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Hybrid Frequency-domain Modeling and
Stability Analysis for Power Systems with
Grid-following and Grid-forming Converters

Ni Liu, Hong Wang, Weihua Zhou, Jie Song, Yiting Zhang, Eduardo Prieto-Araujo, and
Zhe Chen, IEEE, Member

Abstract—With the increase of the renewable energy genera-
tor capacity, the requirements of the power system for grid-con-
nected converters are evolve, which leads to diverse control
schemes and increased complexity of systematic stability analy-
sis. Although various frequency-domain models are developed
to identify oscillation causes, the discrepancies between them
are rarely studied. This study aims to clarify these discrepan-
cies and provide circuit insights for stability analysis by using
different frequency-domain models. This study emphasizes the
limitations of assuming that the transfer function of the self-sta-
ble converter does not have right half-plane (RHP) poles. To en-
sure that the self-stable converters are represented by a fre-
quency-domain model without RHP poles, the applicability of
this model of grid-following (GFL) and grid-forming (GFM)
converters is discussed. This study recommends that the GFM
converters with ideal sources should be represented in parallel
with the P/Q-0/V admittance model rather than the V-I imped-
ance model. Two cases are conducted to illustrate the rationali-
ty of the P/Q-6/V admittance model. Additionally, a hybrid fre-
quency-domain modeling framework and stability criteria are
proposed for the power system with several GFL and GFM con-
verters. The stability criteria eliminates the need to check the
RHP pole numbers in the non-passive subsystem when applying
the Nyquist stability criterion, thereby reducing the complexity
of stability analysis. Simulations are carried out to validate the
correctness of the frequency-domain model and the stability cri-
teria.

Index Terms—Converter, grid-forming (GFM), grid-following
(GFL) impedance, renewable energy, stability analysis, frequen-
cy-domain model.

Manuscript received: November 2, 2023; revised: March 8, 2024; accepted:
September 3, 2024. Date of CrossCheck: September 3, 2024. Date of online
publication: November 27, 2024.

This work was supported by Guangdong Basic and Applied Basic Research
Foundation (No. 2022A1515240030) and Shenzhen Innovation & Entrepreneur-
ship Program (No. JSGG20211029095544001).

This article is distributed under the terms of the Creative Commons Attribu-
tion 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

N. Liu, H. Wang (corresponding author), and Y. Zhang are with the School of
Mechanical Engineering and Automation, Harbin Institute of Technology, Shen-
zhen 518055, China (e-mail: liuni5739@outlook. com; hongwang@hit. edu. cn;
225153253 @stu.hit.edu.cn).

W. Zhou is with the Australian Energy Market Operator, Melbourne VIC
3000, Australia (e-mail: weihua.zhou@jieee.org).

J. Song and E. Prieto-Araujo are with Department of Electrical Engineering,
Technical University of Catalonia, Barcelona 08028, Spain (e-mail: jie.song@
upc.edu; eduardo.prieto-araujo@upc.edu).

Z. Chen is with the Department of Energy Technology, Aalborg University,

Aalborg 9220, Denmark (e-mail: zch@et.aau.dk).
DOI: 10.35833/MPCE.2023.000842
;1
MPCE

[. INTRODUCTION

HE global pursuit of a sustainable and low-carbon fu-

ture places significant emphasis on renewable energy
generation, driving consequential modifications in the opera-
tion, structure, and dynamics of power systems. A notable
manifestation of these changes is the transition from synchro-
nous generator-dominated dynamics to converter-dominated
dynamics in power systems [1]. Regrettably, this change en-
genders the emergence of several unexpected power system
oscillations in practical engineering for the converter-domi-
nated power systems [2]. Consequently, the small-signal sta-
bility analysis of converter-dominated power system emerges
as a critical research area. It is worth mentioning that the sta-
bility analysis mentioned below is all small-signal stability
analysis.

Impedance analysis methods play a crucial role in identify-
ing the underlying causes of oscillations in converter-domi-
nated power systems, which effectively explore the intricate
dynamics and interactions between converters and the grid,
enabling the formulation of impedance models in various
forms [3]. A classical and widely used impedance model is
the dg-domain impedance/admittance model (abbreviated as
V-I impedance/admittance model in the following), which of-
fers a more intuitive representation of the equipment control
characteristics [3]. However, it is advised that these advan-
tages of dg-domain impedance model do not extend to the
stability analysis for grid-forming (GFM) converters, espe-
cially those with a single-loop structure [4]. The distinction
arises from the fact that grid-following (GFL) converters di-
rectly control the DC component of voltage or current sig-
nals in the dg frame while GFM converters regulate phasor
quantities such as bus voltage magnitude and frequency.
From a control structure perspective, the modeling of the
GFM converter benefits from choosing the magnitude and
phase of the voltage as the input signals and the active and
reactive power as the output signals [5], [6]. The derivate
transfer function matrix model is defined as the P/Q-60/V
model [6], referred to as the power-domain model in [7] and
as the amplitude-phase model in [8]. Consequently, both the
V-I model [3], [9] and the P/Q-6/V model [8] become valu-
able tools for evaluating the stability of grid-connected con-
verters with equivalent results, including both GFL and
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GFM converters.

Originally concentrated on single-converter grid-connected
systems, the frequency-domain models based on impedance
or transfer function models extend their applicability to sys-
tems with several converters in GFL and GFM control.
Therefore, the circuit representation of the converters is de-
termined by the current and voltage characteristics of the ter-
minal [10]. GFL converters are typically modeled as current
sources in parallel with F-/ admittances, while converters
with constant frequency and constant voltage control are
commonly represented as voltage sources in series with V-1
impedance [11]. To facilitate analysis, the whole system is
divided into two subsystems at the selected node, following
the equivalent circuit model. Then, the impedance of each
subsystem is obtained by aggregating the impedance of indi-
vidual components according to the circuit principle [12],
[13]. It should be noted that the aggregation process may ex-
hibit right-half-plane (RHP) poles, particularly when combin-
ing the GFL and GFM impedances.

The Bode plots and generalized Nyquist criterion (GNC)
are used in [14]. The stability analysis for interconnected sys-
tems with RHP poles requires checking the open-loop RHP
pole numbers in the subsystem, as discussed in [15] and
[16]. One commonly used method is plotting the pole-zero
map of the impedance transfer function. However, there are
two major disadvantages. The process of solving the poles
involves an initial conversion into Smith-McMillan form,
adding an additional layer of complexity to the calculation
[15], [16]. Moreover, if the transfer function is the measure-
ment model/spectrum, the parameters of measurement model
need to be confirmed through fitting. Although the RHP pole
and zero numbers can be determined based on the magni-
tude slope change and the phase change in the Bode plots,
the method in [14] only applies to single-input single-output
nonminimum-phase systems. A sequential stability analysis
is developed to avoid the emergence of RHP poles during
the impedance aggregation process, which is started from
low-level nodes [12]. An alternative method involves divid-
ing the system into a non-passive subsystem and a passive
subsystem. By embedding the impedance model of non-pas-
sive modules (e.g., converters) as diagonal elements in the
transfer function matrices of a non-passive system, this meth-
od avoids the emergence of RHP poles induced by the im-
pedance aggregation process [17], [18]. However, a crucial
assumption in this method, which asserts the absence of
RHP poles in their V-1 models when each converter main-
tains self-stability, is not rigorously demonstrated in the cur-
rent studies.

The GFL and GFM converters can be represented as
equivalent power sources connected in series with P/Q-0/V
impedance or in parallel with P/Q-6/V admittance [5], [8].
Currently, two stability analysis techniques are applied by
utilizing these equivalent power sources: torque theoretical
analysis [19], [20] and impedance-ratio stability criteria [6],
[8]. The former aligns with the principles employed in mod-
eling synchronous generators, only focusing on the grid syn-
chronization dynamics under disturbances. In contrast, the
latter aligns with the frequency-domain analysis theory, en-

abling more precise conclusions regarding stability assess-
ment. However, based on the authors’ knowledge, the appli-
cation scope of the P/Q-0/V modeling framework proposed
in [6] is confined to multi-GFM grid-connected systems. The
impedance modeling in [17] and [18] seems to be easily ex-
tendable to power systems with GFL and GFM converters.
However, the method in [17] and [18] raises a similar ques-
tion, as previously discussed, concerning the presence of
RHP poles in the P/Q-6/V model of the self-stable converter.
In fact, as illustrated in [8], the V-/ model of a stable GFL
converter does not have RHP poles, whereas the P/Q-0/V
model has one RHP pole. Consequently, it becomes impera-
tive to verify the existence of RHP poles in the non-passive
subsystem when applying the P/Q-6/V modeling framework
to power systems with GFL and GFM converters.

To eliminate the need to check the RHP pole numbers in
the non-passive subsystem, this study revisits the presence
of RHP poles in self-stable converter as well as the adapt-
ability of the frequency-domain model, and explores the hy-
brid frequency-domain modeling framework for the power
system with GFL and GFM converters. The main contribu-
tions of this study can be summarized as follows.

1) This study contributes to clarifying the discrepancies
between the V-1 and P/Q-6/V models in stability analysis,
particularly rectifying the vague understanding regarding the
pole numbers of the frequency-domain model of a self-stable
equipment.

2) This study investigates the appropriate model selection,
either the V-1 or the P/Q-6/V impedance/admittance model,
for the stability analysis of converters in different control
modes.

3) This study introduces a hybrid frequency-domain mod-
eling framework and stability criteria for power systems
with GFL and GFM converters. The frequency-domain mod-
el simplifies the stability analysis process by eliminating the
need to check the RHP pole numbers in the non-passive sub-
system.

The rest of this paper is organized as follows. Section II
briefly introduces the system configuration and the frequen-
cy-domain models. Then, the circuit insights and discrepan-
cy of frequency-domain models are discussed in Section III.
Afterward, Section IV discusses the frequency-domain mod-
el applicability for converters with different control strate-
gies. Section V presents the multi-converter parallel system.
Finally, Section VI outlines the main conclusions.

II. SYSTEM CONFIGURATION AND FREQUENCY-DOMAIN
MODELS

A. System Configuration

Figure 1 illustrates the studied system with GFL and GFM
converters, where PCC is short for the point of common cou-
pling. These converters utilize a three-phase full-bridge in-
verter circuit, featuring a DC-side capacitor and an AC-side
L filter, which serve to maintain a stable DC-link voltage
and filter out the switching harmonics, respectively. Given
that the GFL converter directly regulates its DC-side voltage
and the GFM converter controls the output power, the DC-
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side circuits of the GFL and GFM converters can be simpli-
fied as an ideal current source in parallel with an admittance
and ideal voltage source in series with an impedance, respec-

17

tively. The converter is connected to the series-compensated
grid with the equivalent resistance R,, the equivalent induc-
tance L,, and the equivalent capacitance C, [21].
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Fig. 1.

It is worth mentioning that all the converters mentioned in
this study are grid-connected voltage-source converters
(VSCs). The common control structures of GFL and GFM
converters are shown in Fig. 2, where PLL is short for the
phase-locked loop. A GFL converter is designed to follow
the grid voltage and frequency, adjusting the output power in
response to changes in the grid voltage and frequency. The
common control structure of a GFL converter is the two-
loop cascaded control, as shown in Fig. 2(a). In contrast, the
GFM converter does not require an external grid voltage ref-
erence, as it generates a stable voltage and frequency wave-
form that is synchronized with the grid. Figure 2(b) displays
a common control structure of a GFM converter, where the
power-based synchronization loop controller and the QO-V
droop controller generate the phase angle and magnitude of
the terminal voltage of the GFM converter, respectively.
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Fig. 2. Common control structures of GFL and GFM converters. (a) GFL
converter. (b) GFM converter.
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Studied system with GFL and GFM converters. (a) Topology of studied system. (b) Topology of grid-connected converter.

Figure 3 gives the control diagram of GFM converters. To
suppress power resonance at approximately 50 Hz, a virtual
resistance H, =R s/(s+w,) is added to the output signal of
Q-V droop controller, where R, is the resistance; and w, is
the cut-off frequency. The Q- droop controller consists of a
proportional gain and a high-pass filter, with the high-pass
filter typically set in the range of 0.1-0.2 p.u. for its cut-off
frequency w,, and the resistance R, chosen around 0.2 p.u.
[22]. Notably, all GFM control structures aim to regulate the
voltage amplitude and phase. The essential differences
among these control structures are the voltage control at dif-
ferent positions (e.g., the GFM converter depicted in Fig. 3
controls the voltages at the converter switching bridge, while
the GFM converter with multiple loops [9] regulates the volt-
ages at the PCC) and the simulation of different reactive
voltage equations.
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Fig. 3. Control diagram of GFM converters. (a) Power-based synchroniza-
tion loop controller. (b) O-V droop controller.

Thus, although this study analyzes only two typical con-
figurations, the presented tool can be adapted for other op-
tions of converter control implementation in different appli-
cations.
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B. Frequency-domain Models

1) V-I Impedance Model
To analyze the interaction between the converters and the
grid, the existing studies usually use Ai% and Av% as the in-
put and output signals of the frequency-domain model, re-
spectively, deriving a V-I impedance or admittance model of
the converter. The V-I impedance model of the converter can
accordingly be expressed as [3]:
Aqu: |:de qu] Aidq
VA AT

Z%

(M

where the superscripts d and ¢ denote the d-axis and g-axis
parameters, respectively; Z is the impedance; and A denotes
the small disturbance component of the signal.
2) P/Q-6/V Impedance Model

To analyze the power-frequency dynamic characteristics
and their interaction of the converters, the output active pow-
er P, and reactive power O, are usually used as input sig-
nals. The amplitude ¥, and phase (frequency) 6,. of the volt-
age at converter switching bridge or PCC voltages are used
as output signals [6], [8]. The P/Q-6/V impedance model of

the converter can be expressed as:

[Aam}_[G@’ Ggq][APe}
AV, ] LG? G| AQ, (2)
Bl Y T LT
AV zr AS™

where G, G", G, and G* are the elements of the equiva-
lent impedance Z.

III. CIRCUIT INSIGHTS AND DISCREPANCY OF
FREQUENCY-DOMAIN MODELS

This section introduces the circuit insights and stability cri-
teria based on different frequency-domain models. This sec-
tion also studies the discrepancy of frequency-domain mod-
els of the converters and transmission lines.

A. Circuit Insights and Stability Criteria

The relationship between the output power and the PCC
voltage/current, as well as the relationship between the dg-
axis voltage and the amplitude and phase of the voltage at
the converter switching bridge, is given as [8]:

A, A,
3 3 3 3
[Me]_ PRI {Av"q}
AQ, | | 3.3 3 3 AP 3)
T ligh QY
T,
0 1| AG
A dq=|: }': ac:|=T AV&e
", ollar, T )

T,
where the subscript 0 denotes the steady-state value; and [/
and ¥ denote the current and voltage, respectively.

Substituting (3) and (4) into (2), the mathematical equiva-
lence of the converter and the two subsystems using the P/Q-
6/V model can be expressed as [6]:

Z0=T,[A4,-A4,(Z)']

vse vsc

ZO=T, 4, +4,Z{)"

where the subscripts “vsc” and “g” denote the parameters as-
sociated with the converter and the grid, respectively. Simi-
larly, if the converter employs GFL or GFM control, the sub-
script will change from “vsc” to “gfl” or “gfin”.

Figure 4(a) shows the Norton equivalent model based on
the V-I model of the grid-connected converter system. The
PCC voltage based on the Norton equivalent model v* is de-
rived as [23]:

®)

dq 7 dq _ 744 y,dq dq dqy,dq _ y dq 744 4,dq
vdq_ vg ZVS(' GVA'L’vl‘.,VSCZg 1 _ Yg vg YVSCGVS('v)',\’S(J (6)
- dq y dq dg dq dq
E+ZlY, Z; Yi+Y,
where v¥ and G are the reference voltage vector and

closed-loop reference-to-output frequency-domain model of
the converter, respectively; ¥% is the equivalent admittance;
and E is the identity matrix.

Following the Norton equivalent model and Ohm’s law,
Fig. 4(b) shows the Thevenin equivalent model | of the grid-
connected converter system, where the controlled current
source amplitude and admittance values are multiplied by a
coefficient matrix 4, The PCC voltage based on the Theve-
nin equivalent model 1 can be expressed as:

dq: A[Ygdqvgq_(AIG\inYin:{quc) _ Ifg_lrﬂ,kiw (7)
A,V + YD) A,V + YD)

where I4=A,¥vi and I, =A,GU4Y v, are the refer-
ence amplitude vectors of the equivalent current sources on
grid and converter sides, respectively.

Subsequently, the Thevenin equivalent model 2 is ob-
tained by adjusting the equivalent admittance of two subsys-
tems with a coefficient matrix 4,, as shown in Fig. 4(c).
The PCC voltage based on the Thevenin equivalent model 2

can be expressed as:

dq _ ydq
Ir-g Ii: vsc

dg _
b (AIY;q+AV)_(AV_A1YviZ) (8)

Then, the P/Q-6/V model of the two subsystems can be
calculated from the derived impedance models and frequen-
cy sweep models. By multiplying the left and right sides of
(8) by the inverse matrix T, and substituting it into the P/Q-
6/V model, the PCC voltage can be calculated as:

e rq rq
V(.)e_ vr,g_sr.vchg (9)
Py rq
E - Zg YV.S‘(’
Oe _ qr—1.4dq. Pq _— dq dgq
Where vr,g - THe vr.,g’ and Sr‘ vsc _Avvr‘g + I' vse*

Figure 4(d) shows the simplified equivalent circuit based
on the P/Q-0/V model. Notably, the PCC voltage dynamics
and the stability of the grid-connected converter system
based on these four equivalent circuits remain consistent.
Since measurement data from the model can be used directly
in the GNC, this criterion serves as a powerful and efficient
tool in the stability analysis for the power systems [1]. On
the basis of (6), (9), and GNC, it is straightforward to con-
sider that the stability of the grid-connected converter sys-
tem can be determined by examining the number of clock-
wise encirclements of the open-loop gain L% =Z%y% or

sys vset g

LY =—Z"Y ! around the point (-1, jO) [3]. However, it is es-

sys vsc
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sential to assume that frequency-domain models for appara-
tus do not exhibit RHP poles. This assumption results in dis-
crepancies when using the GNC based on P/Q-6/V models
compared to impedance models. These discrepancies are il-
lustrated later.

dg
Z\’S('
Gyt yda v

vsc U r,vsc

rsc

|
dq dq | dq ydg
L, AYH[] oy [Jayd 1
|
|

i

dgq dg i

1 ryse A V_A[ Y, vsc v da
i

dq ydgq
Ayt A Y Ly

o

(d
Fig. 4. Equivalent circuit model of grid-connected converter system. (a)
Norton equivalent model based on V-7 model. (b) Thevenin equivalent mod-
el 1. (c) Thevenin equivalent model 2. (d) Simplified equivalent circuit
based on P/Q-0/V model.

B. Discrepancy Between Frequency-domain Models

1) Frequency-domain Models of Converters

Generally, the mathematical description of the converter
typically comprises two components: the controller and the
filter circuit. Neglecting the DC-side dynamics and switch-
ing losses of the converter, the output pulse width modula-
tion signals of the control system can be approximately
equal to the voltage at the switching bridge of the converter
e%. That is to say,, the output signal of the control system is
e’ which must be one of the input signals of the converter
filter circuit. The state-space models of the two components
can be expressed as:
{xctr; =F.x,+H,a.,, (10)
Aev:] =J X el +K crl@

c ctrl

(11)

where F, H, J, and K are the diagonal parameter matrices in
the state-space representation of modules; x, a, and b are the
state variables, input signals, and output signals, respective-
ly; and the subscripts ctrl and filter represent the controller
module and filter circuit module, respectively.

Moreover, the interconnection between the input signal
and output signal of the composite system and the input/out-
put signals of each module can be expressed by the algebra-
ic equations as:

{x_ stter = e X fitier + H e @ er
b iver = 10X ter + K prier A

dq
[“} =LI[A‘“’} Lo, (12)
Afitter b filter
dq
pom 6 e [ B | (13)
filter aﬁlter

where u, and y,_ are the input and output signals for the
converters of the composite system, respectively; and L, L,,
L., and L, are the parameter matrices that map the intercon-
nection relationships among different components.

Then, according to the component connection-based modu-
lar state-space modeling method in [24] and the relationship
between the state-space model and the frequency-domain
model, the overall state-space model and frequency-domain

model of the converter can be expressed as:
x\’S(J = A vsc xVS(' + B\’S(J” vsc

Ve =C X e+ D U

vsc Y vse vsc*" vsc

(14)

Gvsc = M = Cvsc (SE _Av.ye )71 Bvxc +Dvsz:

(15)

where 4, =F, +H, L (E-K, L, )"'J, is the parameter
matrix, and F,, H,, and J, are the diagonal matrices with
parameter matrices F, H, and J of submodule (control sys-
tem and filter) as the diagonal elements; and B, C, ., and
D, are the the parameter matrices of the overall state-space
model of the converter.

Equations (12) and (13) show that selecting different input
or output signals of the composite system can result in
changes to L,-L,. For P/Q-6/V frequency-domain modeling,
(12) can be rewritten as (16), where the parameter matrices
are labeled with the superscripts “pg” and “dg”. The former
refers to selecting the output power AS? and the amplitude
and phase of the voltage AV'* as input and output signals, re-
spectively, while the latter refers to selecting the correspond-
ing dg-axis voltage v* and dg-axis current i as input and
output signals, respectively.

l:tlm,:| :qu|:Aeff:| N [Lél,pq Lél,pq:' AP,
@l Lbg ) LLST LFP[AQ, (16)

Ly
Then, substituting (3) into (16) yields:

11.pq 12.pq
actrl _ L2 LZ A Avdq+
a T Lea g 2204 v
filter 2 2

Lll,pq LlZ,pq . Aegq
Lgl,pq L%Z‘pq]AIAldq-f_Lll)ql: t:| (17)
2 2 filter

Selecting the input signal in 7~/ model as the voltage v%,
the output signal i can be expressed in a linear form relat-
ed to by, namely i“=L,b,,. Then, the relationship be-

tween L{ in the V-I model and L% in the P/Q-0/V model is:
Li=Ly+ [0 LyAL,] .

It is worth noting that the matrices L% and LY may not
be equal, as indicated by (18). This implies that the parame-
ter matrix 4% is not necessarily equal to the parameter ma-

vsc
trix A??, because the matrices F,_, H, , K _, and J __ are the

vse? vsc? vsed vsed vsc
same. This suggests that the absence of an RHP pole in one
frequency-domain model does not guarantee the absence of

an RHP pole in others, as zero-pole cancellation can occur

rrrrr
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in the frequency-domain model.

2) Frequency-domain Models of Grid
The dynamic equations of the grid with inductor L, and re-

sistance R, in dq frame can be given as:

R,+sL, L, ] s

-w L, R, +sL,

dg
Z,

Av¥ = Ap® — [
¢ (19)

where w, is the rated angular velocity of the grid.

Substituting (19) and (4) into (3) to ecliminate the vari-
ables Av* and Ai“, the relationship among the transmission
power and the voltages at two ends can be given as:

AP A6 Avd}
¢|l=yre ac | _ 4 Y% g
[AQJ ¢ [AVJ e [Avg, (20)

2
0+ L5V 0L, P, . 1.5V, (R,+5L,)
' K, V.o K,
Y= ,
~ L5V (R +sL,) 0. . 15w, L,V .
e0
Kg VucO Kg
21
P
qu Fl Fl
= 22
F, F,
where K,=(R,+sL, )’ +(w,L,); F, = K. (P} + Q%) + Vi -

[4.5sL,R, — 2.25R; + L;(-2.25s> — 2.25w;)]; and the coeffi-
cients F,, F,, F,, and F are given in Appendix A.

From (19), (21), and (22), the frequency-domain models
Z Y, and ¥* do not exhibit RHP poles as the poles of
Ygd" and Y?* are —R,/L,. The RHP poles of Z}* can be ob-
tained by solving F;=0. From (A6)-(A9) in Appendix A, it
is observed that the P/Q-0/V impedance model exhibits one
RHP pole when 9V -4X}P}—-4X 0% —-4P;R.>0. The
steady-state operating point is set with V,=1 p.u., P,=1
p-u., 0,=0 p.u., and X, and R, are usually less than 1 p.u,,
which is easily satisfied in practice. Therefore, the P/Q-6/V
impedance model Z? of the grid has one RHP pole, which
highlights that different model forms of the grid may have
discrepancies in their RHP poles. Even for a stable equip-
ment, one model may have RHP poles, whereas the other
models may not.

To conclude, both the V- model and the P/Q-6/V model
are utilized in the stability analysis for grid-connected con-
verter systems. While the utilization of these models for as-
sessing the stability of the entire closed loop yields consis-
tent results, there may be discrepancies in how accurately
different frequency-domain models describe the physical
properties of a system. It is crucial to recognize that not all
models can accurately reflect the self-stability nature of the
apparatus. Improper choice of the model results in an addi-
tional step in the stability analysis, requiring the examination
of RHP poles of the open-loop gain matrices.

IV. FREQUENCY-DOMAIN MODEL APPLICABILITY FOR
CONVERTERS WITH DIFFERENT CONTROL STRATEGIES

This section focuses on the selection of the appropriate

frequency-domain model of the converter in stability analy-
sis based on its design model. Two cases are given to illus-
trate the rationality of the frequency-domain model.

A. Frequency-domain Model Applicability of GFL Convert-
ers in Stability Analysis

By using the current decoupling control and neglecting
the dynamics of PLL, the d-axis closed-loop frequency-do-
main model of GFL converters with a proportional-integral
(PI) inner controller G, (s)=k, +k,/s and a filter circuit
G, (8)=1/(L.s) is given as [25]:
kpcs+kpi

. . s
Ail'= — PP N4 AV
L.s"+k,s+k, — L.s+k,s+k, (23)
| S R S
Gl (9) Vi (s)

111111111

where i:’ef is the d-axis component of the desired current; and
L, is the filter inductance.

Similarly, the g-axis frequency-domain model Y/ (s) can
be obtained. Obviously, the design model of GFL converter
involves a frequency-domain model with current as the input
signal and voltage as the output signal. Furthermore, during
the design process of the converter, both frequency-domain
models Y and Y%  are ensured to be free of RHP poles
and exhibit a certain stability margin. Considering that the
design model can be considered as a V-/ admittance model
that neglects the dynamics of PLL, it is anticipated that the
V-1 admittance model Y ;;;’ of the GFL converter does not pos-
sess any RHP poles. However, it is worth mentioning that
there is no absolute guarantee that the V-/ admittance model
Y;? of the converter is completely free of RHP poles, espe-
cially under non-unity power factor conditions. Fortunately,
the converter parameters are optimized through a trial-and-er-
ror process to ensure the self-stability of the converter. In
contrast to the P/Q-6/V model, which is not involved during
the design process of the converter, it is more reasonable
that the self-stability of the converter implies the absence of
RHP poles in the V-I admittance model of the GFL convert-
ers.

Thus, a more appropriate approach for assessing the stabil-
ity is to model the GFL converter as an ideal current source
in parallel with the V-I admittance model. The stability analy-
sis cases for GFL converters in [8] provide proof. The calcu-
lation results in [8] illustrate that the impedance model of a
stable GFL converter does not have RHP poles, but the P/Q-
6/V model may have RHP poles.

B. Frequency-domain Model Applicability of GFM Convert-
ers in Stability Analysis

The converter under the GFM control is given as:
dw
Pre/’_Pe+Dp (wO - w)z‘]vz‘?

dE

Dq (quf_ Qe )+ Vac - Vacrqf: Kvlww (24)

0,= [wdi

where J, and K, are the inertias of active power loop and re-
active power loop, respectively; D, and D, are the active
droop coefficient and the reactive droop coefficient, respec-
tively; £,20,, is the PCC voltage phasor; and P, O,,, and



LIU et al.: HYBRID FREQUENCY-DOMAIN MODELING AND STABILITY ANALYSIS FOR POWER SYSTEMS WITH GRID-FOLLOWING... 21

Verey are the active power reference, the reactive power refer-
ence, and the rated root mean square value of the PCC volt-
age, respectively.

Assuming that the grid is inductive, the inductive compo-
nent X,=w,(L,+L,) of the converter filter and grid inductor
is significantly larger than the resistance component R +R,.
Thus, we can neglect the resistance component. Disregarding
the transmission line dynamics and the power coupling term
[26], the model of the GFM converters can be obtained by
substituting (24) into (20).

3V, 0

3V, E 1 1 ,
gt gY%v0
= — (AP, ,—AP,)- £\
¢ X, J,s+D,s ref ) X, Ve
Gpopen (5)

3. D AE (25)

= ve "4 _ _ vt
A0= 3 K s+ 1 A A0~ AT,
Gopen (9)

where ¢, is the power angle between the converter voltage
and the grid voltage.
Therefore, the closed-loop transfer functions of the active

power loop G, . (s) and reactive power loop G, . (s) can
be easily expressed as:
3V,
Gopen (9) X,
_ psopen _ t
A Gy ® M 156,
’ ’ (26)
3E,
G (s) X,
AQ.= 1 e SA0 G A
1 + GqA, open (S ) ! 1 + GqA, open (S) €

In contrast to the GFL converter, the parameter tuning
model (26) of the GFM converters does choose output pow-
er and the magnitude/phase of the PCC voltage as input/out-
put signals [26]. During the design process of the GFM con-
verter, the zeros of 1+G, ,,, (s) and 1+G, ,,, (s) are placed in
the left-half plane by analyzing the Bode diagrams of the
open-loop transfer functions G,,,,(s) and G, (s), respec-
tively. Thus, the design model of GFM converters can be
considered as a P/Q-6/V model that ignores the dynamics of
inductance, transmission line resistance, filter resistance, and
power coupling. Furthermore, the design model of GFM con-
verters considers grid impedance, but it is not presented in
the P/Q-6/V model. With the consideration of the stability
margin and trial-and-error process in parameter tuning, it is
reasonable to assume that the P/Q-6/V model of GFM con-
verters does not have RHP poles. In contrast, the RHP pole
numbers in the V-I model are uncertain since they are not in-
volved in the design process of the GFM converter. One sta-
ble case and one unstable case are provided in the next sub-
section, which also prove this inference.

C. Cases Analysis for GFM Converters

Figure 5 shows the Bode diagram of G,,,,(s) and
G, open (8) Of the GFM converter, utilizing the simulation pa-
rameters provided in Table I.

For an active power loop, the crossover frequency is 14.6
Hz, the phase margin is 28.5°, and the magnitude of the ac-
tive power loop gain at 100 Hz is -32.4 dB (which corre-

sponds to 0.0239).
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Fig. 5. Bode diagram of G, (s) and G, (s).

TABLE I
SIMULATION PARAMETERS

Module Parameter Symbol Value
Rated power Ses Sepin 2 MW, 2 MW
Rated frequency Jo 50 Hz
Filter Transformer ratio K, s 66 kV/690 V
circuit Equn;zlfi:;ta ;ré(iustza;lgz and Lg, Rg 0.2 pu., 0.02 p.u.
Filter inductancg, capacitance, L.C.R 26.3 mH, 40 pF,
and resistance oo 0.5 mQ
Vector current controller Kpe o Kicg 0.33, 0.6283
Direct-voltage controller K pde.g> Kide.g 1.47, 132
PLL kg Kipirg 40, 800
Controller . .
and active droop coefticent D 002,002
Inertia of reactive power loop K, D, 0.02, 0.20

and reactive droop coefficient

In addition, the magnitude of the reactive power loop gain
at 100 Hz is —22.5 dB (which corresponds to 0.0749). There-
fore, the amplitude margin and the phase margin of the ac-
tive power loop and the reactive power loop satisfy the re-
quired specifications, and the GFM converter is deemed self-
stable [26]. To validate the above-mentioned conclusion, the
stability of GFM converter is assessed by employing L;’;’s
and L%, considering the transition of the grid condition from
an inductive grid to a series-compensated grid. The V- mod-
el and P/Q-6/V model of the converter are previously estab-
lished in [27] and [5], respectively, and are not reiterated
here.

1) V-I Impedance Model

Set the series compensation level (SCL) SCL= l/(a)ﬁLgCg)
as 36% and 60%, respectively. In Fig. 6, A, and 4, are the ei-
genvalues of Lf;ﬂ In both Fig. 6(a) and (b), the blue Nyquist
curves do not encircle the point (—1,j0). However, in Fig. 6
(a) and (b), the red Nyquist curves encircle the point (—1,]j0)
once in clockwise and counterclockwise directions, respec-
tively. This indicates that the encirclement number N, of the
point (—1,j0) for two cases is 1 and —1, respectively. With
the common assumption that Z, ;}Zn, Y ;", and Z;" do not have
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RHP poles, as illustrated in Section III-B, the grid-connected
converter system has instability, while the grid-connected

with one

converter system with SCL=60% loses stability
RHP pole.
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Fig. 6. Nyquist curves using V- model Z and P/Q-6/V model Y

gfm>

36%. (b) Nyquist curves of Z% when SCL=60%. (c) Eigenvalue distribution of closed-loop system. (d) Pole distribution of Z%
gfm

pole distribution, and eigenvalue distribution. (a) Nyquist curves of Z% when SCL=

gfm

o and Y2 of GFM convert-

er. (e) Nyquist curves of Y#! when SCL=36%. (f) Nyquist curves of ¥*! when SCL=60%.

gfin gfim

However, by examining the eigenvalue distribution of the
closed-loop system shown in Fig. 6(c), it is evident that the
closed-loop system remains stable when SCL=36%, whereas
the closed-loop system exhibits instability with two RHP
poles when SCL increases to 60%. The conflicting conclu-
sions arise from the assumption that the V- model of a self-
stable converter does not have any RHP pole, whereas there
is actually one pole present in two cases, as observed from
the pole distribution of the V-/ model Z;fﬁn of the GFM con-
verter in Fig. 6(d). Taking into account the existence of one
RHP pole in the converter, the conclusions obtained from
GNC align with the eigenvalue distribution, as shown in Fig.
6(c). It should be noted that the discrepancy in the stability
analysis conclusions arises because the encirclement number
of the point (—1,j0) in the two cases is one with positive and
negative directions, respectively. In conclusion, it can be stat-
ed that the V-1 model of a self-stable GFM converter cannot
guarantee the absence of an RHP pole.
2) P/Q-6/V Admittance Model

Figure 6(d) also gives the pole distribution of the P/Q-6/V
admittance model Y7 of the GFM converter. It can be ob-
served that whether SCL=36% or SCL=60%, the poles of the

P/Q-0/V admittance model for the GFM converter are locat-
ed in the left-half plane. However, it should be noted that
there is an RHP pole in the P/Q-0/V impedance model Z}*
of the transmission grid, as mentioned in Section III-B.
Thus, the open-loop gain Y/ Z? has one RHP pole.

Figure 6(e) and (f) shows the Nyquist curves of the two
cases based on LY, respectively. In Fig. 6(e), the blue Ny-
quist curve encircles the point (—1,j0) in counterclockwise di-
rection once, which indicates stability. Figure 6(b) shows
that the red Nyquist curve encircles the point (—1,j0) in
clockwise direction twice, while the blue Nyquist curve en-
circles the point (—1,j0) in counterclockwise direction once.
This indicates that the system loses stability with two RHP
poles when SCL=60%. The conclusion is consistent with
that of the eigenvalue distribution shown in Fig. 6(c). Thus,
it is essential to acknowledge the limitations of assuming
that frequency-domain model of self-stable equipment does
not have RHP poles. A more appropriate approach to assess-
ing the grid-connected stability issues is to model the GFM
converter as an ideal power source in parallel with the P/QO-
6/V admittance model.

To validate the stability analysis conclusion, the nonlinear
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model of a single-converter grid-connected system is built
on the MATLAB/Simulink platform.

Figure 7 shows the three-phase output current and active
power waveforms of the converter when SCL=36% and
SCL=60%, as well as the fast Fourier transform (FFT) re-
sults from the output current when SCL=60%. The 35 Hz
and 65 Hz oscillation components are observed in Fig. 7(c),
which correspond to the oscillation frequency of 2w x (50—

3000

23

35)=94.2 rad/s and 27 x(65—50)=94.2 rad/s. This is consis-
tent with the eigenvalue distribution in Fig. 6(c), where the
two unstable poles of the closed-loop system are both 4.084 +
j98.6. Additionally, Fig. 6(c) confirms that the eigenvalue
distribution of the closed-loop system, derived from both the
V-I model and the P/Q-6/V model, exhibits substantial consis-
tency, corroborating the findings in [8].

| RN et

Fig. 7.

Time-domain analysis results of single-converter grid-connected system. (a) Three-phase output current and active power waveforms of converter

when SCL=36%. (b) Three-phase output current and active power waveforms of converter when SCL=60%. (c¢) FFT results from output current when

SCL =60%.

In summary, the utilization of different models during the
design process of GFL and GFM converters leads to differ-
ent interpretations of self-stability. For the GFL converter,
self-stability implies the absence of RHP poles in the V- ad-
mittance model, whereas the RHP pole number in the P/Q-
0/V model remains uncertain. Conversely, the self-stability in
the GFM converter denotes the absence of an RHP pole in
the P/Q-0/V admittance model, while the pole in the V-/
model may not possess this attribute. To reduce the complex-
ity of the stability analysis, it is recommended that GFL con-
verters are modeled as an ideal current source in parallel
with the V-I admittance model, while GFM converters are
modeled as an ideal power source in parallel with the P/QO-
0/V admittance model.

V. MULTI-CONVERTER PARALLEL SYSTEM

This section presents a hybrid frequency-domain modeling
framework and stability criteria for multi-converter parallel
systems with the frequency-domain models of GFL and
GFM converters built in the V-I and P/Q-6/V models, respec-
tively. The stability criteria are validated through a simula-
tion case involving a studied system with both GFL and
GFM converters.

A. Modeling Framework and Stability Criteria

The assessment of the RPH pole number of the high-order
transfer function matrix can be challenging, given the com-
plexity involved in both calculating the poles of this matrix
and identifying the parameters of the measurement model.
The potential existence of RHP poles in the frequency-do-
main model of converter and the impedance aggregation pro-
cess contribute to the emergence of RHP poles in the subsys-

tem model. From the analysis in Section 1V, it is evident
that the V-I model of the GFM converter may exhibit RHP
poles, resulting in an inaccurate conclusion. To address this,
it is recommended to set the GFM converters as an ideal
power source in parallel with the P/Q-6/V admittance model.
Subsequently, the V-/ admittance of the GFL converter, the
P/Q-6/V admittance of the GFM converter, and the V-/ im-
pedance of the equivalent grid are embedded as diagonal ele-
ments in the transfer function matrices of the non-passive
subsystem. In this modeling approach, each component in
the non-passive system operates independently as an individ-
ual subsystem without interacting with other components.
This ensures that the poles of the system models are the
union of the poles of each submodule, thereby preventing
the emergence of RHP poles during the impedance aggrega-
tion process.

Assuming each power plant shares the same control struc-
ture and parameters, each power plant is simplified and rep-
resented as a single equivalent source converter (ESC) using
the capacity-weighted average method [28]. According to
Fig. 4(a) and (b), the small-signal representation of the non-
passive subsystem (including M, equivalent GFL converters,
M—M, equivalent GFM converters, and the main grid) are
expressed as:

dg dq 2dg dq
L Gcs Lo Ves
Pq | — rqa Qra | — GHM Oe
S Vs - Gvs S Vs Gsld Vvs (27)
v v i
X, X, X,

where subscripts ¢s and vs denote the collective vectors or
matrices of the equivalent GFL converter and the equivalent
GFM converter, respectively; v is the dg component of the
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voltage at the point B{‘; and G/}" is the transfer function ma-
trix, which is a diagonal matrix with equipment admittances or
impedances as diagonal elements, G[}'=diag(Yy,. Y. ..
Yol Yo S YE Y =2,

According to (20), the small-signal representation of trans-
mission line from the k" equivalent GFM converter to the

point B{“ can be written as:

Oe  _ 7pq P4 Pq dgq
A Vtran.v, k™ Z trans, kAS/rans, k + Gtmn.v, kAvbl (2 8)
where AS?? . and AV . are the output vectors and distur-

bance vectors of the k" equivalent GFM converter, respec-
tively; Z22, . is the P/Q-0/V model of the transmission line,
which is given in (21); and G4, =Z74 A YY .

Substituting (19) into (3) to eliminate the variable v%, the
transmission line current from the k" equivalent GFM con-

verter to the point B{° can be written as:
APl = (A2 +A,) (ASP

trans,k — trans, k trans, k

_AVAVZ({ (29)
Gllusk

With respect to the topology shown in Fig. 1, the frequen-

cy-domain model of the passive subsystem (transmission

line) can be reorganized as:

dq
pa Zz cs 02Ml x2AM~M,) E 2M, %2 T jda
cs b cs
Pq

V2% =1 Oxurous, e, Z G, ||sm (30)
7dq ip iv dq

lg EZ x2M, va Gv.v vbl

Gll-lM

where G is the parameter matrix, which is obtained by sum-

ming -G, A, for k ranging from M +1 to M, namely
M
G)=- 2 G, ,..+Ay; and other parameters are given as:
k=M, +1

Z%=diag(Z

dq dq
trans, 1° Zz trans,2° ** 2 Zz trans, M )

P4 — dq Pq rq rq
sz - dlag(zzrans‘M, +1 7ZIrans,M‘ +2% 0 ’erans,M)

b _ b b b T
Gvs - [Gli‘a;m.M‘ +1° Glrans.Mw +2% 0 Gtran.v.M ] (3 1)
_ T
EM1 _[EZXZ’EZXZ’ . "’E2><2]
ip__ ip ip ip T
Gvs - [GtransA,M, +1° GtranS,M, +29 0 G[V{U’IS,M

Substituting (30) to (27), the closed-loop transfer function

of the overall system can be written as:

— XV

B+ GGV (32)
where G/ is the transfer function matrix representing the
small-signal dynamics of the interlinking line.

With the assumption that the converters remain self-
stability without considering the grid dynamics, the transfer
function matrix G}’ is assumed to be free of RHP poles.
However, the impedance matrix G may contain RHP
poles, as discussed in Section III-C. Therefore, the pole num-
bers of the system open-loop gain L[/=G)G ;™ equal the
pole numbers P;* of G If the encirclement number N,
of the system open-loop gain around the (—1,j0) point satis-
fies N,,~P;">0, the system loses stability according to the
GNC.

In Table II, the existence of RHP poles in the system

open-loop gain is compared using the impedance aggrega-

tion model [13], the V-I model [17], and the hybrid frequen-
cy-domain model proposed in this study. In contrast to the
other two models, the hybrid frequency-domain model elimi-
nates the requirements to check the RHP pole numbers in
the model of the non-passive subsystem by ensuring that this
model does not exhibit any RHP pole. Although the hybrid
frequency-domain model still requires to check the presence
of RHP poles in the passive system, it is considerably sim-
pler than determining the RHP poles of the converter model.
This can be attributed to the ease of obtaining line parame-
ters and the lower order of the line model compared with
the converter model.

TABLE 11
COMPARISON OF THREE STABILITY ASSESSMENT MODELS

Model RPH pole in system open-loop gain
Impedance Existence of RPH poles in system open-loop gain can
pedan stem from either converter itself or impedance aggrega-
aggregation tion process. RPH pole number in both subsystems must
model [13] P : poie mt n Y
be checked before evaluating stability of power system.
Emergence of RHP poles in system open-loop gain may
arise from converter itself. Before evaluating stability of
V-I model power system with GFL and GFM converters, it is essen-
[17] tial to check RHP pole number in the model of non-pas-
sive subsystem. Such checks are not required for power
systems exclusively employing GFL converters.
. There has no requirement to check presence of RPH poles
Hybrid . .
in model of non-passive subsystem. For power system
frequency-

with GFL and GFM converters, it is crucial to check

domain model RPH pole number in model of passive subsystem.

B. Verification and Comparison

To verify the effectiveness and merit of the frequency-do-
main model, the stability analysis methods based on imped-
ance aggregation model [13], the V-I model [17], and hybrid
frequency-domain model is utilized to assess the system sta-
bility, as illustrated in Fig. 1. The system configuration in-
cludes 50 GFL converter units and 50 GFM converter units,
which are aggregated into a GFL converter and a GFM con-
verter, respectively. The circuit and control parameters of the
converter remain the same as those in Section IV-C. The re-
sistance and inductance of the transmission line from ESC to
point B{ are set to be 8.4 Q and 2.6 mH, respectively.

Referring to [13], [17], and (27), the studied system can
be evaluated by the system open-loop gains L{¥=Y°Z%",
L??=G29G)°, and L™ =G/G!M, where the aggregate im-

sy i o sys
pedance Y72, the V-I model G1%, and the hybrid model of

Agg?
the subsystem G} are represented as:

Y/ggZYCiq-i-Zi_q (33)
G =diagVyl . Zyf, . —Z") (34)
Gy =diag(Yyi |, Yyl \.~Z") (35)
Therefore, Y%, Y%, and hybrid models G?¢ and G2 of

the transmission line can be written as:
Yciq = (Z;;?, 1 + Ztigns )_] (3 6)
Y\i’[ = (Z;/gn 1 + Ztigns )_1 (37)
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Zt(;{Zns 0,., E,, 1200 : !
G°=10,, Yi, Y, (33) | 100 . |
I * . i
E,,, Ytilgns —thgns 400 3 17.9882+0 3
Zy, 0y, E,,, 0 ® **: * N L
G'=|0,, Zyi, G, (39) 1 0
szz Gtifans _thfans'AV 200} 3_100 : * 3 : 3
Figure 8(a) illustrates the pole distribution in the V-I mod- é : 200 ‘ u\**‘
el of equivalent GFL converter and equivalent GFM convert- 2 . ;7”17 030 -30 10 10 3 91‘3* ‘ ‘
er, as well as the P/Q-6/V model of equivalent GFM convert- 5 r
er. Only the pole of the VI impedance model of the equiva- E — o
lent GFM converter is observed in the RHP, which aligns -200 *Z%QZQ ‘
with the conclusion in Section IV. The pole distribution of b *
the two subsystems is presented in Fig. 8(b), where ¥ 2, * Yo ;
G2, and G, all have one RHP pole. It is evident that the A0 1000 200 00
pole of Gﬁf is introduced by the V-I model of equivalent Real axis
GFM converter, while the pole of G} is introduced by the @
transmission line from equivalent GFM converter to point 1500 ; :
Bi°. Tt should be noted that, in these cases, the RHP pole in ' 300 o o 11,9940 :
Y ADgg may be introduced by the impedance aggregation pro- 1 100 o :
cess or the RHP poles in the V- model of the GFM convert- ‘100] ° ‘ ? |
ers. The case where the aggregation of GFL and GFM con- 300 o o© J, :
verters introduces RHP poles can be found in [15]. In addi- 500y '1.500 ; L
tion, the results confirm that the P/Q-6/V model of the non- i1 720 <10 0 10 20
passive subsystem does not exhibit RHP poles, while the V-1 300+ 5
model does contain such poles. « 1 .
Figure 9 shows the crucial Nyquist curves of L%, L, i 100 @ " 4014271640
and L™ when the grid switches from an inductive grid to a g S M *
series-compensated grid with SCL=63%. In Fig. 9, A, and 4, éP 1000 GAS’Z )
are the eigenvalues of Lf}‘%;g. It should be reminded that this = . G“,’)‘z, !
study omits the other Nyquist curves in Fig. 9(b) and (c) 300 | G[’[’M 8
since none of them encircle the point (—1,j0). In Fig. 9(a) zGi}IM 1
and (c), the Nyquist curve encircles the point (—1,jO) in 500 " R , ,
clockwise direction once. Similarly, the Nyquist curve encir- -5000  -3000  -1000 1000 3000 5000
cles the point (—1,j0) three times, twice clockwise and once Re?LTXIS

counterclockwise in Fig. 9(b). . le distribution of f . s of
As each of the models ¥22. G2 and GiIIiM has one RHP Fig. 8. Pole distribution of frequency-domain models of converters and

Agg> sld > R two subsystems. (a) Frequency-domain models of converters. (b) Two sub-
pole, three models reach the same conclusion that the system
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Fig. 9. Critical Nyquist curves of L%, L2, and L1\, (a) L%. (b) L2C. (c) L%

sys 2 sys o S8 sys sys

The analysis conclusion aligns with the eigenvalue distri- closed-loop system, obtained by solving E +ij§g, E +LQSQ,
bution, as well as the waveforms of the output current and and E+L§,]f are consistent with the value of 3.019+j95.36.

active power at the point B{® depicted in Fig. 10(a) and (b), This observation demonstrates that the hybrid frequency-do-
respectively. From Fig. 10(a), the unstable poles of the
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main model yields the same conclusion as the V-/ model, in-
dicating that both models effectively evaluate the stability of
power system. This conclusion is further supported by the
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FFT results from the output current at the point B{°, which
exhibits oscillation components at frequencies of 35 Hz and
65 Hz.
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Fig. 10.

Time-domain analysis results of multi-converter parallel system. (a) Eigenvalue distribution of closed-loop system. (b) Three-phase output current

and active power waveforms at point B{°. (c) FFT results from output current at point B{".

C. Discussion on System-level Stability Analysis Methods

To assess the stability of power-electronics-based power
systems, the frequency-domain analysis methods have
emerged as a crucial analytical tool widely employed [17],
[18], [29]-[31]. Based on the frequency-domain model of
equipment, the system model is organized in various forms,
including the nodal admittance matrix, the loop impedance
matrix, the whole system closed-loop matrix, and the whole
system open-loop gain matrix [30], [31]. By calculating the
poles or zeros of these models, the system eigenvalues are
obtained, subsequently determining the system stability and
sensitivity. In contrast to the eigenvalue analysis methods
based on the state space model, these methods do not neces-
sitate a white box model of the system but only a gray box
model or a back box model. However, these methods still en-
tail a substantial computational burden when calculating ei-
genvalues, especially using measurement data [29].

Another commonly used stability analysis method in-
volves employing the Nyquist criterion and the phase and
gain margins from the Bode diagrams [17], [18], [29]. This
method can give engineers intuitive results by graphical rep-
resentation and impose less computational burdens, particu-
larly in simulations or when utilizing measurement data
[29], [32]. It should be emphasized that while our conclu-
sions are derived from a mathematical model, they provide
significant guidance for utilizing the GNC method based on
a measurement model to assess system stability. In light of
the finding that the V-/ model of a self-stable GFM convert-
er may exhibit potential RHP poles, employing impedance
sweep data directly from the GFM converter to evaluate sys-
tem stability could result in errors. The more suitable ap-
proach involves utilizing the measurement data of the P/Q-
0/V model, which can be converted from the impedance

sweep data by (5).

Regrettably, unlike in single-input single-output (SISO)
systems, obtaining system stability margin information
through Bode diagrams is not feasible when analyzing multi-
input multi-output (MIMO) systems using this method. Actu-
ally, the current research does not clearly define the stability
margin of MIMO systems unless the MIMO system is decou-
pled into multiple SISO systems [33]. Neither the eigenval-
ue-based method nor the GNC-based method can determine
the stability margin of the system. A potential solution could
involve focusing the dominant Nyquist diagram in the appli-
cation of GNC-based methods, akin to the focus of the tradi-
tional power system on the dominant eigenvalue. Further re-
search is required to investigate the dominant Nyquist curve
under varying working conditions and parameter designs.

VI. CONCLUSION

This study highlights that there is no definitive guarantee
that the poles of both the V-1 model and the P/Q-6/V model
of a stable equipment reside exclusively in the left-half
plane. To guarantee a frequency-domain model without an
RHP pole, the applicability of frequency-domain models of
self-stable converters is discussed. Following the design
model, this study suggests that GFL converters are more suit-
ably represented by an ideal current source in parallel with
V-I admittance model, while GFM converters are more suit-
ably represented by an ideal power source in parallel with
P/Q-0/V admittance model. According to the principle of
equivalence, this paper proposes a hybrid frequency-domain
modeling framework and stability criteria for grid-connected
converter system with the frequency-domain models of GFL
and GFM converters built in the V-/ and P/Q-6/V frame-
work, respectively, which eliminates the requirements for
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checking RHP poles in the non-passive subsystem model
when applying the Nyquist criterion. By avoiding this step,
the complexity of modeling and stability analysis for com-
plex systems is reduced.

APPENDIX A
Fy=K,(K,0,+1.5LV .2 0,) (A1)
Fy=K,[KP,+(1.55L,+1.5R, V2] (A2)
Fy=K Vo [K,Py+(-1.5sL,~ L5SR, W21 (A3)
Fi=KV o (KngO - 1'5LgVu200a)0 ) (A4)
R, .
R (AS)
g
0.5(F,* \/F
e (IZF—\/T) (A6)
11

F11:L§P§0+L§Q§0 (A7)
F,==2L,P,R,~2L,O%R, (A8)

F3=9L.PLV t0+9L.0%V ay— 4L P o —
8Ly P02 w;— 4L 0%} (A9)

where z, , and z; , are the zeros of ).
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