to note that if the GFM converter is an ide‐
al voltage source, Zp (s) should be equal to Lf s/R(s), which is 
analogous to (17) particularly when MV (s) and MI (s) are rela‐
tively small.

B. Sequence Impedance Modeling of GFM Converter with 
Different Inner-loops

As shown in Fig. 4, multi-loop GFM converters exhibit 
the same power outer-loop configurations as those with sin‐
gle power loop. They can be classified into three categories 
based on their distinct inner-loops: ① single voltage loop; 
② single current loop; and ③ voltage and current dual-loop.

Given that the topology of GFM converter remains un‐
changed, the relationship between the terminal current and 
voltage of phase A is analogous to (9), which can be ex‐
pressed as:

Lf sIa = ema -R(s)va (20)

The modulated signal ema differs from (7) because multi-
loop GFM converters employ a different SPWM. The in‐
verse Park’s transformation of (7) can be expressed as:

é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úema

emb

emc

=

é

ë

ê

ê

ê

ê

ê
êê
ê

ê

ê

ê

ê ù

û

ú

ú

ú

ú

ú
úú
ú

ú

ú

ú

úcos θ -sin θ 1

-cos ( )θ -
2π
3

-sin ( )θ -
2π
3

1

-cos ( )θ +
2π
3

-sin ( )θ +
2π
3

1

é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úud

uq

u0

(21)

where ud and uq are the d- and q-axis voltages of modulated 
signals, respectively; and u0 can be neglected in the three-
phase three-wire system. ema can be derived as:

ema = ud cos θ - uq sin θ (22)

Substituting θ = θ1 +Dθ into (22), ema can be expressed as:

ema = ud1 cos θ1 - uq1 sin θ1 (23)

ud1 = ud - uqDθ (24)

uq1 = udDθ + uq (25)

where ud1 and uq1 are the original values for the d- and q-ax‐
is voltages of modulated signals, respectively.

ud and uq are determined by the inner-loops of GFM con‐
verters. As illustrated in Fig. 4, the values of ud and uq with 
different inner-loops, i.e., the single voltage loop, single cur‐
rent loop, and voltage and current dual-loop, can be derived 
as (26)-(28), respectively.

ì
í
î

ud = (E - ucd )Hv (s)

uq = (0 - ucq )Hv (s) (26)
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ì
í
î

ïïud = (E/k - ild )H i (s)- ilqωn Lf

uq = (0 - ilq )H i (s)+ ildωn Lf

(27)

ì
í
î

ïïud =[(E - ucd )Hv (s)- ild ]H i (s)- ilqωn Lf

uq =[(0 - ucq )Hv (s)- ilq ]H i (s)+ ildωn Lf

(28)

where E is the reference voltage of modulated signals; k is 
the reference value of the loop impedance; ucd and ucq are 
the measured values for the d- and q-axis voltages of modu‐
lated signals, respectively; ild and ilq are the measured values 
for the d- and q-axis currents of modulated signals, respec‐
tively; and Hv (s) and Hi (s) are the proportional-integral (PI) 
transfer functions of voltage and current loops, respectively, 
which can be expressed as:

Hv (s)= kvp +
kvi

s
(29)

Hi (s)= kip +
kii

s
(30)

where kvp and kvi are the proportional and integral parame‐
ters of voltage loop, respectively; and kip and kii are the pro‐
portional and integral parameters of current loop, respective‐
ly.

Without small-signal interferences, the actual values for 
the d- and q-axis voltages and the currents of modulated sig‐
nals can be expressed as:

ucd1 =
ì
í
î

ïïV1                f = 0

Vpejφvp /2    f = fp - f1

(31)

ucq1 =
ì
í
î

ïï0                      f = 0

-jVpejφvp /2    f = fp - f1

(32)

ild1 =
ì
í
î

ïïI1               f = 0

Ipejφip /2    f = fp - f1

(33)

ilq1 =
ì
í
î

ïï0                    f = 0

-jIpejφip /2    f = fp - f1

(34)

Considering the impact of small-signal interference on 
the Park’s transformation through θ, the measured values of 
d- and q-axis voltages of modulated signals can be derived 
as:

é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úucd

ucq

u0

=T(θ)
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úema

emb

emc

=
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

ú1 Dθ 0
-Dθ 1 0

0 0 1

é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úucd1

ucq1

u0

(35)

T(θ)=

é

ë

ê

ê

ê

ê

ê

ê
êêê
ê

ê

ê

ê

ê
ù

û

ú

ú

ú

ú

ú

ú
úúú
ú

ú

ú

ú

ú
2
3

cos θ
2
3

cos ( )θ -
2π
3

2
3

cos ( )θ +
2π
3

-
2
3

sin θ -
2
3

sin ( )θ -
2π
3

-
2
3

sin ( )θ +
2π
3

1
3

1
3

1
3

(36)

Therefore, the measured values for the d- and q-axis volt‐
ages and currents of modulated signals considering the small-
signal interference can be expressed as:

{ucd = ucd1 +Dθucq1

ucq =-Dθucd1 + ucq1

(37)

{ild = ild1 +Dθilq1

ilq =-Dθild1 + ilq1

(38)

Substituting (31) to (35) and (12) into (37) and (38), we 
have:

PI

0

 ud

abc

dq

Park’s transformation

Voltage loop 

SPWM

ucd

ucq

(a)

ucabc

ωn

ω

Q-V loop

DQ

Qe 

Qset 1

Ks

Ecd

ucd

+
+

+
+

� �

�

�
+ +

E=u*
cd

DP

Pe 

Pset 1

Js
+

+

+

�

�
+ +

+

P-f loop

1
s

PI
uq

+
+

θ

PI

0

 
ud

abc

dq

Park’s transformation

SPWM

ild

ilq

(b)

ilabc

ωn

ω

ωnLf

Q-V loop

DQ

Qe 

Qset 1

Ks

Ecd

ucd

+
+

+

� � �

�

�
+ +

E=u*
cd

DP

Pe 

Pset 1

Js
+

+

+

�

�
+ +

+ +

P-f loop

1
s

PI
uq

++ ++
+

θ

+ +1/k
i*

ld

Current loop
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Single voltage loop. (b) Single current loop. (c) Voltage and current dual-
loop.

33



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 1, January 2025

ucd =
ì
í
î

ïïV1                f = 0

Vpejφvp /2    f = fp - f1

(39)

ucq =

ì

í

î

ïïïï

ïïïï

0                                                                   f = 0

3(Vp I1ejφvp +V1 Ipejφip )

4(Js2 +DP s)ωn

V1 -
jVpejφvp

2
    f = fp - f1

(40)

ild =
ì
í
î

ïïI1                f = 0

Ipejφip /2    f = fp - f1

(41)

ilq =

ì

í

î

ïïïï

ïïïï

0                                                                 f = 0

3(Vp I1ejφvp +V1 Ipejφip )

4(Js2 +DP s)ωn

I1 -
jIpejφip

2
    f = fp - f1

(42)

Substituting (39) - (42) into (26) - (28), and according to 
(20) and (22), the positive-sequence impedances of GFM 
converter with single voltage loop, single current loop, and 
voltage and current dual-loop, i.e., ZVP(s), ZIP(s), and ZVIP(s), 
respectively, can be derived as (43)-(45).

ZVP (s)=
Lf s +KpwmVdce

jδMV (s - jωn )V1 Hv (s - jωn )

R(s)+KpwmVdcV1 MI (s - jωn )Hv (s - jωn )- jejδKpwmVdc Hv (s - jωn )
(43)

ZIP (s)=
Lf s +KpwmVdce

jδ E
k

MV (s - jωn )H i (s - jωn )- jKpwmVdce
jδHv (s - jωn )

R(s)+KpwmVdce
jδ E

k
MI (s - jωn )H i (s - jωn )

(44)

ZIVP (s)=
Lf s +KpwmVdcV1ejδMV (s - jωn )Hvi (s - jωn )- jKpwmVdce

jδ (H i (s - jωn )- jωn Lf )

R(s)+KpwmVdcV1ejδMI (s - jωn )Hvi (s - jωn )- jKpwmVdce
jδHvi (s - jωn )

(45)

where Kpwm is the modulation ratio of GFM converter;  
Hvi (s) is the PI transfer function of voltage and current dual-
loop; and Vdc is the DC-side voltage.

Ⅲ. DERIVATION OF SERIES-PARALLEL SEQUENCE 
IMPEDANCE MODEL OF MULTI-LOOP GFM CONVERTERS 

A. Model Decomposing

The all-in-one impedance model, as shown in (43) - (45), 
appears to be overly intricate for the analysis of small-signal 
characteristics. Accordingly, this paper proposes a series-par‐

allel sequence impedance model of multi-loop GFM convert‐
ers to reveal the interrelationship between characteristics 
from a physical standpoint. An examination of (43)-(45) re‐
veals that the numerators and denominators exhibit analo‐
gous components. The numerators can be partitioned into 
two parts based on the plus sign, whereas the denominators 
cannot. The denominators can be transformed into the numer‐
ators through the reciprocal change, and then can be split in‐
to two parts. Therefore, (46) and (47) can be derived from 
(43) and (45), respectively.

1
ZVP (s)

=
R(s)+KpwmVdcV1 MI (s - jωn )Hv (s - jωn )- jKpwmVdce

jδHv (s - jωn )

Lf s +KpwmVdce
jδMV (s - jωn )V1 Hv (s - jωn )

(46)

1
ZIVP (s)

=
R(s)+KpwmVdcV1ejδMI (s - jωn )Hvi (s - jωn )- jKpwmVdce

jδHvi (s - jωn )

Lf s +KpwmVdcV1ejδMV (s - jωn )Hvi (s - jωn )- jKpwmVdce
jδ (H i (s - jωn )- jωn Lf )

=

R(s)+KpwmVdcV1ejδMI (s - jωn )Hvi (s - jωn )

Lf s +KpwmVdcV1ejδMV (s - jωn )Hvi (s - jωn )- jKpwmVdce
jδ (H i (s - jωn )- jωn Lf )

+

-jKpwmVdce
jδHvi (s - jωn )

Lf s +KpwmVdcV1ejδMV (s - jωn )Hvi (s - jωn )- jKpwmVdce
jδ (H i (s - jωn )- jωn Lf )

(47)

To simplify the form, (48)-(50) can be derived from (44), 
(46), and (47), respectively.

1
ZVP (s)

= YVPC (s)+ YVPpar (s) (48)

ZIP (s)= ZIPC (s)+ ZIPser (s) (49)

1
ZIVP (s)

=
1

ZIVPC (s)+ ZIVPser1 (s)
+

1
ZIVPparC (s)+ ZIVPpar1 (s) (50)

where

1
YVPC (s)

=
Lf s +KVPejδMV (s - jωn )Hv (s - jωn )

R(s)+KVPejδMI (s - jωn )Hv (s - jωn )
(51)

YVPpar (s)=
-jejδ (KVP/V1 )Hv (s - jωn )

Lf s +KVPejδMV (s - jωn )Hv (s - jωn )
(52)

ZIPC (s)=
Lf s +KIPejδMV (s - jωn )H i (s - jωn )

R(s)+KIPejδMI (s - jωn )H i (s - jωn )
(53)

ZIPser (s)=
-jejδ (KVP/I1 )(H i (s - jωn )- jωn Lf )

R(s)+KVPejδMI (s - jωn )H i (s - jωn )
(54)

ZIVPC (s)=
Lf s +KIVPejδMV (s - jωn )Hvi (s - jωn )

R(s)+KIVPejδMI (s - jωn )Hvi (s - jωn )
(55)

ZIVPser1 (s)=
-jejδ (KIVP /V1 )(H i (s - jωn )- jωn Lf )

R(s)+KIVPejδMI (s - jωn )Hvi (s - jωn )
(56)

1
ZIVPparC (s)

=
-jejδ (KIVP /V1 )Hvi (s - jωn )

Lf s +KIVPejδMV (s - jω1 )Hvi (s - jωn )
(57)

1
ZIVPpar1 (s)

=
-jejδ (KIVP /V1 )ejδHvi (s - jωn )

-j(KIVP /V1 )ejδ (H i (s - jωn )- jωn Lf )
(58)
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where KVP =KIVP =KpwmVdcV1; and KIP =KpwmVdcE/k.
In a physical sense, given that (51)-(58) all represent im‐

pedance, the splitting terms of the numerators can be regard‐
ed as impedances in series, and the splitting terms of the de‐
nominators can be regarded as admittance in series, i. e., 
impedances in parallel.

As shown in (48) - (50), the positive-sequence impedance 
of the GFM converter with a single voltage loop can be con‐
ceptualized as two impedances in parallel. Similarly, the pos‐
itive-sequence impedances of GFM converters with a single 
current loop can be conceptualized as two impedances in se‐
ries. Furthermore, the positive-sequence impedances of GFM 
converters with voltage and current dual-loop can be seen as 
two impedances in parallel, where each impedance can be 
viewed as two impedances in series.

Additionally, (51), (53), and (55) exhibit analogous forms 
to (17), i.e., the impedance of GFM converter with the sin‐
gle power loop. They share: ① a common filter compo‐
nent and power loop component, i. e., Lf s/R(s) and MV (s -
jωn )/MI (s - jωn ), respectively; ② the constant component, 

i. e., 2 Em for the single power loop, KVP for the single 
voltage loop, KIVP for the voltage and current dual-loop, and 
KIP for the single current loop; and ③ the PI controller com‐
ponent, i. e., Hv (s - jωn ) for the single voltage loop, Hi (s -
jωn ) for the single current loop, and Hvi (s - jωn ) for the volt‐
age and current dual-loop. Similarly, a comparison of (52) 
and (57), or (54) and (56), reveals that they exhibit similar 
forms, which can be classified as series impedances and par‐
allel impedances, respectively. Therefore, it can be conclud‐
ed that, in GFM converters, the voltage loop acts as a paral‐
lel impedance, while the current loop acts as a series imped‐
ance.

Additionally, two more points of interest regarding the 
positive-sequence impedances of GFM converters warrant 
consideration. One noteworthy point is that the positive-se‐
quence impedances maintain coupling terms. The coupling 
term jωn Lf in the current loop results in the appearance of 
additional coupling terms such as Hv (s - jωn ) in both the nu‐
merator and the denominator due to the frequency-domain 
convolution calculation. This leads to the positive-sequence 
impedance being nearly infinite around the fundamental fre‐
quency. Another point is that -jejδ appears in each numerator 
of the series and parallel components, indicating that the 
voltage and current loops exhibit similar capacitive resis‐
tance characteristics. However, these intriguing observations 
do not fully capture the true nature of GFM converters. To 
gain a more comprehensive understanding and to further ap‐
ply the proposed model in small-signal analysis, it is essen‐
tial to analyze the proposed model through corresponding 
schematic diagrams and Bode diagrams.

B. Model Complexity and Computational Efficiency

Given that each circuit element is composed of resistance, 
capacitance, and inductance, which can be represented by no 
more than three dimensions, the proposed model of GFM 
converter with voltage and current dual-loop, which compris‐
es four elements, can be considered to have less than 12 di‐
mensions. This is a considerably more compact representa‐

tion than those presented in [18] and [19], which encompass 
over 20 dimensions. Moreover, as each element can be exam‐
ined separately, the proposed model can be regarded as hav‐
ing only three dimensions. The low dimensionality of the 
proposed model results in a considerable increase in compu‐
tational efficiency. The proposed model can be calculated 
over 100000 sampling points in the Bode diagram, ranging 
from 1 Hz to 100 kHz, in less than 0.3 s. This capability en‐
ables the rapid analysis of the small-signal characteristics of 
GFM converter.

IV. IMPEDANCE CHARACTERISTICS OF GFM CONVERTER 
WITH DIFFERENT CONTROL LOOPS

A. Positive-sequence Impedances of GFM Converter with 
Different Control Loops

The system parameters of GFM converter with different 
control loops are shown in Table I, where Lg is the equiva‐
lent inductance of grid; Rg is the equivalent resistance of 
grid; and Qset is the setting value for output reactive power 
of GFM converter. Figure 5 shows the Bode diagram for 
positive-sequence impedances of GFM converters with differ‐
ent control loops, where blue lines are theoretical results de‐
rived from (17) and (43) - (45), and red circles are derived 
from the corresponding frequency-sweep simulations based 
on RT-Box shown in Fig. 6. The discrepancy between the 
theoretical and simulation results can be attributed to the 
phenomenon of frequency coupling, which arises from the 
conversion of active power on the AC and DC sides [18], 
[19]. As shown in Fig. 5, the frequency coupling phenome‐
non exerts a negligible influence on the amplitude and phase 
of positive-sequence impedances and does not alter the se‐
ries and parallel composition of each control loop in the pro‐
posed model. Consequently, it can be disregarded to stream‐
line the sequence impedances and corresponding stability 
analysis.

By comparing the distinction between the amplitude and 
phase of impedances at low and high frequencies (where the 
dividing line is twice the fundamental frequency [13], [22]), 
it is possible to divide the positive-sequence impedance of 
GFM converters into two groups based on the presence or 
absence of the current loop in the control strategy. For GFM 
converters utilizing the single power loop or the single volt‐

TABLE I
SYSTEM PARAMETERS OF GFM CONVERTERS

Parameter

ωn (rad·s)

Pset (kW)

Qset (kVA)

V1 (V)

Vdc (V)

I1 (A)

Lf (mH)

Cf (μF)

Lg (mH)

Value

100π

10

0

311.13

690

10.71

3.2

20

3.2

Parameter

DP (N·s/m)

J (kg·m2)

kvp

kvi

kip

kii

Rf (Ω)

Rg (Ω)

Value

20

0.05

0.2

20

1

5

1.5

0.1
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age loop, which lack the current loop, they exhibit inductive 
output impedance at low frequencies. Conversely, for GFM 
converters utilizing the single current loop or the voltage 
and current dual-loop, they exhibit capacitive output imped‐
ance at low frequencies.

From the standpoint of quantitative analysis, the stability 
margins with different control loops are shown in Supple‐
mentary Material A Table SAI and Fig. SA1.

In general, the grid impedance connected with the GFM 
converter exhibits inductive characteristics, which indicates 
that the sum of capacitive output impedances of GFM con‐
verter and the inductive grid impedance may be close to ze‐
ro, thereby causing instability. Therefore, the current loop is 
of significance as a series component in modifying low-fre‐

quency impedance characteristics.
The above low-frequency positive-sequence impedance 

characteristics can also be derived from the proposed model. 
As previously stated, the proposed model of GFM converter 
includes a low-frequency inductive impedance due to the in‐
ductive component Lf s/R(s) in (17), (51), (53), and (55). In 
the proposed model of GFM converter with either a single 
voltage loop or a single current loop, the components ex‐
pressed as (52) and (54) are included, which have a similar 
capacitive impedance and are used to reduce the inductance 
component and increase the capacitive component. This is 
achieved by the capacitive component −jejδ in the numerator 
and the inductive component Lf s or the resistor-inductance 
component R(s) in the denominator. Nevertheless, (52) be‐
haves as a parallel impedance while (54) behaves as a series 
one. In general, the parallel impedance caused by the volt‐
age loop will reduce the amplitude, whereas the series im‐
pedance caused by the current loop will increase the ampli‐
tude. Since the inductive impedance resulting from the pow‐
er loop has a relatively small amplitude at low frequencies, 
the decreasing effect of the voltage loop on the impedance 
amplitude of the power loop is considerably less than the in‐
creasing effect of the current loop. Therefore, the voltage 
loop appears to be inconsequential as a series component in 
altering low-frequency impedance characteristics.

At high frequencies, however, the GFM converters with 
different control loops exhibit similar capacitive impedance 
characteristics with relatively high amplitude, as shown in 
Fig. 5. This is because the parallel component resulting from 
the voltage loop has a relatively large amplitude, while the 
series component resulting from the current loop has a rela‐
tively small amplitude. Both have a negligible effect on the 
high-amplitude capacitive impedance resulting from the pow‐
er loop. Because of the parallel resonance, the impedance   
is infinite around the resonance frequency of LC filter fLC, as 
expressed in (59). Consequently, the positive-sequence im‐
pedances of GFM converters and the grid with a 180° phase 
shift must have an intersection frequency in the Bode dia‐
gram higher than the resonance frequency with various val‐
ues of short-circuit ratio (SCR), which can be calculated as 
(60) to measure the grid strength [23], [24], as shown in 
Fig. 7.

fLC =
2π

LgCf
(59)

SCR =
Psc

PN

=
3U 2

a

Zg Pset
(60)

where Psc is the short-circuit capacity of grid; Ua is the effec‐
tive value of va; Zg is the equivalent impedance of grid; and 
PN is the rated active transmission power of GFM converter.

This indicates that the GFM converter with distinct volt‐
age or current loops exhibits similar small-signal instability 
issues at high frequencies. Therefore, the impact of different 
control loops should be concentrated more at low frequen‐
cies. Previous results derived from the proposed model and 
corresponding Bode diagrams indicate that the single power 
loop is the preferred option due to fewer parameters in‐
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Fig. 5.　Bode diagram for positive-sequence impedance of GFM converter 
with different control loops. (a) Single power loop. (b) Single voltage loop. 
(c) Single current loop. (d) Voltage and current dual-loop.
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volved, which makes control easier and provides prior small-
signal stability at low frequency. Furthermore, the single 
power loop can control the inner electric potential by its am‐
plitude E and phase δ instead of ud and uq, which can pro‐
vide more stable voltage support during instability.

B. Negative-sequence Impedances of Different Control Loops

In general, the negative-sequence impedances exhibit few‐
er characteristics [15], [25], and the negative-sequence im‐
pedances of GFM converters with various control loops have 
similar amplitudes and phases. The Bode diagrams of the 
negative-sequence impedances of GFM converters with four 
control loops are shown in Supplementary Material A Fig. 
SA2.

C. Influences of Control Parameters

The influences of control parameters J, DP, kvp, and kvi on 
positive-sequence impedance of GFM converters are shown 
in Fig. 8. It can be concluded that J and DP exert their main 
influences mainly at low frequencies, whereas the PI parame‐
ters kvp and kvi exert influence at both low frequencies 
around 50 Hz and high frequencies around fLC. According to 
the proposed model, the aforementioned phenomenon can be 
elucidated by the assertion that the impedance component de‐
termined by J and DP is also in series with Lf s. Lf s exhibits 
a high amplitude at high frequencies, thereby reducing the 
influences of J and DP.

A sensitivity analysis can offer valuable insights into the 
robustness of the proposed model under different parameters. 
Therefore, the parameter-based sensitivity analysis method 
introduced in [26] can be employed, which is expressed as:

Spara =
¶PM

¶para

»
PM (para0 +Dpara )-PM (para0 )

Dpara
(61)

where Spara is the sensitivity of each parameter; PM is the 
phase margin of GFM converter; para represents various con‐
trol parameters such as J DP kvp kvi; para0 is the original val‐
ue of each control parameter; and Dpara = 0.1 para0 is the pa‐
rameter perturbation.

The parameter-based sensitivity analysis results can be ob‐
tained in Table II. It can be observed that the small-signal in‐
stability is predominantly associated with control parameters 
J and DP. However, a comparison between Fig. 5 and Fig. 8 
reveals that the impact of parameter alterations on positive-
sequence impedance characteristics is relatively insignificant 
in comparison to the influence of control loops.

 As shown in Table III, the phase and amplitude character‐
istics of different control loops and parameters in the pro‐
posed model are summarized.

Ⅴ. APPLICATION OF SERIES-PARALLEL SEQUENCE 
IMPEDANCE MODEL IN SMALL-SIGNAL ANALYSIS

The impedance analysis in Section III indicates that the 
proposed model can be effectively employed to analyze and 
modify the small-signal stability of GFM converters with 
high speed and efficacy. However, the aforementioned im‐
provement is limited in scope. It is more beneficial to equip 
people with the knowledge to conduct further research than 
to conduct the results for them. Therefore, it is necessary to 
restate how to use the proposed model to improve the small-
signal stability characteristics.
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TABLE Ⅱ
PARAMETER-BASED SENSITIVITY ANALYSIS RESULTS

Control parameter

J

DP

kvp

kvi

Spara

−5.7

0.3

0.1

−0.1
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As shown in Fig. 9, the positive-sequence impedances of 
GFM converters with different control loops are partitioned 
into disparate circuit elements in series or in parallel. Differ‐

ent colors are used to indicate various elements determined 
by different control loops.

Accordingly, the proposed model aims to streamline the 
analysis of the impedance characteristics of the multi-loop 
GFM converter under small-signal stability conditions. By 
using the proposed model, the characteristics of different in‐
ner-loop components can be investigated and enhanced sepa‐
rately, akin to modifying the characteristics of a series or par‐
allel resistance in a circuit to alter the impedance characteris‐
tics of the entire circuit. Furthermore, the blue and red ar‐
rows in Fig. 9 indicate the parameters that can markedly al‐
ter the impedance characteristics of the corresponding con‐
trol loop. For instance, when the power loop of the GFM 
converter has been designed, modifications to J and DP can 
be made to modify the impedance characteristics of the cur‐
rent loop. Alternatively, the PI parameters of voltage loop 
can be changed to modify the impedance characteristics of 
the voltage loop and to indirectly enhance the small-signal 
stability of the entire multi-loop GFM converter.

Given the impact of interaction between the voltage and 
current loops on the characteristics of sequence impedance is 
minimal [27], [28], the element ZIVPpar1 (s) can be disregard‐
ed. Consequently, through the analysis of the impact be‐
tween the power loop, voltage loop, and current loop, it is 
sufficient to modify the small-signal stability of the entire 
GFM converter.

Ⅵ. SIMULATION AND EXPERIMENT

The preceding results are validated through the PLECS 
simulation and a corresponding prototype experiment.

A. PLECS Simulation

As shown in Fig. 10, in weak grids (with small SCR), 
GFM converters with single voltage loop demonstrate superi‐
or performance compared with those with single current 
loop. According to the fast Fourier transform (FFT) result, 
GFM converters with single current loop exhibit low-fre‐
quency oscillation at 5-10 Hz when the SCR turns small due 
to their capacitive impedance characteristics. GFM convert‐
ers with the single power loop and the voltage and current 
dual-loop exhibit the results similar to those shown in Fig. 
10(a) and (b), respectively. These phenomena further support 
the conclusion that the GFM converter with a single power 
loop is the preferred option due to its more straightforward 
control parameters and superior low-frequency characteris‐
tics, particularly in weak grids.

As shown in Fig. 11, when the SCR alters at 4 s and 7 s, 
the output active power of GFM converter with a single 
power loop exhibits high-frequency small-signal instability. 
The harmonic frequency increases as the SCR turns larger, 
which is consistent with the intersections shown in Fig. 7. 
GFM converters with alternative control loops manifest anal‐

TABLE ⅡI
PHASE AND AMPLITUDE CHARACTERISTICS

Impedance model

Positive-sequence

Negative-sequence

Control loop and parameter

Power loop

Voltage loop (parallel)

Current loop (series)

J (series)

DP (series)

kvp (parallel)

kvi (parallel)

Power loop

Voltage loop (parallel)

Current loop (series)

Characteristic

Low-frequency

Inductive, small-amplitude

Capacitive, high-amplitude

*Capacitive, *high-amplitude

Capacitive, small-amplitude

Inductive, small-amplitude

Inductive, high-amplitude

Capacitive, high-amplitude

Inductive, small-amplitude

Capacitive, high-amplitude

Capacitive, small-amplitude

High-frequency

*Capacitive, *high-amplitude

Capacitive, high-amplitude

Capacitive, small-amplitude

Inductive, small-amplitude

Capacitive, small-amplitude

Capacitive, high-amplitude

Inductive, high-amplitude

*Capacitive, *high-amplitude

Capacitive, high-amplitude

Capacitive, small-amplitude

Note: * means the corresponding loop plays a leading role in the proposed model.

(b)(a) (c) (d)

J, DP

ZP(s)

ZIP(s)

ZIP,C(s)

(power loop)

ZIVP,C(s)

(power loop)

ZIVP(s)
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ZP(s)

(power loop)
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(power loop)
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(voltage loop)
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(current loop)
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(current loop)
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(voltage loop)
ZIVP,par1(s)

kvp, kvi

Fig. 9.　Schematic diagram of positive-sequence impedances of GFM converters with different control loops. (a) Single power loop. (b) Single voltage 
loop. (c) Single current loop. (d) Voltage and current dual-loop.
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ogous phenomena at high frequencies, thereby substantiating 
the aforementioned findings.

B. Prototype Experiment

As shown in Fig. 12, an experimental platform is em‐
ployed to simulate the actual operational conditions of the 
GFM converter.

The potential sources of error in the experiments mainly 
come from: ① sampling error in the measurement of the 
voltage and current; ② misalignment of the reference frame 
in the process of measuring the sequence impedance; and ③ 
a discrepancy between the fundamental frequency of the ac‐
tual system and the ideal frequency of 50 Hz in the FFT 
analysis [22].

Nevertheless, under the control of the rapid prototype con‐
troller YXSPACE-SP2000 and the corresponding converter 
device applied in this paper, the synchronized measurements 
of the three-phase voltages and currents reach a sampling fre‐
quency of 20 kHz. Consequently, given that the theoretical 
and experimental results are in close agreement, it can be 
concluded that the prototype closely matches the real-world 
implementation.

A 50 Hz fundamental voltage with an intermittent voltage 
of varying frequencies is injected by the harmonic injection 
power supply PRE1515M to conduct a sequence impedance 
frequency sweep experiment. Subsequently, the FFT is em‐
ployed to analyze the corresponding voltage and current da‐
ta, as shown in Fig. 13, to calculate the phase and amplitude 
and to obtain similar Bode diagrams and characteristics, as 
shown in Fig. 5.

As shown in Fig. 14, the low-frequency small-signal insta‐
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Insulated gate bipolar
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Fig. 12.　Experimental platform.
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Fig. 13.　Voltage and current data for frequency sweep experiment.
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bility of GFM converters occurs with an increase in J from 
0.05 to 0.2. This phenomenon is consistent with the afore‐
mentioned sensitivity analysis.

As shown in Fig. 15, the high-frequency small-signal in‐
stability of GFM converters occurs when the SCR decreas‐
es from 5 to 2. This phenomenon is consistent with the 
aforementioned high-frequency characteristics in Fig. 7 and 
Fig. 11.

The preceding experiments further validate that the pro‐
posed model of multi-loop GFM converters is an effective 
means of analyzing their small-signal stability.

Ⅶ. CONCLUSION

This paper presents a series-parallel impedance model of 
multi-loop GFM converters. The analysis of the small-signal 
stability of GFM converters through this model allows the 
derivation of the following results.

1) The sequence impedances of multi-loop GFM convert‐
ers can be decomposed into impedances in series and in par‐
allel with different control loops. The voltage loop can be 
conceptualized as impedances in parallel, whereas the cur‐
rent loop can be conceptualized as impedances in series.

2) GFM converters with a single power loop exhibit induc‐
tive impedance characteristics at low frequencies. Converse‐
ly, the GFM converters with the voltage loop and current 
loop exhibit capacitive impedance characteristics at low fre‐
quencies. Given the relatively small amplitude of the single 
power loop, the current loop exerts a more considerable in‐
fluence as parallel impedance than the voltage loop in modi‐
fying low-frequency sequence impedances from inductive to 
capacitive. This may potentially give rise to small-signal in‐
stability and low-frequency oscillations, particularly in weak 
grids.

3) The GFM converters with voltage loop and current 
loop display capacitive impedance characteristics at high fre‐
quencies. The relatively high amplitude of the voltage loop 
and the relatively low amplitude of the current loop have a 
negligible impact on the power loop as either parallel or se‐
ries impedance. Therefore, multi-loop GFM converters dis‐
play similar high-frequency capacitive impedance characteris‐
tics, which may result in high-frequency small-signal insta‐
bility in both weak and strong grids. Therefore, GFM con‐
verters with a single power loop are recommended from the 
perspective of small-signal stability, since they offer superior 
low-frequency characteristics in weak grids and simpler pa‐
rameters.
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