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Abstract—In traditional power systems, dominated by syn-
chronous generators, the separation between time scales is well-
known due to the physical response of the generating units.
However, the fast-growing deployment of renewable energy
resources (RERs) is bringing an increasing number of generating
units based on fast-acting electronic power converters to modern
power systems. Nowadays, having an islanded portion of the
grid with 100 % electronic generation, at least temporarily,
is not unthinkable and, in this case, time-scale separation
among dynamics would depend on control design and would
not be straightforward. Therefore, the classical model-reduction
approach neglecting the dynamics of fast-varying state variables
is, at least, questionable. This paper proposes a method to identify
relevant states in a modern power system in order to have
an accurate input-output response description in any reduced-
order model. The method is based on the modal analysis of a
balanced realisation of the system (i.e., a linear transformation
in which the transformed states’ energies in the output response
are known). The proposed method is illustrated on a microgrid
with 100% grid-forming electronic power converters. Simulation
results show that the proposed method can identify the system’s
relevant states even in cases with unclear time-scale separation.

Index Terms—state relevance, modal analysis, microgrids,
distributed secondary control

ACRONYMS

HSV Hankel singular value

HVDC high-voltage direct-current

MOR model order reduction

PCC point of common coupling

RER renewable energy resource

VSC voltage-source converter

FACTS flexible alternating current transmission system

RC relevance coefficient
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I. INTRODUCTION

Traditional power systems usually involve large syn-

chronous machines for generation, e.g. nuclear or thermal

power plants. These machines have large physical inertia due

to their rotating mass, which allows the system to respond

immediately to disturbances by absorbing or releasing ki-

netic energy. In this scenario, power system models can be

easily split into slowly-varying electromechanical variables,

e.g. voltage and speed of synchronous generators, and fast-

varying electromagnetic variables, e.g. line currents and bus

voltages [1]. With the development of renewable energy re-

sources (RERs), usually interfaced by power electronics, future

power systems are bound to have less physical inertia and,

although there are ways to mimic the physical inertia of

synchronous machines with electronic converters [2], [3], all

of them are purely control techniques. Therefore, in the future,

the time-scale separation in power systems will also depend

on the control design and not only on the physical behaviour

of the generating units. Clarifying the time-scale separation

in power systems with RERs is essential for a model-order

reduction [4].

Some studies in systems with power electronics still rely

solely on the conventional assumptions of speed dynamics, i.e.,

neglecting the fastest control layers [5]. Ignoring power-line

dynamics is a common practice in power systems. However,

[6] already proposes the use of hybrid network models for

small-signal stability analysis of power systems with fast-

acting voltage-source converter (VSC)-based stations of high-

voltage direct-current (HVDC) and/or flexible alternating cur-

rent transmission systems (FACTSs), showing more accurate

results. Similar studies with guidelines to select which dy-

namics to include in reduced-order models are applied to

HVDC [7] and FACTS [8].

More recently, the work in [9] shows that complex AC-line

models are necessary to study the dynamics of power systems



with VSCs if high-frequency phenomena such as harmonic

stability [10] or electromagnetic converter interactions [11] are

to be addressed reliably.

The importance of each state in the dynamic response of a

linear system is usually case-dependent. Guidelines on how

to select the important states are based either on previous

knowledge about power system dynamics or on eigenvalue

and participation analysis. Since eigenvalues and participation

factors do not depend on the choice of the system’s inputs and

outputs, this approach deserves further research.

In a balanced realisation of a linear system, the energy of

each state variable in the input-output response of the system

can be calculated using the so-called Hankel singular values

(HSVs) [12]. Balanced realisations have been used before

for model order reduction (MOR) in power systems [13],

with good performance. However, the state variables of the

balanced realisation are obtained from the original ones using

a linear transformation and may not have physical meaning.

A better insight into the system dynamics can be provided if

the relevance in the input-output response of the physically-

meaningful state variables of the system can be investigated

as in [14]. This paper investigates the performance of that

algorithm in a different scenario and clarifies the meaning of

the results obtained.

The rest of the paper is organised as follows: Section II

explains the algorithm for state-relevance calculation. Sec-

tion III introduces the model used to describe a microgrid

with 100% electronic generation with grid-forming VSCs.

Section IV presents the distribution system used for a case

study. Section IV-A shows the algorithm’s performance in

an ideal scenario, and Section IV-B shows the algorithm’s

performance in a system with an unusual time-scale separation

among control layers. Section V concludes the paper.

II. CALCULATING STATE RELEVANCE

A linear system can always be transformed into another

one whose states (x) are a linear combination of the states of

the original system (x) given by an invertible transformation

matrix T such that x = Tx [12]. The original linear system

is consequently transformed into:







ẋ = TAT
−1x+TBu

y = CT
−1x+Du

(1)

where the new controllability and observability Gramians are:

W
2

c = TW
2

cT
T

W
2

o = (T−1)TW2

oT
−1 (2)

A balanced realisation in (1) means that:

W
2

c = W
2

o = diag(gi) (3)

where gi are the HSVs. Small entries in gi indicate states that

can be removed to simplify the model since both their ob-

servability and controllability are small, whereas large entries

indicate the most relevant states [15].

Since the balanced transformation is linear, the transformed

system has the same eigenvalues as the original system;

therefore, relevant eigenvalues of the transformed system will

also be relevant eigenvalues of the original system. Relevant

states of the transformed system can be chosen based on the

values of gi after the transformation in (1)-(3), and relevant

eigenvalues can be determined by checking which eigenvalues

have high participation factors in the relevant states of the

balanced realisation. The mode-in-state participation factors

normalised as in [16] (based on [17]) are used here:

pji =
|wij | |vji|

∑

∀k |wik| |vki|
(4)

where pji is the normalised mode(i)-in-state(j) participation

factor in a linear system, vji is the element of the j − th row

and i− th column of matrix V of right column eigenvectors

and wij is the element of the i− th row and j− th column of

matrix W of left row eigenvectors calculated as W = V
−1.

The value of gj can be used to weight p̄ij as:

R̂λ = [R̂λ(λ1), · · · , R̂λ(λn)]
T =

(

[g1, · · · , gn] ·P
)T

(5)

where R̂(λi) will be called the “relevance of eigenvalue λi”

and P is the participation matrix of the transformed system

which has p̄ij in its i − th row and j − th column. The bar

above P and its elements has been used to indicate that they

have been calculated using the balanced realisation in (1).

Normalising yields:

Rλ = [Rλ(λ1), . . . , Rλ(λn)]
T
= R̂λ/max(R̂λ) (6)

Let us now weigh each column of the participation matrix

of the original system (P) with the relevance of its associated

eigenvalue (R̂(λi)). By summing all these weighted columns,

the resulting column vector can be used to quantify the

“relevance of each state”:

R̂x = P ·Rλ (7)

which can be normalised as follows:

Rx = [Rx(x1), . . . , Rx(xn)]
T
= R̂x/max

(

R̂x

)

(8)

where Rx(xi) will be called the “relevance coefficient (RC)

of state xi”.

III. MICROGRID MODELLING

Electronic DC/AC converters used as VSC are generally

installed to interface RER in power systems. Within this

technology, the main control structures for converters can be

divided into grid-forming and grid-following. Grid-forming

converters impose the voltage and frequency at their point

of common coupling (PCC), and grid-following converters

track the voltage and frequency of their PCC and orientate

the current with respect to the voltage to meet the required

injected active and reactive power. In this paper, we test the

performance of the proposed algorithm in a microgrid based
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on the IEEE 69 bus distribution system [18] with seven grid-

forming converters. Fig. 1 shows the control structure used for

the converters, explained in [14]. The figure also includes the

model used for the LCL output filter of the converter, with

components Lf (inductance value of the converter-side induc-

tor), Cf and Lc (inductance value of the grid-side inductor).

Inductor models are completed with a series resistance Rf and

Rc, and capacitors are modelled with a parallel resistance Rcf .

The model is based on a d-q reference frame rotating with the

frequency of one converter, and the switching and DC side of

the converters are not included.

The different control layers included in Fig.1 are:

• Voltage and current controllers of each grid-forming

converter ensure that the output voltage follows its set

point with the aid of an inner control loop for the current

through the converter side inductor. This control layer is

often called 0-level control.

• The droop control, or primary control, stabilises the

frequency after a disturbance and guarantees that all

converters share the active-power change proportionally

to their droop coefficient.

• The secondary control recovers the frequency and volt-

age to their nominal values after the primary control

action. Here, we use the multi-agent secondary control

presented in [19] and explained in [14]. With this multi-

agent control structure, only one converter knows the set

point for the system frequency (the so-called leader) and

receives a voltage set point from external sources. All

the other converters evolve cooperatively to a consensus

solution with only the information of some “neighbour”

converters.

IV. CASE STUDY

Table II includes the line and load data for the IEEE 69 bus

distribution system presented in [18].

TABLE I
PARAMETERS USED FOR THE SIMULATION OF THE MICROGRID.

VCVSCs

mP 1 · 10−7 rad/s·W nQ 1 · 10−4 V/VAr
Rf 0.048 Ω Lf 1.5 mH
Cf 66.32 µF Rcf 48 kΩ
Rc 0.048 Ω Lc 1.5 mH
KPV 0.02 KIV 0.2
KPC 50 KIC 500
Fi 1 LPFconst 0.01 s

Sec. control parameters and bases

cf 1 cv 1
fbase 50 Hz Sbase 3 MVA
delay (Td) 0 s Vnom = Vbase 12.6 kV
β 0 B 1
g1 = 1 gi = 0 ∀ i ̸= 1 aij = 1 ∀ i ̸= 1, j = i− 1
ωref 1 pu vref 1 pu

Initial operation point (i ∈ [1− 7])

Pi 532.54 kW Qi 374.82 kVAr

This system will be used as the case under study in

this paper. The distribution system is operated islanded as a

microgrid with seven grid-forming converters connected in the

nodes shown in Table II.

TABLE II
IEEE 69-BUS SYSTEM DATA [18]. LOADS CONNECTED AT “TO” NODE.

DGS CONNECTED AT “FROM” NODE.

from to R (Ω) X (Ω) P (kW) Q (kVAr) DGs

1 2 0.0005 0.0012 0 0 INV1
2 3 0.0005 0.0012 0 0
3 4 0.0015 0.0036 0 0
4 5 0.0251 0.0294 0 0
5 6 0.366 0.1864 2.6 2.2
6 7 0.3811 0.1941 40.4 30
7 8 0.0922 0.047 75 54
8 9 0.0493 0.0251 30 22
9 10 0.819 0.2707 28 19
10 11 0.1872 0.0619 145 104
11 12 0.7114 0.2351 145 104 INV2
12 13 1.03 0.34 8 5.0
13 14 1.044 0.345 8 5.5
14 15 1.058 0.3496 0 0
15 16 0.1966 0.065 45.5 30
16 17 0.3744 0.1238 60 35
17 18 0.0047 0.0016 60 35
18 19 0.3276 0.1083 0 0
19 20 0.2106 0.0696 1 0.6
20 21 0.3416 0.1129 114 81
21 22 0.014 0.0046 5.0 3.5 INV3
22 23 0.1591 0.0526 0 0
23 24 0.3463 0.1145 28 20
24 25 0.7488 0.2475 0 0
25 26 0.3089 0.1021 14 10
26 27 0.1732 0.0572 14 10
3 28 0.0044 0.0108 26 18.6
28 29 0.064 0.1565 26 18.6
29 30 0.3978 0.1315 0 0
30 31 0.0702 0.0232 0 0
31 32 0.351 0.116 0 0 INV4
32 33 0.839 0.2816 14 10
33 34 1.708 0.5646 19.5 14
34 35 1.474 0.4873 6 4
3 36 0.0044 0.0108 26 18.55
36 37 0.0640 0.1565 26 18.55
37 38 0.1053 0.1230 0.0 0.0
38 39 0.0304 0.0355 24.0 17.0
39 40 0.0018 0.0021 24.0 17.0
40 41 0.7283 0.8509 1.2 1.0
41 42 0.310 0.3623 0.00 0.0 INV5
42 43 0.041 0.0478 6.0 4
43 44 0.0092 0.0116 0 0.0
44 45 0.1089 0.1373 39 26
45 46 0.00 0.0012 39 26
4 47 0.0034 0.008 0 0
47 48 0.0851 0.2083 79 56.4
48 49 0.2898 0.7091 384.7 274.5
49 50 0.0822 0.2011 384.7 274.5
8 51 0.0928 0.0473 40.5 28.3
51 52 0.332 0.1114 3.6 2.7 INV6
9 53 0.1740 0.0886 4.35 3.5
53 54 0.203 0.1034 26.4 19
54 55 0.2842 0.1447 24 17.2
55 56 0.2813 0.1433 0 0
56 57 1.5900 0.5337 0 0
57 58 0.7837 0.2630 0 0
58 59 0.3042 0.1006 100 72
59 60 0.386 0.1172 0 0
60 61 0.5075 0.259 1244 888
61 62 0.0974 0.0496 32 23 INV7
62 63 0.1450 0.0738 0 0
63 64 0.7105 0.3619 227 162
64 65 1.04 0.5302 59 42
11 66 0.201 0.0611 18 13
66 67 0.0047 0.0014 18 13
12 68 0.7394 0.2444 28 20
68 69 0.0047 0.0016 28 20

Table I shows the initial operating point for all simulations

and linearisations and the parameters used for all the grid-

forming converters. These parameters were chosen for a clear

time-scale separation among control layers as the base case.

A. Performance of the algorithm in a case with clear time-

scale separation

The microgrid described in Table II was modelled using

Simulink® . All converters are equal, and their parameters

are shown in Table I. The system is initialised and linearised
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v
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θi

θiωi

ωframe

Secondary ω-P control

Secondary v-Q control

Voltage and current controller

Droop control

Physical model (LCL filter)

Tagged signals:

{1} nQi
Qfi is the filtered reactive power of the converter

pondered by its droop coefficient.

{2} v
∗
ii is the voltage set by the converter before the LCL filter.

{3} ili is the current through the converter-side inductance

of the LCL filter.

{4} voi is the voltage of the capacitor.

{5} ioi is the current through the grid-side inductance

of the LCL filter.

Fig. 1. Control diagram of one grid-forming converter modelled in d-q axes

using MATLAB® . The operating point used for linearisation

is included in Table I.

Fig. 2 shows the state relevance data calculated using

the algorithm described in Section II. States are grouped as

described in Table III.

Fig. 2 shows that the most relevant dynamics are the

secondary control and the frame calculation of all converters.

The state relevance obtained suggests that eliminating the

dynamics of all other variables will not significantly change

the input-output response of the system.

Fig. 3 compares the time response of the complete and

reduced models of the microgrid to a load change. The

load change is defined as disconnecting the most significant

load (node 61). Out of 337 state-space initial variables in

the complete system, only 20 are considered in the reduced

model, i.e. the reduced model is 94% smaller, reducing the

computational burden. Fig. 3 confirms the conclusions drawn

from the state relevance coefficient: the discarded states do not

TABLE III
NOMENCLATURE USED FOR THE GROUP OF STATES

Group Description State order

E∗ Secondary voltage control 1-7
LPFP Active power filter 1-7
LPFQ Reactive power filter 1-7
Lines Line current d-axis 1-68, q-axis 1-68
Loads Load current d-axis 1-48, q-axis 1-48
CC Current controller d-axis 1-7, q-axis 1-7
VC Voltage controller d-axis 1-7, q-axis 1-7
Cf Filter capacitor voltage d-axis 1-7, q-axis 1-7
Lc Grid-side inductance current d-axis 1-7, q-axis 1-7
Lf Converter-side inductance current d-axis 1-7, q-axis 1-7
ω∗ Secondary frequency control 1-7
frame Calculation of reference frame 1-7

Total: 337 States
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contribute much to the system’s dynamics.

B. Performance of the algorithm in a system close to its

stability limit

In this case, we modify the parameters of the voltage

controller of converter one (V SC1) as given by (9).

K ′

pv = 0.005Kpv K ′

iv = 0.005Kiv (9)

This modification slows down V SC1 voltage control, re-

ducing the time-scale separation between the control layers of

this converter and making the system lightly damped.

Fig. 4 shows the state relevance data calculated using the

algorithm described in Section II. The figure shows that the

most relevant dynamics are those of the secondary control, the

frame calculation of all converters, and the voltage and current

controller of V SC1. Therefore, together with the reduced

model, which considers instantaneous changes in power lines,

loads, and voltage and current controllers (the conventional

model reduction), we add to the comparison another reduced

model that also includes the voltage and current controllers’

dynamics of V SC1, as suggested by the state relevance

coefficient (see column bars CC and VC in Fig. 4).

Fig. 5 compares the time response of the complete model

with two reduced ones to the same load change as in Sec-

tion IV-A. The complete model has 337 states, the conven-

tional reduced model has 20 states, and the reduction sug-

gested by the state-relevance coefficient has 28 states. Notice

that including the voltage and current controllers dynamics

also involves the filter capacitor and converter-side inductance.

Results confirm the conclusions obtained with the state rel-

evance coefficient: the discarded states do not contribute much

to the system’s dynamics, except for the voltage and current

controller of V SC1, which must be included to preserve a

similar input-output response.

V. CONCLUSIONS

This paper analysed the performance of the algorithm

presented to calculate the state relevance of a linear system

in its input-output response when applied to a microgrid with

100% of its generation through grid-forming converters. It

also explains the algorithm briefly and presents study cases

to make it more understandable. Results clearly show the

algorithm’s performance, which can help quickly and precisely

choose the most important states representing the system

dynamics. If 0-level and secondary controls of a microgrid are

designed with a clear difference in their time scales (a typical

approach), the former is not very relevant in the studied input-

output response. The state-relevance coefficient spots when the

control of V SC1 is slowed down through the increase of its

0-level control’s relevance. Summarising, state relevance is not

only affected by the physical parameters of the grid, but also

by the operating point and the design of the various controllers

which, naturally, affect the dynamics of the system.
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Fig. 2. Normalised state relevance of the base study case. Values below 10−8 are not shown for clarity.
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Fig. 3. Comparison of the time response of the complete and reduced models of the microgrid to a load change. The active power of inverter four V SC4 is
shown.
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Fig. 4. Normalised state relevance of the study case with abnormal time-scale separation. Values below 10−8 are not shown for clarity.
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Fig. 5. Comparison of the time response of the complete and reduced models of the microgrid to a load change. The active power of V SC4 is shown.
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