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Abstract—Due to the high-order model of photovoltaic and
wind power generation systems, it is complicated to accurately
establish the detailed state-space model of the multi-source
renewable energy microgrid (MG) system. In addition, when the
MGs are interconnected into microgrid clusters (MGCs), the
difficulties of the control and stability analysis are greatly
increased. However, the fast and slow dynamics of power
electronic interface-based units may not be sufficiently separated
on time-scale, which cannot directly follow the assumptions of the
traditional model reduction method. This paper selects a typical
grid-forming hybrid renewable energy MGC, where the multi-
timescale characteristics of the system considering detailed
electromagnetic and electromechanical transient modes are
analyzed. An identification method without trial-and-error
searching for coupling dynamics is proposed under the non-
classical singular perturbation characteristics, which is
unreported in previous studies and is different from the traditional
power systems. Moreover, the reduced-order model can
characterize multi-timescale while guaranteeing computational
efficiency, which is able to further perform the key parameter
optimization and stability analysis for the larger-scale MGCs. The
theoretical analysis and the time-domain simulations verify the
feasibility and the accuracy of the reduced-order model.

Index Terms—Microgrid clusters, grid-forming, hybrid
renewable energy, multi-timescale, reduced-order, non-classical
singular perturbation, coupling dynamics.
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1. INTRODUCTION

HEORETICALLY, microgrid (MG) and microgrid clusters
(MGCs) are not only conducive to the local consumption
of renewable energy (RE), but also provide an effective solution
for the voltage-source distributed generation mode in the high-
penetration RE system [1], [2]. The control and stability
analysis of MGs and MGCs based on the state-space model
have attracted much attention in recent years [3]-[5]. The state-
space model is able to describe the transient performance
process of the system and is a general tool for describing the
system dynamics [6], [7]. In fact, the difficulties of the system
control and stability analysis problem are significantly
increased when the MGs are interconnected into MGCs.
Firstly, it is complicated to accurately establish the detailed
state-space model of the multi-source RE system. The battery
energy storage system (BESS) and the photovoltaic (PV)
system model reach more than ten orders and the variable-speed
wind turbine model considering multi-mass can reach more
than 20 orders [4], [5], [8]. Including the networks, tie-lines and
load models of the MG system, the integrated system model can
reach hundreds of orders. Secondly, the number of power
electronic devices in the system is huge, and the RE units with
power electronic interfaces have wide time-scale characteristics
ranging from microseconds to seconds. Therefore, the urgent
need of small time-step and long-time simulation put forward
higher requirements for the digital simulation of the MGCs, and
the burden of analysis and calculation increases sharply.
However, the appropriate model reduction can effectively
simplify the system's complexity and reduce the computational
burden of digital simulation. The classical singular perturbation
(SP) theory is effectively applied to model simplification and
order reduction, with the principle that the fast and slow
dynamics are independent decoupling to a certain extent.
Therefore, the state variables of the system can be divided into
the fast and slow subsystems [9]. The SP theory has been
successfully applied in traditional power systems based on
synchronous generator (SG) for many years [10]. In [11] and
[12], the traditional power system considers ignoring the fast
electromagnetic transients in the electromechanical transient
analysis of the SG, which the low-order simplified model of SG
such as third-order and second-order model can be obtained. In
the view of [13], the reduced-order mathematical basis of the
traditional power system is that the SG dominated-power
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system has excellent SP characteristics, which can be regarded
as the dual time-scale system. It is reflected in the significant
difference as well as relatively independent between the time-
scale of slow dynamics and fast dynamics, which is less
interactive coupling [14].

In recent years, many studies have attempted to use SP
method directly to the model reduction of grid-tie inverter or
islanded inverter system, trying to describe the inverter-
interface units in power system. The model reduction of grid-
tied and islanded MG models is respectively carried out in [15].
Using the SP method, the low-order model improves the
computation efficiency and recovers the original system
response under dual time-scale analysis. In [16], the SP method
is also adopted for model reduction of the islanded MG, while
the coupling capacitors of the LCL filters are ignored in the
modeling. This simplification has unacceptable modeling errors,
especially when the inverter is used for the voltage and
frequency regulation in autonomous system. The reduction of
multi-inverters MG using grid-forming strategy is carried out in
[17], which simply eliminated the fast dynamics such as
network and coupling inductance step by step. It is further
found that not all the inverters have the same contribution to the
small-signal stability of MG. Therefore, the identification
method of critical clusters in the system is proposed, which is
helpful in obtaining accurate low-order models. Multiple
reduced-order model comparisons of the inverter interfaced unit
with droop control are examined in [18] and the Lyapunov
stability analysis is given in [19]. They prove the accuracy as
well as stability of system performance of the multiple low-
order model. Besides, some researches are also reported to
conduct the stability analysis of reduced-order models. [20]
directly uses the existing SP technique to ignore the internal fast
dynamics for dynamic stability analysis of the reduced-order
model. Moreover, [21] further investigates the convergence
behavior of singularly perturbed inverter-based MG. And the
effects of modeling uncertainty and different loading conditions
on the effectiveness of the reduced-order model are also
discussed.

There are also other works that report to conduct the MG
model reduction using other than SP method. The approximate
Kron reduction for networks is presented in [22]. And the order
reduction method that can identify significant lines and
interaction modes is proposed in [23] for stability perspective.
But they only focus on the electrical networks without
considering the dynamics of the units. The aggregate model is
proposed in [24] and the dynamic equivalent modeling method
is presented for the MGC in [25]. The equivalence is to
aggregate inverters with the same control loops. However, the
interactions among different units cannot be explored. The
dynamic phasors-based reduced-order model in [26] is applied
for the inverter-based MG to predict the trend of the eigenvalue
movement and the stability margins. Moreover, [27] uses
balanced transformation, SP and pole clustering methods to
compare the dynamic characteristics of the virtual synchronous
generator and the droop-control inverters.

In the study of the MGs or MGCs model reduction, it is
essential to accurately characterize the system dynamics. In

[15]-[21], the classical dual time-scale method is used to
establish various inverter-based reduced-order models.
However, the fast and slow dynamics of RE units based on the
power electronic interface may not be sufficiently separated on
time-scale. It presents the characteristics of coupling dynamics,
even the coupling interaction between the fast and slow
dynamics, which will lead to the significant difference of the
time-scale characteristics between the RE-MGCs and the
traditional power system. Therefore, the direct elimination of
fast dynamics may lead to the disappearance of some system
dynamics and significantly affect the modeling accuracy. [28]
demonstrates that in the system with insufficient time-scale
separation, some fast dynamics with small participation factors
but interacting with slow dynamics cannot be discarded. The
participation of these fast states needs to be restored in the slow
sub-model. However, the research in [28] does not explicitly
illustrate the characteristics of the coupling dynamics.
Moreover, there is no identification method of coupling
dynamics. Therefore, how to identify and even quantify the
characteristics of the coupling interactions under the non-
classical SP characteristics has become the critical issue of
model reduction for power-electronized power systems.

Furthermore, the current researches on order reduction of
MGs or MGCs in [15]-[28] are only limited to systems based
on ideal BESS units, rather than the actual primary energy
modeling of RE units like PV and wind turbine. In fact, in our
previous studies, the DC-link dynamics of PV array are
considered in [5] and the oscillations caused by the changes of
DC-link dynamics are studied in [29]. Besides, the rotor speed
dynamics of wind turbine are considered in [30]. They both
illustrate that ignoring the dynamics of the primary sources and
assuming them as constant DC voltages for simplicity in
stability investigations of MGCs may lead to misleading
analytical results. Therefore, the modeling of primary energy is
essential to accurately describe the dynamic characteristics of
the RE-MGCs and to guarantee the accuracy of the reduced-
order model.

Therefore, with the detailed primary energy sources
modeling of the RE generation units, the influence of the
coupling interactions between the fast and slow dynamics on
the MG/MGCs model reduction is still a research gap. In
current literature [15]-[21], only using the dual time-scale
classical SP method may affect the modeling accuracy; only
simplifying to constant DC voltage may mislead the analytical
results in [15]-[28].

Motivated by the aforementioned research gap, this paper
uses non-classical SP characteristics and considers the addition
of coupling dynamics to achieve the accurate system order
reduction of the multi-source hybrid RE-MGC. The main
contributions of this paper are summarized as follows:

1) The primary energy dynamics are the critical element of
the full-order model. Different from traditional model reduction
studies that ignore primary energy dynamics, in this paper, the
multi-timescale characteristics of the grid-forming hybrid RE-
MGC system considering detailed electromagnetic and
electromechanical transient modes are analyzed.

2) Due to the unpredictable characteristic of coupling
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Fig. 1. Topology architecture of the hybrid renewable energy microgrid clusters.

dynamics hidden in fast and slow dynamics, all the dynamics
that strongly associated to the dominant modes are only
unconditionally reserved in the traditional method, simply
considering them to be slow dynamics without identifying the
coupling dynamics. A classification criterion of system
dynamics and an identification method without trial-and-error
searching for coupling dynamics are proposed under the system
characteristics of non-classical singular perturbation, which is
unreported in previous studies and is different from the
traditional power systems.

3) Based on the non-classical singular perturbation
characteristics, the model reduction of the typical grid-forming
hybrid RE-MGC is conducted. The reduced-order model
reserves the coupling dynamics as well as the global slow
dominant dynamics, which can characterize multi-timescale
while guaranteeing computational efficiency.

This paper is organized as follows. Section II presents the
multi-timescale identification analysis under the modeling of
the studied MGC. Section III elaborates the non-classical SP
characteristics and proposes the identification method of
coupling dynamics as well as the generalized model reduction
method. Section IV proposes the model reduction of multi-
source MGC and obtains a reduced-order model. Section V
presents the time-domain simulation results of the model
response. Finally, the conclusion is given in Section VI.

II. MODELING AND MULTI-TIMESCALE ANALYSIS OF HYBRID
RENEWABLE ENERGY MICROGRID CLUSTERS

Under the consideration of the increasing penetration of
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Fig. 2. Grid-forming droop loop of DFIG, PV and BESS model.

hybrid RE integrated into the distribution network, Fig. 1 shows
the topology architecture of the studied hybrid renewable
energy MGC. This autonomous MGC architecture can be
specifically applied to the advanced distribution network
operation or some remote area which is rich in solar energy and
wind energy [5], [30]. In this scenario, power supply can be
available for production, living, tourism, etc. In a single MG in
Fig. 1, a DFIG unit, a PV unit and a supplementary BESS unit
are implemented via resistive-inductive feeders for power
supply to local loads. In the case of high-penetration RE
operation, each unit of the system operates in a grid-forming
strategy, which is also the islanded operation mode studied in
this work. In this section, a unit-to-system modeling approach
is adopted.

A. Modeling of Grid-Forming Hybrid Renewable Energy
Units

In our previous research, we have proposed grid-forming
control strategies for PV and wind power generations under
weak grid conditions [5], [29], [30]. The grid-forming strategy
enables RE units not to rely on precise phase-locking of strong
power grids, most importantly, the RE units can participate in
system frequency regulation and voltage support under weak
grid conditions.

As the widely used commercial wind power generator, DFIG
has the advantage of small-capacity and low-cost power
converters. It has the special structure that the stator of the
asynchronous generator (AG) is connected to the MG bus, and
the back-to-back (B2B) converters only transmit the slip power.
Firstly, the wind turbine is connected to the AG via the speed-
increasing gear. The state-space model of the wheel-gear-rotor
drive train shaft model and the AG can be given by:

. . \I | Asynchronous Generator

420

| ToB2B
| Converters

Fig. 3. B2B converters control loops, AG and LCL filter of DFIG model.
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Fig. 4. Converters control loops and LCL filter of PV and BESS model.

TABLE1
SYSTEM PARAMETERS OF MICROGRID CLUSTERS
Parameter Symbol Value
Electrical parameters
Tie-line and F125 0.575 +0.25 (),
feeder Lo 0.115 +0.05 (Q)
L’DFIG LPV, BESS C’DFIG
LCL filter 'PVIBESS TDFIG 7 PVIBESS 4mil, 1.35mH, S0uF,
C, LLT L S50uF, 1mH, 0.75mH
Control parameters
MPPT loop K por s Kiar » K pac > Kide 3e?, 4¢3, 8¢, 3¢
Droon loo my TS 5.027¢%, 100m rad/s,
p loop ngFIG/PV/EESS’ v 1.267¢*, 380V
k]?'l’IG-RSC’ kieF[G-RS(T’ k;)‘{?[G-GS(T , 0 1 , 25, 03’
Voltage loop J DFIGGSC | PVIBESS . PVIBESS 6. 0.05. 390
v Ky Sk , 0.05,
leFIG-RSC,kj)F[G-RSC’leFIG‘GSC,
Current loop [Z)FIG-GSC PV/BESS }"}V/EESS 220’1%0_:(’) ’ 12 65 3
ki Shepi Skii , 10.5, 16
Axgy = Asy Axsy + BsunAigyy + Bsur Al Q)

Ax 6 = Ay Ax 46 + BaciAV,q, + BAGZAv:dq +BgAw,  (2)

T . . T
In (1)_(2)’ AxSM :[Aa)wheel AT—;H Aa)r] 5 AxAG = [Alsdq Alrdq] .
A®, e » AT,, and Aw, are the state variables of wind wheel

speed, output mechanical torque and rotor speed, respectively.
Al , Ay, and Av,,, are the state variables of stator currents,

rotor currents and rotor voltages of the AG, respectively. Note
that Agy, Bsy, A4 and B,; can be found in the Appendix,

which are derived from the ordinary differential equations
(ODE?s) in [30] representing the shaft model and AG of DFIG.
Besides, the parameters of the AG are the same as [30].

Secondly, the grid-forming strategy is based on the dynamic
droop loop, as shown in Fig. 2. The droop loop can provide the
power angle and voltage reference for each unit in order to
make them capable of participating in frequency regulation and
voltage control in autonomous mode. The three units share the
same droop loop, but the DFIG and PV have a supplemental
maximum power point tracking (MPPT) controller attached to
the droop loop, as presented in [5], [29], [30]. The control loop
of the B2B converters (rotor-side converter (RSC) and grid-side
converter (GSC)) and its controlled objects (i.e., AG and LCL
filter) are shown in Fig. 3. In conclusion, the state-space model
of the grid-forming DFIG in synchronous reference frame can
be given as follows:

Axprici = ApricAxprici + Boric AVipo: + Beomi A@eom 3)

4
r————————————_________‘_\’—___ﬂ —_————
| M(’l|:MG2HMG3:
Aol DFIGI PV 1 BESS | :| DFIG2 || DFIG3 |
State-Space State-Space State-Space |1 PV2 || PV3 |
: Model Model Model Il BESS2 || BESS3 |
l Sl )
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T T T oy

A, L "
01 Av, D02 Ay +
bpet bDO2 l l AVipgas lAvbDQ7—‘)
| | | L 1
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Ai/UL,(/DQ, T Avp(‘c‘DQt l

State-Space Model of the Loads )

_.(

Fig. 5. Modeling framework of MGC.

a a T
Apri = Ay Axsy Avig AXEHS Avese Avgse | (4)
where Axprq are the state variables of each component and
. T
Ang;lo(; = [Aawr Adpric APpric AQDFIG]

connection point voltages in the synchronous reference frame
of DFIG system and Aa,,, is an additional input signal of the

Av,py are the

frequency deviation between the local and synchronous
reference frame. Apg is the system matrix that combines all
the components and control loops of the DFIG. And
Apric» Bprig also can be derived from the ODEs in [30].

PV and BESS share a similar voltage and current control loop
and circuit configuration, as shown in Fig. 4. Besides, the DC
link voltage dynamic of the PV is under consideration in Fig. 2,
which is a supplemental MPPT controller like DFIG. Therefore,
the state-space model of the grid-forming PV and BESS in the
synchronous reference frame are developed in (5)-(8):

Nxpy; = Apy Axpy; + Bpy AVipoi + Biopi AOeon ®))
AX:Pl/i = [Axli))pr Avdc Axl}ng A}/vdq A}/idq]T (6)

Axprssi = Aprss A grssi + Bprss AVipoi + Beoni AOeom (7)

Axpss; :[Angus;)i Axfgfs AVig NVigy ]T ®

In (6) and (8), Axp,, =[Acu Ay APy AQPV]T and
Axpr, = [AéBESS APgrss AQpess ]T- Note that Apgss, Bpess and

B, are given in detail in [31]. Apy and Bpy are the same
structure with BESS and can be derived in [5] and the
parameters of PV array are also identical to [5]. In addition, the
other parameters of the MGC are given in Table .

B. The Full-Order Dynamic Model of Microgrid Clusters

According to the unit-to-system modeling method, the state-
space model of the network (i.e., feeders and tie-lines) and the
load are established respectively, then the MGC modeling is
realized according to the framework in Fig. 5. Now, combined
with all the distributed generation units, network, loads, the
integrated dynamic model of MGC in Fig. 1 can be and readily
constructed as:

Axye = Avee Myce ©
T
Axyee =[Axgessi Axpyy AXprigr AXjine AXigad = Axtie] (10)
Axpycr Axagy
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Based on the established small-signal model, the overview
modes and dominant modes of the MGC can be obtained with
a certain typical steady-state operating point, as shown in Fig.
6. The nine pairs of complex-conjugate eigenvalues are divided
into three oscillation groups while the other negative real
eigenvalues are divided into two exponential decay (ED)
groups. In Fig. 6 (b), all the oscillation modes have the damping

ratios (& ) greater than 0.1 as recommended in [32], [33].

C. Analysis of System Multi-Timescale

The coexistence of dynamic processes in different time-scale
is a universal physical phenomenon. Fig. 7 shows the schematic
diagram of the multi-timescale dynamic characteristics of the
MGC system. Different from the traditional MG analysis in
[28], [31], the hybrid RE unit considering the solar/wind
primary energy will introduce the electromagnetic transient and
electromechanical transient modes in the slower time-scale
dynamics. On the other hand, the system includes resistive-
inductive networks, power electronic devices, mechanical
components, etc., and has wide time-scale characteristics
ranging from microseconds to milliseconds to seconds. The
multi-timescale characteristics of the system are analyzed in
this part.

1) Dominant Slow Dynamics

The derived dynamic model in (9) is then adopted to evaluate
the small-signal stability of the MGC, which is shown in Fig. 6.
The dimension of x,;c described by state matrix Ayge is 189.

Except for the dominant oscillation modes of the system
corresponding to the dominant eigenvalues, the remaining
modes can be identified as high-frequency and high-damping
oscillation modes with higher decay speeds. Therefore, only the
low-frequency modes are identified as the dominant oscillation
modes, which dominate the system performance and are the
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Fig. 7. Multi-timescale dynamic characteristics of the MGC system.

TABLEII
RESULTS OF PARTICIPATION FACTOR ANALYSIS OF DOMINANT MODES
Modes St_rongly . Strongly associated states
associated units
AS,AP,Aay, ,Av, , Ao, ,
Group I | pys and DFIGS o
Mode 1-3 Aot AT, AQyy
Group 2
Mode 4-6 DFIGs and PVs AS AP ,Av, , A®, , A®, s , AT,
o 3 DFIGs A s Mty . A, , A1 AT,
Exponential
decay mode 1 DFIGs Adpri » Ay s AW, , AD, e
Exponential
Aw, , A®ea s AT, , A1y,
decay mode 2 DFIGs (AN ] Nidg

main focus of this study. The dominant modes are selected in
Fig. 6 (b). To identify the correlation between system states and
dominant modes, the participation factor (PF) analysis is carried
out in Table II. In addition, the calculation method of the PF is
detailed in [14], [31].

Furthermore, to study the system characteristics and
dominant performance, it is necessary to focus on the complex-
conjugate eigenvalues. They affect system performance in the
form of damped oscillations while the negative real eigenvalues
are not the main focus. Fig. 8 illustrates the normalized state
variables PF of the strongly associated states of each damped
oscillations mode. The states strongly associated with the
dominant modes can greatly affect the dynamic response of the
system performance and they can be identified as globally
dominant slow dynamics. The dominant slow dynamics mainly
include the power controllers, wind and solar MPPT controllers,
RSC voltage controllers, DC-link voltage and shaft model,
proving that the slow dynamics are mainly affected by PV and
DFIG. Moreover, the identified slow dynamics are marked in
red font in the modeling diagram (i.e., Fig. 2-Fig. 4).

2) Coupling Time-Scale

As seen in Fig. 7, under the action of the control loops and
the physical rotor structure, the electromechanical speed
dynamics of the DFIG spanned from the electromagnetic
transient to the electromechanical transient on time-scale. The
characteristic of time-scale coupling reveals that there may be
interactive coupling between the fast and slow dynamics. The
PF results of Group 1-2 in Fig. 8 illustrate that the outer
dynamic droop loops of the PV units, the shaft models and the
RSC voltage controllers contribute to these dominant
oscillation modes. Table III shows the average participation
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each damped oscillations mode.

proportion of parts of DFIG/PV variables contributing to Group
1-2. Tt is concluded that Mode 1-6 are almost dominated by PVs
and DFIGs, in which reasonable coupling of the power angle
due to the units’ autonomous operation in MGC. Besides, both
the DC-link dynamic of the PV and the electromechanical part
of the DFIG contribute to the same dominant oscillation mode,
revealing that it is possible for the PV and DFIG unit to interact
in a nearby time-scale. Moreover, in previous studies, the
voltage outer loop is considered as the fast dynamic with fast
decay. But in this study, the RSC voltage loops of DFIGs
occupy about a quarter of the participation proportion in Group
2 especially. Looking back to Fig. 2 and 3, the RSC voltage
controller is between the power controller and the current
controller, that is, the middle of the slow dynamic of the outer
loop and the fast dynamic of the inner loop, which is reasonable
to infer that these states have special time-scale. As shown in
Fig. 7, it can be temporarily inferred that both the
electromechanical speed dynamics and DC-link have the
characteristics of coupling dynamics. Therefore, different units
may have interactive coupling, and the coupling time-scale
represents the coupling of fast and dominant slow dynamics,
further demonstrating the coupling states existing in the system,
which is the crucial point in this study.
3) Fast Dynamics

The remaining modes with the high frequency and high
damping are mainly strongly associated with the states of
currents of feeders, tie-lines and loads. Besides, some fast
modes are associated with the PV/BESS current controllers,
states variables of the LCL filters. These mentioned states have
extremely small participation factors of dominant slow modes
and they can be ignored in the analysis. Therefore, this sort of
states only correlates with the fast modes, obviously identified

6
TABLE III
AVERAGE PARTICIPATION PROPORTION OF GROUP 1-2
Average
Participation ASpy Ay, Avie | ASpric Axgy A,y

Proportion

Group 1 744%  5120% | 13.85%  10.24% 6.01%
Mode 1-3 PV in total: 62.30% DFIG in total: 35.04%

Group 2 10.50%  14.10% | 22.01%  7.27% 24.89%
Mode 4-6 PV in total: 28.20% DFIG in total: 63.64%

as fast dynamics in dual time-scale systems, which exhibit
extremely fast decay under disturbance compared with the slow
dynamics. The fast states have negligible effects on the exact
location of the dominant parts and they will be eliminated in the
reduced-order model [9], [17]. It should be noted that in this
paper, the slow dominant dynamics and the coupling dynamics
are the focus of constructing reduced-order model, while fast
dynamics contribute less.

III. GENERALIZED MODEL REDUCTION METHOD OF NON-
CLASSICAL SINGULAR PERTURBATION SYSTEM

A. Dual Time-Scale Singular Perturbation Theory and
Reduced-Order Equivalence

The classical SP theory can be effectively used for model
order reduction. The system represented by Equation (9) covers
a wide range of time-scale and the theory of classical SP can be
applied. Based on the appropriate selection of parameter & , the
original coupling system can be described through various
combinations:

Xucews = f (xMGC-/' 3 XMGCns > 1)

)

EXyce.r =8 (xMGC-f > XMGCas s U)
where Xyce.s, Xuge., are the dominant slow dynamics and fast

dynamics, respectively. u is the input of the system and ¢ is
the SP parameter, which is generally with small values such as
stray inductance and capacitance.

Xyge-r = M(Xuce.s»th) (12)

Xucees = f [ Xuce.s» M(Xugens 1), u] (13)

Considering the decoupling of the original dual time-scale
system, the fast dynamics can be treated as a boundary layer
system by approximating & to zero in (11) and Equation (12)
can be obtained [9]. Therefore, the full-order systems exhibiting
dual time-scale can be reduced based on the SP theory in (13).

B. Non-Classical Singular Perturbation Characteristics

In Section III-A, the SP method is used for dual time-scale
model reduction. However, model reduction should firstly
identify the number of fast and slow dynamics, reserving slow
states as state variables, simplifying the other states as
intermediate variables and treating as the boundary layer. When
applying the classical SP method for model reduction and
equivalence, the following judgments should be satisfied:

a) The dominant slow dynamics x, should be strongly

associated with the slow eigenvalues (i.e., dominant slow
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modes), and the dimension of x, equals to the number of slow
modes. At the same time, the fast dynamic should only relate to
the fast eigenvalues and the fast modes.

b) The application of classical SP method cannot basically
affect the exact location of the system’s slow dominant modes
after order reduction. Moreover, after confirming x, , if x, are
eliminated as the constant value, the fast eigenvalues of the
system can be calculated. Then it should be ensured that the
calculated fast eigenvalues coincide with the original system.

In conclusion, if the studied system does not strictly satisfy
the above conditions, it is considered that the system exhibits
non-classical SP characteristics. Therefore, the equivalence and
order reduction of the system cannot only rely on the classical
SP method because of the dual time-scale insufficient
separation.

C. Coupling Dynamics under Non-Classical Singular
Perturbation

As discussed above, the studied MGC system has different
dynamics in a wide range of time-scales. As the basis of
reduced-order modeling in Section III-A, the classical SP
theory can be applied in a dual time-scale system for model
equivalence.

However, using the above judgments is not enough for model
reduction of the power electronic interface-based unit. The fast
and slow dynamics of the power electronic interface-based RE
units may not be sufficiently separated or even have significant
coupling interactions in the nearby time-scale. For example,
some coupling dynamics may have both fast and slow dynamic
components, and it is not necessarily a classical SP system.

Typically, under non-classical SP characteristics, the number
of slow states is not equal to the slow modes, which infers that
some coupling dynamics may exhibit. If some of the coupling
dynamics get the characteristics of both fast and slow dynamics,
the number of slow dynamics will be larger than the slow modes.
If the redundant coupling dynamics are ignored, it will affect
the accuracy of the reduced-order model though it reflects the
properties of the original boundary layer under the classical SP
system. If the coupling dynamics are reserved, the accuracy can
be ensured, but the remaining dynamics constituting the
algebraic constraints are different from the original boundary
layer [9], [34], [35]. It is necessary to separate the coupling
dynamics from the slow dynamics by establishing the fast
subsystem. Firstly, the slow dynamics are determined based on
the correlation with the slow modes. Then, supposing the slow
dynamics as input nearby the steady-state point, calculate the
eigenvalues constraining by the remaining fast dynamics. If the
eigenvalues calculated coincide with the original fast modes,

Non-classical singular perturbation system

Fix the selected X,.; as constant value and
calculate the remaining fast eigenvalues

Coincide with
full-order model?
_____ !

PF of x,,; inascending !

Reserve x_; and X

order and select the [/
for order reduction
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coupling dynamics I

coupling dynamics
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Fig. 10. The flowchart of identification method of coupling dynamics.

the SP characteristics of the original system can be reflected.
And the correctness of the selected slow and fast dynamics
(without coupling dynamics) can be guaranteed as well.

Furthermore, as a typical inverter-based system, MGC has a
significant time-scale characteristics difference compared with
traditional power systems. If applying classical SP, the direct
elimination of fast dynamics may lead to the disappearance of
some system dynamics and significantly affect the modeling
accuracy. Therefore, in order to ensure the accuracy, it is
particularly important first to identify and then reserve the
coupling dynamics in the reduced-order model.

D. Identification Method of Coupling Dynamics

If using the traditional judgment, the numbers of slow/fast
dynamics and slow eigenvalues need to be accurately calculated,
and the excess parts can be determined as the number of
coupling dynamics. However, for systems whose time-scale is
not sufficiently separated, the calculations will be difficult. It is
necessary to build an accurate and fast identification method
without trial-and-error searching for the coupling dynamics.

To more clearly identify the coupling dynamics, the existing
dynamics of the system need to be classified and Fig. 9 carries
out the classification. In coupled classification, fast/slow
dynamics consist of global fast/slow dynamics and coupling
dynamics, which can describe the coupling dynamics hidden in
fast/slow dynamics or behaving as fast/slow dynamics in other
words. In decoupled classification, the coupling dynamics are
separated from the fast/slow dynamics and only global
fast/slow dynamics are considered. The global fast dynamics

Xr.¢ includes reducible fast dynamics x,.x and the dominant
dynamic of fast subsystem x,.,. Note that while x,., belong

to the fast dynamics according to the PF results, they are
constrained by the system modeling framework (seen in Fig. 5),
which can dominate fast subsystem and affect the modeling

accuracy. For example, Ai,, in Fig. 5 represents the unit
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Fig. 11. The proposed generalized model reduction method of non-classical
singular perturbation system.
output current in the synchronous reference frame. As a
medium between the RE unit and network model, it will lead to
the failure of modeling if it is eliminated as the fast dynamics.

Besides, because of the unpredictable characteristic of
coupling dynamics hidden in fast/slow dynamics, x., may
come from both fast and slow dynamics. The reducible fast
dynamics X, can be directly eliminated as boundary layer

using the SP method. And the global slow dynamics x,.g
should be directly reserved in the low-order model. In summary,
the reserved dynamics include the x,.g, x;.p and xcp .

The identification method of coupling dynamics is shown in
Fig. 10. Under the non-classical SP system, it needs to identify
which coupling dynamics get the characteristics of fast or slow
dynamics. The identification method is divided into two steps.
The first is to figure out the coupling dynamics that behave as
slow dynamics. Although the x¢p., originally needed to be
reserved as the slow dynamics, identifying them is helpful for
the coupling time-scale analysis of system modes. Firstly,
fixing the selected global slow dynamics as constant value and
establishing the fast subsystem. And the fast eigenvalues will
not coincide with the original full-order model if any coupling
dynamics are included in selected x,.; . Then choose the
dynamics of small PF as x.,, remove it and repeat the fast
subsystem establishment until the fast modes coincide. So far,
the Xx¢p., hidden in x, can be confirmed.

Secondly, focus on the dominant modes and identify the
coupling dynamics that behave as fast dynamics. Based on the
fast dynamics identified before, x,.; and x.p., are reserved for
model reduction and the accuracy of the reduced-order
dominant modes can be determined. Choosing the large PF of
X; as Xcp., and reserve them into the dominant modes again
until the dominant modes coincide. In the end, the coupling
dynamics can be confirmed, including xcp., and xcp., .

In conclusion, the method can identify the system coupling
dynamics with both fast and slow dynamic components without
calculating the numbers of dynamics as well as trial-and-error

searching. Therefore, the model reduction can be implemented
quickly and accurately.

E. Model Reduction Method for Characterizing Multi-
Timescale and Guaranteeing Computational Efficiency

To sum up, the generalized model reduction method of non-
classical singular perturbation system can be given in Fig. 11.
Firstly, the multi-timescale should be identified by the PF
analysis of the dominant modes. Then the slow dynamics and
the global fast dynamics can be figured out by the analysis.
Secondly, the network can be simplified by equivalent
techniques and the system boundary layer can be constructed
by the dual time-scale method. The construction of the
boundary layer system in (11) and (12) can realize the linear
preservation of the system’s fast dynamics. Then the fast
dynamics are eliminated by the classical SP method in (13).
Therefore, the first step of reduction can be confirmed.

Thirdly, after determining the non-classical singular
perturbation characteristics, the identification method in Fig. 10
can be carried out. Then it can be considered to re-add the
identified coupling dynamics to the first step reduced-order
model. Finally, the final reduced-order model that characterizes
multi-timescale and guarantees computational efficiency can be
obtained under the proposed generalized reduction method.

IV. MODEL REDUCTION OF MICROGRID CLUSTERS BASED ON
NON-CLASSICAL SINGULAR PERTURBATION

A. Equivalent Network Simplification

Based on the analysis in Section II-C, some fast modes are
mainly strongly associated with the states of currents of feeders,
tie-lines and loads. Besides, before conducting the reduction
study, the equivalence of the electrical network is first
performed in order to reduce the number of nodes and simplify
the system [17], [25]. In this study, the network of feeders can
be simplified and combined with the inductance L, ofthe LCL

according to the Kirchhoff's current law under dg axis:

AiuDQi = AilineDQi (14)
Then, the equivalence of feeders can be given as:
Li =L+ Ly, (15)
R} =R, + Rye

In (14)-(15), Aiyeno: are the currents of the feeders in dg axis.
L, and R, are the output filter inductance and resistance. L,

and R, are the feeder inductance and resistance. L; and Ry

are the output filter inductance and resistance after equivalence.
In addition, the equivalence will lose some modes generated
by the network, which are not the focus of this study because of
the high-frequency and high-damping characteristics. It should
be noted that, although the tie-lines belong to the network and
associated with the fast modes, they are the important element
of the power flow between MGs. So, the state variables of tie-
lines can be regarded as the dominant dynamics of the fast
subsystem, which are the non-negligible part of the modeling
framework and reserved in the reduced-order model.
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Fig. 12. Comparison between dominant modes of the full-order model and 65-
order model.

B. System Boundary Layer Construction and Reduction

1) Reduction of the Load Model
Firstly, the load model can be represented in SP form:
Llaad

Rload

Aioa = Aoa Aiﬂll + BO(Z Aa}mm
loadDQ ioad AlioadDO load 1 : (16)
+ Bl()aa'ZAVpchQ
Note that the matrices A4,,,, and B, can be obtained the

same in [31]. Besides, By, is related to the load node:

Biowarn 0 0 STE
B[aadZ = 0 BloadZ-Z O Whlle BloadZ»i = (/)"”‘[" .
0 0 B load2-3 Rioad-i

T .
and Avp('(DQ = [Avpc(lD Avpcle o AVpccSD Avp((‘}Q] . Lload-i 18 the

inductance of load i, and Av,.p, is the voltage of PCC in dg
axis.

To obtain the boundary layer composed of the load model,
the SP parameter &,,, can be regarded as —L;,., / R, then
the solution of Aij,.pp can be obtained by solving the linear
equation by gaussian elimination. Finally, the boundary layer
composed of loads can be substituted back into the original
system for order reduction.

2) Reduction of PV/BESS Units

The PV and BESS units share the same structure of boundary
layer because they have the same fast dynamics. The boundary
layers of the PV units are established for reduction, and the
BESS units are similar. Conducting the appropriate selection of
matrix ¢ , the SP equation of power loop, voltage and current
loop, LCL filter can be simultaneously combined as follows:

Epy Agi = PVAXPV + BgLVIAioDQ + BgLyzAP (17)

BL =[AQpy AYvig AViag Dingy Angq] (18)

The matrices 45 and Bj can be derived from the ODEs
representing the corresponding controllers or components of the

boundary layer states A Then, the solution of fast dynamic

can be obtained by solving the linear equation. With the
boundary layer substituted into the original system, the
remaining dynamics of the PV unit are:

[A5PV AIDPV Aad{' Avdc Aiodq ]T (19)

Similarly, the remaining dynamics of the BESS unit are:
[A5BESS A])BESS Aiudq ]T
3) Reduction of DFIG Units
Based on the above analysis, it is able to establish the
boundary layer composed of the DFIGs:

(20)

gDF]G AxDFIG DFIGAxDFIG IELI‘;[GA’CSM (21)
+ By, FIOAlnDQ + BBL3GA(/’vdq + Byl AP
AxDFIG [AQDFIG A@dq A(Ddz A nldq Audc (22)

Alsdq Alrdq Al/dq Avudq]

It is worth noting that this study focuses on complex-
conjugate eigenvalues manifesting as damped oscillations
(transient performance) while negative real eigenvalues may
affect the speed of the system reaching to steady-state (dynamic
performance) after being perturbed [36]. Although the state
variables 77, are only strongly associated with the two ED

modes, they have little contribution to Mode 1-9. Besides, the
ED modes have been truncated into two modes in the previous
analysis. If the truncated modes can be reproduced in the
reduced-order model, the dynamic performance of the original
system can be reflected. Therefore, these states are out of
consideration in model reduction and can be treated as fast

DFIG
and By

can be derived from the ODEs representing the corresponding

dynamics using the SP method. The matrices Aj,

controllers or components of the boundary layer states Axg, .

Then, solving the linear equation and obtaining the solution, the
remaining dynamics of the DFIG unit are:

[AéDFI(; DFIG Aa AC{) AT Aa)r vadq Aindq ]T

wheel m

(23)
Axgyy

4) Reduced-Order Model under Dual Time-Scale System
After fully obtaining the boundary layer of the MGC system,

the SP method in dual time-scale can be applied for order

reduction. Applying the network simplification and the

boundary layer substituted into the original system, we can

obtain the 65-order reduced model by Equation (24):

XpGewss = Auce6sXnce-es (24)
Fig. 12 shows the comparison between the dominant modes
of the full-order model and the 65-order model using the dual
time-scale reduction model in [15]-[21]. Only the slow
dynamics are reserved in this model without identifying the
coupling dynamics, Group 1-2 have matching errors as seen in
Fig. 12. The errors are reflected in the damping of each mode
while the oscillation frequency basically coincides. The
damping of the low-order model has become stronger, which
cannot accurately reflect the transient performance of the
original system. However, after reducing the dynamics by 66%,
the 65-order model can also basically restore the dominant
oscillation modes of the original system.

C. Coupling Dynamics Identification of Microgrid Clusters

In Section III-D, the identification method of coupling
dynamics is proposed and it is applied for the studied MGC
system in this part. The first is to separate the coupling
dynamics from slow dynamics though they have been already
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Fig. 13. Comparison between fast eigenvalues of full-order model and the two
fast subsystem models.
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Fig. 14. Participation factor results of some reduced states of Mode 1-6.

reserved in the 65-order model. The selected global slow
dynamics x,.; include all the slow dynamics reserved in
Equation (24). According to the flowchart in Fig. 10, fixing
them as constant values, it is able to establish the fast subsystem
and calculate the remaining fast modes, as shown in Fig. 13.
However, some fast modes marked by the dashed boundary
have significant errors and the conclusion is negative for
coincidence with the full-order model.

In addition, in multi-timescale analysis, it can be found that
the coupling time-scale characteristics of Group 1-2 are the
most obvious. The participation factor analysis of Group 1-2
carried out in Section II-C illustrates the shaft model Axg, as

well as the voltage loop Ag,, of RSC have slightly less

contribution to the dominant modes than the other strongly
associated states. However, Axg, are tended to be preserved as

they are the slower mechanical components. Therefore, it is
reasonable to choose A@,, as the coupling dynamics xcp., .

The fast eigenvalues can be recalculated, as also shown in Fig.
13, indicating that the error has been eliminated and all the fast
eigenvalues coincide with the original model. Only if the
coupling dynamics are correctly selected, the fast eigenvalues
can be consistent with the original model. It can be concluded
that the state variables Ag,, are the coupling dynamics

behaving as slow dynamics.

Secondly, it needs to separate the coupling dynamics from
fast dynamics. When x,.; and x.p., are reserved, the 65-order
model can be obtained as shown in Fig. 12, which shows that
Group 1-2 cannot accurately locate and lose transient
performance accuracy in this model. It is necessary to conduct
the PF analysis among the dynamics being reduced in the 65-
order model and the states of Group 1-2 with large PF are shown
in Fig. 14. It should be noted that the PF of the selected state
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Fig. 15. Comparison between dominant modes of the full-order model, 65-
order model, 74-order model and 86-order model.

variables AQ and Ay, is much lower than the other variables
that have been reduced in the 65-order model. It is reasonable
to speculate that the variables Ay, have the coupling time-

scale characteristics compared with A¢,;, under the above

analysis. The selected coupling dynamics AQ and Ay, will

be re-added to the 65-order model in the following work to
verify the accuracy of the identification.

D. Reduced-Order Model of Microgrid Clusters

Based on the 65-order model in (24), the coupling dynamics
behaving as fast dynamics should be re-added while the
coupling dynamics that behaving as slow dynamics are already
reserved in the model. Firstly, the variables AQ are added back

into the reduced-order model as shown in Fig. 15 (74-order
model) which illustrates the improved accuracy of the
eigenvalues’ location of Group 1-2. Secondly, the re-adding of
the PV and BESS voltage loop variables Ay, is also

conducted in Fig. 15. The accuracy of the reduced-order model
further improves, especially in Group 1-2 that have the coupling
time-scale characteristics. In addition, the proposed model can
accurately identify the interactions among different MGs in the
clusters. In Modes 1, 6, and 9, the participation of the three MGs
is almost the same, as shown in Fig. 8. It can be concluded that
the interactions occur in three MGs in these modes. Moreover,
Mode 3 is mainly associated with MG 1 and 3, while Mode 4
and 7 are mainly associated with MG 2 and 3. Therefore, there
is a wide range of interactions between the MGs in the dominant
modes, especially the Group 1-2 that have the coupling time-
scale characteristics. Most importantly, the interactions can be
investigated after reduction, especially the increased accuracy
of coupling time-scale Group 1-2 after re-adding the coupling
dynamics. It is noted that if the accuracy of the dominant modes
of the reduced-order model can be guaranteed, the MGs
interactions exhibited in the modes are also preserved in the
proposed reduced-order model.

Therefore, the re-adding can accurately restore the transient
performance of the original system. The coupling dynamics are
correctly identified for describing the coupling time-scale
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TABLE IV
THE COMPUTATION TIME COMPARISONS OF THE EIGENVALUES OF THE FULL-
ORDER, 65-ORDER AND 86-ORDER MODELS

Time
Model Accuracy Time A;’;:ége reduction
percentage
. 85.11s |
Original Origina
Full-order model benchmark 85.04s 85.25s benchmark
85.61s
65-order model Lose 23.36s
(The traditional accurac 23.45s 23.56s 72.36%
model in [15]-[21]) Y 3708
86-order model Hich 27.36s
(The proposed g 28.00s 27.69s 67.52%
accuracy
model) 27.72s

characteristics of the model, which can obtain the 86-order
reduced model with coupling dynamics:

x _ | XmGce6s =4 XMGC-65
MGC86 = = Amcc-s6 Xcp.s

g (25)

The reduced-order model in (25) can reduce the dynamics by
54% and accurately restore the dominant oscillation modes of
the original system. Besides, the ED modes can also be
accurately truncated into two modes, reflecting the model
reduction accuracy. In summary, the 86-order model can not
only accurately describe the multi-timescale characteristics but
also reduce the computational burden because of the lower-
order model. However, in order to more specifically
demonstrate the improved computational efficiency in stability
analysis of the proposed reduced-order model, further works
need to be discussed.

E. Discussions on Efficiency and Applicability of the
Reduced-Order Model Stability Computation

Actually, the full-order model is absolutely the most accurate
in stability and dynamic characteristic analysis. However, it is
complicated to accurately establish the full-order model of the
large-scale MGC system. Besides, it suffers from the burden of
numerical calculation of stability analysis as well as the burden
of small-step or long-time simulation.

On the other hand, the proposed reduced-order model of
MGC can guarantee the accuracy of the dominant modes after
re-adding the coupling dynamics. Moreover, Table IV shows
the computation time comparisons of the eigenvalues of the
full-order, 65-order and 86-order models. Noted that all the
computations use Intel i7-10700 CPU and 32G RAM under
MATLAB R2020b of Windows 11 environment and the results
take the average of the three times computation.

It can be seen that the full-order model takes a lot of time to
calculate the eigenvalues, which is more than three times as
much as the final proposed 86-order model. Besides, the time
of 65-order model is slightly shorter than the final model, which
is about 28% of the full-order model computation time.
However, the 65-order model by the dual time-scale method
loses accuracy and it will be out of consideration though it is a
bit faster. Furthermore, the final 86-order model reduces the
time by more than 67% and only needs one-third of the original

11

RT-Lab
Host Computer

Model Compilation

Fig. 16. Real-time simulation environment.

model.

In summary, the proposed generalized method can be applied
for model reduction while retaining the necessary dynamics that
dominate the system. The computation and simulation of the
system can be more efficient, and the system dynamics can also
be accurately characterized as well. Practically, the larger-scale
system can be established and carried out the numerical
calculation using the proposed reduced-order model based on
the fundamental conclusion.

V. REAL-TIME SIMULATION RESULTS

A. Real-Time Simulation Setup

RT-Lab is used to execute the full-order model in real-time
simulator OPAL-RT OP5600. As shown in Fig. 16, the full-
order model created in MATLAB/Simulink can be compiled in
RT-Lab and imported into OP5600. The desired variables can
be detected by connecting the oscilloscope to the real-time
simulator. In addition, the proposed reduced-order model can
be operated in the low-order small-signal model.

B. Verification of Model Response

The simulation verification will compare the transient
performance of the full-order model and the proposed reduced-
order model under system disturbances. The real-time
simulation is chosen instead of the full-order small-signal step
response to make the results close to the practical real-life
operation; thus, the accuracy and the feasibility of the reduced-
order model can be verified.

A step load increase for 1kW in PCC 1 is applied in two
models respectively and the comparison of the change of the
variables for MG 1 is shown in Fig. 17. As can be seen in Fig.
17 (a), the output power responses of the three units in MG 1 of
the reduced-order model have similar performance with the
full-order model of real-time simulation under load disturbance,
which the magnitude of the steady state are the same. Moreover,
for the full-order model and the proposed reduced-order model,
the output frequencies of the three units have the same response
in Fig. 17 (b). They have the same oscillation frequencies and
magnitude of the steady-state. And the reactive power response
of the proposed reduced-order model also matches the original
model. Besides, the dg-axis voltage and current of PCC 1 have
good performance in the response.
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Fig. 17. Comparison of the change of the variables for MG 1 in load step
change. (a) Active power. (b) Frequency. (c) Reactive power. (d) dg-axis
voltage of PCC. (e) dg-axis current of PCC.

Under the load transition, the same steady-state value and the
similar transition process as the full-order model can be
achieved. It should be noted that the oscillations of the small-
signal model response curve have a faster decay speed than the
real-time simulation, which is also shown in [31], though the
model and practical test system have consistent dominant
modes in the theoretical analysis. Although slight differences in
the response exist in decay speed and overshoot values, the
transient performance obtained from the reduced-order model
matches with the practical full-order model from real-time
simulation. However, the faster decay speed obtained and the
differences will not affect the model stability in a large range.
In other words, it proves that in numerical simulation, the
proposed model has well performance. And compared with the
original model, the reduced-order model has similar transient
behavior to a certain extent. It can verify the feasibility and



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior
to final publication. Citation information: DOI10.1109/tsg.2023.3297451

IEEE TRANSACTIONS ON SMART GRID, VOL. XX, NO. XX, XXX 20XX

TABLEV
THE SIMULATION TIME COMPARISONS OF THE POWER AND FREQUENCY
RESPONSE OF THE FULL-ORDER AND 86-ORDER MODELS

Power response Frequency response
Model
Time Average time Time Average time
88.18s 50.83s
Full-order 87.35s 88.10s 51.74s 51.22s
model
88.76s 51.10s
86-order model |_43-70s 19.75s
(The proposed 45.69s 45.47s 20.00s 19.88s
model) 45.03s 19.88s
Time reduction 48.39% 61.19%
percentage

accuracy of the proposed reduced-order model.

C. Verification of Simulation Time

In order to further investigate the computational efficiency of
the proposed reduced-order model, it needs to conduct
comparisons of the simulation time between the proposed
reduced-order model and the original full-order model.
Different from the real-time simulation environment, the two
small-signal models are established in MATLAB for time
verification to observe the response of system variables through
the step disturbance as input. The results of the time
comparisons of the most concerned power and frequency
response are shown in Table V. Both the full-order model and
the proposed reduced-order model are implemented in the same
MATLAB environment and computer configuration as
mentioned above. Besides, the verification tests simulate for
one second and the step size is 0.001s.

It can be seen that the proposed 86-order model has
significant advantages in computational efficiency, which can
reduce the time of the most concerned variables by half or more.
The results show the reasonable practical application of the
proposed model. Under the premise of ensuring the accuracy of
the reduced-order model, it can not only accurately characterize
the multi-timescale of the system, but also improve the
computational efficiency. In conclusion, the proposed model
can play an important role in stability analysis and numerical
simulation of the MGC system. Furthermore, the proposed
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generalized method can also be applied for model reduction as
an accurate and efficient analysis tool.

VI. CONCLUSION

The multi-timescale characteristics of multi-source hybrid
renewable energy MGC system are analyzed in this paper. It is
demonstrated that the electromagnetic and electromechanical
transients time-scale of the studied system are interactively
coupled; that is, the fast and slow dynamics are not sufficiently
separated which presents the non-classical singular perturbation
characteristics. In addition, the proposed dynamic classification
criterion and the coupling dynamics identification method can
effectively separate and identify the coupling dynamics from
the fast and slow dynamics. Different from the traditional dual
time-scale reduction method, the model reduction introduced in
this paper is an effective tool for simplifying the stability
analysis of hybrid renewable energy MGC under the non-
classical singular perturbation characteristics. It is not simply
eliminating the fast dynamics but re-adding the coupling
dynamics to restore the accurate dominant modes of the original
system. In terms of the stability calculation, with high accuracy,
the proposed model reduces the time by 67% compared with the
full-order model. Furthermore, on the basis of restoring the
dominant modes, the real-time simulations verify the accuracy
of the transient performance of the proposed reduced-order
model. In terms of the numerical simulation, the proposed
model has advantages in computational efficiency. By
simulating the most concern variables, it can reduce the time of
the power response by 48% and frequency response by 61%. In
conclusion, the proposed method and model can not only
accurately characterize multi-timescale dynamics of the non-
classical singular perturbation system, but also guarantee
computational efficiency.

APPENDIX
The matrices Agy, Bas,Bsy, in Equation (1) can be
described as (Al1)-(A3). H,..,H, represent the inertia

constants of the wind wheel and AG, respectively; F,k,,D,

and k,, represent the viscous friction coefficient, mechanical

2 3
_ 72.,0 Cprheel Vvwind

2 2
4H wheel k gear Wyyheelo
2 3
D 1g 77,0 Cp Rwheel Vvwind

2 H wheel k gear

! 0

1 N p) DgpF

Agy = | ko k.. — -D k Al
o we 4H wheel kgear a)wheeloz * (2H wheel 2H g 2H g * ( )
0 p _PF
I 2H, 2H, |
0 0 0 0
D.p’ . Dgp’ . Dyp* . Dyp’
Bon =| ——2—L,io ——L,i, A2 Bor =| —2—L,iy0 ———L,i A3
SM 1 21, 40 28, d0 (A2) SM2 21, q0 21, d0 (A3)
2 2 2 2
_Lm irq() _p_Lm l.rd() _p_Lm isqﬂ _Lm i.de
2H, 2H, 2H, 2H,
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_Rer _pwl"OLer
perLm Lr _Rer (A4)

RrLs Wy (Ln12 _Ler)+ perLer
~ay (L, —L,L,)— po, LL, R.L,
_Lm2isq0 - anLrir‘qO
2. .
(A6) B.s; =Dp L, a0 + Ly Liirao (A7)

LiLyiyo +LLiy
_LsLmist - LerirdO

stiffness, damping coefficient and gearbox ratio, respectively;
D5 P Ry, Cp and v, represent the poles of pairs, air density,

blade length, performance coefficient of wind wheel and wind
speed; @,..0 1S the steady-state value of wind wheel speed.

The matrices Ay, Bic1, Bagas Bags in Equation (2) can be
described as (A4)-(A7). R.,L,,R,,L,,L, represent the rotor
resistance and inductance, stator resistance and inductance,
inductance, respectively; D:I/(Lm2 -LL.) ;

Loag0+Eraq0» @, Wy TEpresent the steady-state value of the stator

mutual

dq currents, rotor dq currents, voltage frequency and rotor speed,
respectively.
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