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ABSTRACT With the increasing penetration level of large-scale photovoltaic (PV) generator connected to
the grid, an accurate simulation model is required for the dynamic analysis of the PV system. However,
the detailed electromagnetic simulation of the large-scale system is complex and the dynamic response
capability is estimated with obstacle caused by large computational burdens. Therefore, a precise dynamic
aggregated model is indispensable for the displacement of the large-scale PV system. The structure-
preservation based aggregated model with comprehensive equivalent parameters for large-scale PV system
is proposed in this paper. A complete two-stage PV system model is established to analyze the dynamics of
the system. Then, the aggregation method is obtained by comparing the dynamic equations of the detailed
model with the aggregated model, which is based on the energy relationship in the PV system. Furthermore,
four different case studies are considered including the aggregation of identical and different ten parallel-
connected PV units both under the same irradiance condition, and the aggregation of different ten parallel-
connected PV units under different irradiance and weak grid scenarios, where the aggregation models
are obtained through the proposed equivalent modeling method. Finally, the effectiveness of the proposed
aggregation method is verified by the simulation results from PSCAD/EMTDC platform, and the consistency
between the aggregated model and the detailed model is confirmed under different disturbances of irradiance
variation, and continuous symmetric and asymmetric grid faults.

INDEX TERMS Photovoltaic system, aggregation method, structure-preservation, equivalent parameters,
model consistency.

I. INTRODUCTION

In power systems and micro-grid, the installed capacity of
renewable energy power generation has increased a lot in
past decades. Renewable energy is considered as a key fac-
tor in solving energy security due to the availability of
photovoltaic (PV) resources, low cost and non-pollution on
environment [1]. The existing research on photovoltaic (PV)
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power system mainly focuses on the mathematical modeling
[2], [3] and the control strategies [4]-[6].

However, in the actual PV plant, the requirement of high-
power level is generally satisfied through the cluster of mul-
tiple parallel PV units, which have the same structure and the
same control method. Simulation analysis of multi-parallel
system is implemented with the obstacle of the large time
consumption and calculation space occupation. In addition,
the dynamic characteristics of multi-parallel system in dif-
ferent operating environments are studied with difficulties
because of a large-scale system. Therefore, the dynamic
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aggregated model is necessary to simplify the analysis of
large-scale system, which can ensure the characteristics sta-
bility of the system.

Model aggregation is a general method to obtain the
equivalent system. Existing aggregation methods are mainly
developed in inverter system [7]-[12] and the micro-grid sys-
tem [13], [14]. Literatures [7]-[11] have proposed coherency
criterion to group inverters with similar dynamic character-
istic. In [7], the Hamilton-action principle has been applied
into inverter system to derive the coherency criterion for the
grid-connected inverter cluster, which can also be used in
the order reduction of inverter-interfaced wind farms and PV
systems, but equivalent parameters of are given directly with-
out theoretical analysis. Similarly, coherency-based dynamic
aggregation method using Hamilton-action for inverters is
proposed in [8], and the applicability of the aggregated model
for the stability analysis is verified by the simulation results
both from frequency-domain and time-domain. A coherency
equivalence criterion based on generalized differential for
inverter system has been proposed in [9], but its coherency
identification and parameters aggregation method are too
difficult to measure. However, an equivalence method based
on virtual synchronous generator (VSG) for multiple modular
multilevel converters (MMC) has been established in [10],
and the similarity of power angles characteristic between
VSG-based MMC and synchronous generators was used to
identify the coherent criterion. Furthermore, in [11], another
coherency aggregation method with generalized eigenvalue
perturbation technique for droop-controlled inverter networks
has been investigated, and it shows the capability of accu-
rately reproducing the system response after the clearance of
the large disturbance.

Additionally, model aggregation and equivalence methods
are preferred but not the coherency criterion in many liter-
atures [12]-[14]. In [12], a reduced-order model of multi-
parallel single-phase inverters has been obtained by model
aggregation method, according to the relationship of state-
variables between the accurate model and the aggregated
model. The equivalent parameters are calculated under dif-
ferent real- and reactive-power setpoints in controller and
different inverters in power ratings. However, this aggregated
method is complex due to the solution of high-order matrix
and it is not a simple aggregated method for other applica-
tions. A static equivalent model based on the grey-box theory
of multi-microgrid was established in [13] through param-
eters optimization, but the dynamic characteristic cannot be
reflected by this static model. In addition, the dynamic equiv-
alent model for multi-microgrid has been proposed in [14],
which is based on the structure preservation without time-
consuming iterative calculations. The dynamic behaviors of
a distributed energy source are studied by aggregating the
external microgrids as an equivalent model, which includes
the aggregation of buses, networks, drooped-controllers and
power controllers. There are other methods like singular per-
turbation to establish the aggregation model of inverter [15],
which can simplify the computational complexity of detailed
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models while maintaining the physical properties of the vari-
ables through fixing the slow variables as constant. In addi-
tion, it is worth noting that, although there are different
equivalent methods, the same structure has been preserved
in the aggregation model.

As for the large-scale PV system, the aggregation methods
mainly focus on PV inverters on the ac-side, and the PV
panels are considered as a constant voltage source. In [16],
the calculation method for the aggregated parameters of
multi-parallel PV system was proposed, but this method is
only appropriate for establishing the equivalent model when
the parameters are consistent with the operating environment.
An equivalent method of PV plant in two different cases
was considered in [17]. One is the group equivalence for the
case of the interval of fault and post-fault recovery, the other
is an independent equivalent method for the case without
faults. In addition, an equivalent model of PV plant with
virtual synchronous characteristic has been presented in [18].
This equivalent method is based on the synchronous power
controller and the results contains the mechanical, electrical
and droop equivalence. However, the structure of PV plant
in [18] is not considering the PV panels. In [19], equivalent
modeling of N-paralleled grid-connected inverters in the PV
plant was analyzed, which considers the coupling problems
caused by different grid impedances, but the PV arrays in PV
inverters are also defined as constant dc source to simplify
the analysis. Therefore, to sum up, a complete aggregation
model for PV systems including the calculation of equivalent
parameters should be evaluated.

The main contribution of this paper is the establishment
of the comprehensive aggregation method for two-stage PV
system, which contains the aggregated models of PV arrays,
Boost converters, ac-side inverters and step-up transformers.
In addition, it is worth noting that the comprehensive equiva-
lent structure-preserving model is derived and the equivalent
parameters are scaled by comparing the dynamic equations
between the detailed model and the aggregated model, which
is based on the energy relationship between two coherent
PV systems. Different cases are studied, which includes two
aggregation models of ten-parallel identical two-stage PV
units and ten-parallel different PV units both under the same
irradiance input condition, and two aggregation models of
different PV units under diverse irradiance and weak grid
scenarios. Two disturbances including irradiance variation,
and continuous symmetrical and asymmetrical grid faults are
separately applied in case studies to confirm the effectiveness
of the aggregation method.

The rest of this paper is structured as follows: In
Section II, detailed dynamic model of the two-stage PV
system 1is established through differential equation in time-
domain. In Section III, the energy relationship in two-stage
PV system is provided to analyze the relationship of the
state variables between two coherent PV systems, which
is based on the Hamilton-action principle used in inverter
system. Then, the equivalent parameter calculation method
of the aggregated model is investigated through theoretical
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FIGURE 1. Simplified circuit and control strategy of the two-stage PV system.

derivations, which contains the equivalence of power-stage
and control parameters. In Section IV, four cases are built
in the PSCAD/EMTDC platform to verify the effectiveness
of the aggregation model, and the consistency between the
aggregated model and the detailed model is verified by the
simulation results. Finally, the main conclusions are summa-
rized in Section V.

Il. MODELING OF THE TWO-STAGE PV SYSTEM

In order to identify the complete dynamics of the two-stage
PV system, the modeling steps of each component are derived
comprehensively. A simplified main circuit and the control
strategy of two-stage PV system is shown in Fig. 1.

As shown in Fig. 1, Cp,, is the smoothing capacitor of the
front-end circuit, L is the energy storage inductor of the Boost
circuit, and the capacitor of the dc-link is Cy,, vy is the output
voltage of three-phase inverter. Ly and Cy are the inductor
and capacitor of the filter. Ry is the filter inductance parasitic
resistance, and R, is passive damping resistance. For the sake
of avoiding the complicated calculation of parameters caused
by different voltage levels, the parameters of the transformer
and the grid are converted into the primary side. Therefore,
L, is the equivalent inductance of the transformer. L, and R,
are the equivalent value of the grid inductance and resistance
converted to the primary side of the transformer, and v, is
the grid voltage, which is converted to the primary side of
transformer.

A. THE DYNAMICS OF FRONT-END CIRCUIT
Front-end circuit is composed of PV arrays and the Boost
converter, and the detailed mathematical models of each com-
ponent are introduced by the following parts.

According to [20], the mathematical model between output
current iy, and output voltage vy, of the PV arrays is given

by (1):

NgnkT = Nplge — i
Vpy = s In( plsc — lpv

+1
q NpIO

ey
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in which, Ny and N, are the number of PV cells connected
in series and parallel, n is the ideally factor of diode, k is the
Boltzmann’s constant, 7' is the p-n junction temperature of
the diode, ¢ is the unit electric charge, I is the short-circuit
current of one PV cell at the conference temperature, and Iy
is the saturation current of the diode.

However, since the power generated by PV arrays is mainly
determined by Ny and N, linearized model of PV arrays can
be obtained as:

NgnkT . Ko
Vpy = — Iy = i
- q(Nplse — Ipyo + Nplo) - prpy
NsnkT
Kpy = . ()

Q(Nplsc - Iva + NpIO)

where 1,0 indicates the steady-state operating point of the PV
array output current, and K, is a function of /.

The dynamics of the Boost converter is presented by the
average model, and it is given by (3)-(5).

dv
pv dfv = lpy — iL 3)
di
Ld—f = vy — (I = d)vae (4)
dvge . .
Cac df = —ige + (1 — d)ir, ®)

where v is the dc-link voltage, iy is inductance current of the
Boost circuit, and iy, is the current flowing into the inverter,
and d is the duty cycle of Boost converter and presented by (6)

kio
d= (kpo + T)(Vmp - va) (6)

where &, and kj, are the proportional and integral gains of the
PI controller in Boost circuit, and vy, is the maximum volt-
age at the maximum power point obtained by the maximum
power point tracking (MPPT) algorithm.
Supposing ’%" = kio(Vyup —Vpv), (6) can be rearranged into:
d= po(Vmp - va) + Xo @)
where x,, is the dummy state variable.
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FIGURE 2. The flow chart of the basic P&O algorithm [23].

In general, the whole dynamics of the front-end circuit
including controller are denoted as equations (2)-(5), and (7).

In this paper, P&O MPPT algorithm is used both for the
aggregated model and the detailed model, which is evaluated
in [21] and optimized in [22]. The flow chart of the basic
P &O algorithm is shown in Fig. 2, where the év is the
voltage perturbation step [23]. The maximum power point
can be reached by continuous imposing perturbation on the
output voltage of PV arrays, where the perturbation direc-
tion is determined by comparing the output power with its
value in last sample interval. Specifically, in every sample
interval, if dPp,/dvp, > 0, the incremental perturbation will
be imposed on the voltage. Then, when dPy,/dv,, < O,
the voltage will be regulated with decremental perturbation.
The imposing perturbation will induce the fluctuation on out-
put voltage in steady state. Therefore, the voltage perturbation
step needs to be optimized to implement the balance between
faster tracking speed and less fluctuation in steady state [24].

B. THE DYNAMICS OF REAR-END CIRCUIT

Adopting sinusoidal pulse-width modulation (PWM) and
only considering the fundamental frequency, the dynamic
models of the inverter in synchronous reference frame (SRF)
are expressed as follows [25]:

lde = Mqifg + myify, (8)
1

Vsd = SMdVic &)
2
1

Vsq = quvdc (10)

where m, and m, are the magnitude component of the modu-
lation index in d-g frame, ir and v, represent the filter current
and the inverter voltage component, respectively. Hence, iz,
ifg> Vsa» and vy, are the corresponding components in d-g
frame.
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Since the transformer can be considered as the induc-
tance, the filter can be regarded as an LCL filter. Simi-
larly, the dynamic model of the filters in d-g frame is given
by (11)-(16).

difg . ; i ]
LfTZ = oLyl +vsa —Vefa —Re(ifg — ia) — Ryiga - (11)

Lf% = — 0Ly +veg—Vefg—Relipg — irg) = Ryigg - (12)
Cr d:;tﬁ = WCpvepy + it — g (13)
d;_im = —wCvefa +ifg — ing (14)
Ltddl;[d = wLiig + Re(ifg — ita) + Vefa — Vpeed (15)
t(%q = —wLtitg + Re(ify — lirg) + Vefg — Vpeeq (16)

where i; represents the current flowing through the equivalent
inductance of transformer, v is the voltage of filter capac-
itance, vpcc is the voltage at the point of common coupling
(PCC), and w is fundamental angular frequency of grid.

In order to establish complete model of the two-stage PV
system, the three-phase PLL is also considered, the linearized
structure of the PLL is shown in Fig. 1. The dynamics of PLL
can be derived as follows [26]:

wprL = kppLLVg + kipLL / vydt (I7)
OpLL = / wprdt (18)

where wpr; and 6py; represent angular frequency and coor-
dinate transformation angle of PLL, and kpp;; and k;p, are
proportional and integral gains of the PI controller in PLL.

The ac-side inverter control is used to achieve a unity power
factor, which consists of outer voltage control and inner
current control in the synchronous reference frame, as shown
in Fig. 1. The current reference i}, is determined by the PI
controller in outer voltage loop, and the modulation index my
and m, are obtained through the PI current controller in SRF.
Hence, the dynamics of the controller are presented as the
follows.

i;kd = kpdc(Vae — V:}c) + kide f (Vae — VZc)dt (19)
1

my = E[kpd(i?} —ig) + kig / (ig — ia)dt]  (20)
C
1 ) . . .

mg = E[kpq(lz — ig) + kig / (i — ig)dr] @0

where i¥, is the current reference in d-axis, k,qc and kg rep-
resent the proportional and integral gains of the PI controller
in the outer voltage loop. Similarly, k,4, kiq, kpq and k;, are
proportional and integral gains of PI current controller in
d-axis and g-axis, respectively.
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FIGURE 3. The schematic diagram of the detailed model and the aggregated model. (a). the detailed model; (b). the aggregated model.

- dx e dx, . .
Assuming = = kige(Vae — V}y,), Gt = kia(iyy — ia), and

d% = k,'q(i;*q — izg). Hence, (22)-(24) can be obtained:

i;kd = kpdc(vdc - VZC) + Xgc (22)
Vaela = kpa(iyy — ig) + xq (23)
Vdcmg = kpq(i;kq - itq) + xq 24)

where x4, x4 and x, are the dummy state variables and v},
represents the reference signal of dc-link voltage.

In general, the complete dynamics of rear-end inverter
including controller and PLL are denoted as equations (8)-
(18), (22)-(24).

lll. AGGREGATION METHOD FOR

TWO-STAGE PV SYSTEM

In this section, the comprehensive calculation methods
of aggregated parameters are proposed by comparing the
dynamic equations of the detailed model with the aggre-
gated model, which is based on the proportional relationship
of state-variables between two coherent PV systems and
the capacity weighting method. The proposed aggregation
method is aimed to provide an equivalent parameter calcula-
tion method for the multi-parallel PV units, which are coher-
ent and satisfy the coherency criterion in [7], [8]. Specifically,
the coherent condition for PV system is that the maximum
variation ratio of the grid-connected line currents of different
PV units during a disturbance (symmetric or asymmetric grid
fault) is less than the coherency tolerance ¢. In addition, it is
worth noting that the coherent condition is satisfied between
multi-parallel PV units of the detailed model in this paper.

The framework of the detailed model and aggregated
model are shown in Fig. 3. The aggregation of PV arrays,
Boost converters, three-phase inverters, filters and transform-
ers are included to implement a complete equivalent model,
which is introduced in detail in the following part.

Fig. 3 demonstrates that both the detailed model and the
aggregated model are connected to the 110 kV grid with
a step-up transformer through PCC. In addition, the multi-
parallel PV units and the equivalent PV system are tied
to PCC through a Y/Y transformer with the voltage level

1828

of 380 V/35 kV, where the aggregation model of this trans-
former is evaluated in this paper.

A. ENERGY RELATIONSHIP IN TWO-STAGE PV SYSTEM
Two coherent systems have the characteristic that all state-
variables are proportional. According to the principle of
Hamilton’s Action analyzed in [7], [8], the sufficient and
necessary condition for the proportion of the state variables
is that the energy relationship of the system is proportional.
In reverse, if the energy relationship is identified, the relation-
ship of state-variables is obtained. Therefore, the Hamilton’
action is extended to two-stage PV system to identify the
energy relationship and further obtain the proportional rela-
tionship of state-variables between two coherent PV system.
According to the analysis in [7], it can be easily concluded
that the energy in PV system is composed of the magnetic
field energy, the electric field energy and the generalized
potential energy. The magnetic field energy consists of the
energy storage in the inductor, and the electric field energy
is composed of the energy storage in the capacitor. Since
there exists energy exchange from dc-side to ac-side, and
the energy dissipated by the resistor in PV system, the two-
stage PV system is a non-conservative system [7], [8]. Hence,
the generalized potential energy U in two-stage PV system is
defined as the integral of the sum of dc input power, ac output
power and the power consumed by the resistance R, and Ry
to evaluate those energy of non-conservative system.

From the above analysis, it can be inferred that the propor-
tional relationship of energy is satisfied between two coherent
PV system. Furthermore, with the energy conservation law,
it is equal to the proportion of magnetic field energy, and
the proportion of the sum of electric field energy and the
generalized potential energy. Hence, the energy relationship
between two coherent PV systems is identified, which is
given in (25) as shown at the bottom of the next page.
where T is magnetic field energy, V is electric field energy,
and U is the generalized potential energy in two-stage PV
system [7], and k is a constant value. The subscript 1,
and 2 are used to distinguish arbitrary two coherent PV
system.

VOLUME 8, 2020
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From (25), the following relationship of state variables can
be obtained:

R _Ra _ Lo _ Ly _ L _ G
Ry Ro Ly Lpp Lo Gy
Caca _ Cr2 _ ke
"~ Car  Cp1
o (26)
i _ i i i K
i iz i g2 ki
V. v, Vef V.
Ipeel _ Vel _ Fofl _ Tpvl [kk;
Vpee2 Vdc2 Vef2 Vpv2

where k; is another constant value.

Based on the previous analysis, it is concluded that the
relation in (26) is satisfied between state variables of arbitrary
parallel units in the detailed model since they are coherent
units. Furthermore, the model coherency remains unchanged
after aggregation. Hence, the same proportional relationship
can be found between the aggregated model and the detailed
model.

B. PARAMETERS AGGREGATION METHOD FOR
TWO-STAGE PV SYSTEM

1) AGGREGATION MODEL OF PV ARRAYS

Since the aggregated model needs satisfy the same power
level with the detailed model, capacity weighting method [16]
can be used to the aggregation of PV arrays, and the total
output power of the equivalent PV array should be equal to
the sum of the output power of all PV arrays. Hence the output
power of the equivalent PV arrays is given as:

n
Spveq = Z Spvl (27)
=1

where .4 is the output power of the equivalent PV array
and S, represents the output power of /-th PV array in the
detailed model. [ varies from 1 to n, and » is the number of
parallel PV unit in the detailed model.

As shown in Fig. 3, since the detailed model and the
aggregated model are connected to the 110 kV grid with the
same step-up transformer through PCC, it can be obtained
that vpee; = Vpeeeg- Furthermore, with the third relationship
in (26), there is:

Vpveq = Vpvl (28)

In order to satisfy the power relationship in (27), the current
of the aggregated PV array should be the sum of the currents
of parallel PV units in the detailed model. In addition, the out-
put voltage of PV arrays is mainly determined by N and the
current is depended on the parallel number N,.

Therefore, the calculating method of the aggregated PV
arrays is given by (29).

n
Nseq = Ny, Npeq = ZNpl (29)
=1

in which Ny, is the series number of equivalent photovoltaic
arrays and Np,, is the paralle] number.

From (27)-(29), it is suggested that the output power of
aggregated model is achieved by adding the parallel number
of PV cells, and coherent units have the same PV voltage.

2) MPPT ALGORITHM IN THE AGGREGATED MODEL

It is worth noting that with certain irradiance and temperature
condition, the power-voltage characteristic curve of PV array
has a global peak value, which is corresponding to an opti-
mum value of PV array voltage. If the voltage of PV array
is regulated at the optimum value, the maximum power of
PV array can be well tracked. In addition, the tracking speed
and accuracy of P&O algorithm is determined by the sample
interval and voltage perturbation step.

According to the aggregated method for the PV arrays,
the PV output voltage of the aggregated model is the same
with the PV voltages of multi-parallel units in the detailed
model. It implies that the power-voltage characteristic curve
of PV arrays in the aggregated model has minor difference
with the detailed model. Therefore, it can be deduced that the
maximum power of the aggregated model can be well tracked
by adopting the same sample interval and perturbation step in
MPPT algorithm with that in the detailed model.

3) AGGREGATION MODEL OF POWER-STAGE PARAMETERS

The circuit equation of each PV unit and the aggregated
model can be obtained by rewriting the equations (3)-(5),
(11)-(16) in section II, and they can be expressed as follows

dvpvl . .
pvl? =1L — Ipyl
1 1—d; di;
—V —_— = —
L; p;l L; del dt
Vdcl . .
Cc dtL = (1 —dir — igel
Sabel _LV _dﬂ+Rcl+Rﬂi
AT T (30)
cl iy
-1
Ly
dvcﬂ .
& dt T
1 1 diy Ry T )
Vel — —V — — —(g—i
Ly cfl L, 'pecl dr I Ll tl

7, L, +Lfli%1 +Lnij,
Ty Lyt + Lpaidy + Lii2,

Vi+U Cov1vy, + Cdclv,zjcl + Cf1vgf1 + [ lipv1vpui +Rf1i]%1 + Re1(ir1 — in)* + Vpeetin 1dt .

(25)

Va+Us vazvgvz + Caeavis + szvffz + [ lip2vpr2 + szl'%z + Rea(ir2 — i12)? + Vpecair2ldt B
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vaeq% = iLeq - ipveq
1 1 — dy diLeq
L_eqvpvi - Leg Vdceq = dr
Cdceqdv;% =(1- deq)iLeq - idceq
Sabceq Vicea — LV — dl:f'eq 31
Loy " Ly, ofeq = (€29

+Rceq + Rfeqi Rceq .

- —=i
Lieq sea Lieq teq
Vv,

feqﬂ = lfeq — lieg

1 1 diy,,
q _ ‘eq
—Vefeq — 7 Vpeceq = —5 (lfeq lteq)
Lieq Liey dt Liey

where the subscript eq indicates the circuit equivalent param-
eters of the aggregated model, and s, is the switching
function of the inverter. Superimposing the state equation of
each parallel unit, (32) can be obtained:

(Z val) Z i — Z Ipvi
(Z = (Z —)(1 — d)uger = d’”
= —dz)Zle Zldcl

n n .
1 dl
(Z )Sabclvdc zl: L_ﬂvcf = zl: d_f
‘ (32)
Rcl + Ry, "R,
+) ———ig— ) —iu
Zz: Ln ; Ln
n

(Z cﬂ)d”f = Ziﬂ ~> i
I

n d.
(Z _)ch - (Z )Vpccl %
I
- ; L—ﬂ(iﬂ — i)

Ignoring the differences between PWM control of each PV
unit and supposing each PV unit uses the same frequency
triangular wave as the carrier, with the same voltage level of
the grid and PCC, there is sapci = Sabceq- Hence, applying
the third relationship in (26), it can be further obtained that
Vdel = Vdceg» Vefi = Vefeq- Moreover, supposing that the
triangular carrier waves of front-end circuit use the same
frequency, we get d; = d,q. Due to the power is the constant
after aggregation, it is rational to consider that the equivalent
current is the sum of the parallel units. Consequently, com-
paring the left side of (32) with (31), there is:

n n n
vaeq = Z valv Ca’ceq = Z Cacl, Cfeq = Z Cﬂ

1

33
B Z B { (33)
Lﬂ Lteq | Ly

n n

1 1
L,

2 Lfeq
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At the same time, with the constraint relationship in (26)
and the equivalent equations in (33), the relationship of the
resistances can be obtained by comparing the right side
of (32) and (31), which is written as (34).

"1
_ZRﬂ

= (34)
R
To sum up, (33) and (34) are the aggregation method for
calculating the equivalent power-stage parameters of two-
stage PV system.

Rfeq Rccq ]

4) AGGREGATION MODEL OF TRANSFORMER

According to (33), the reciprocal of impedance of the
equivalent transformer is the sum of the reciprocal of
impedances of the parallel transformers in PV units. The
equivalent impedance will decrease after aggregation. There-
fore, in order to keep the constant of primary side voltage
level, the equivalent transformer capacity should increase,
a simplified method is considered that the sum of the trans-
former capacities of each unit as the equivalent capacity, that
is:

n
Steq = Zstl (35)
l

where Sy, is the capacity of equivalent transformer.

It can be concluded from (35) that the capacity relationship
between transformers corresponds to the power relationship
between the aggregated model and the detailed model.

5) AGGREGATION MODEL OF CONTROL PARAMETERS

The two-stage PV system contains the front-end circuit con-
trol and inverter control, and the dynamics of equivalent
Boost control in the aggregated model can be presented as:

vaeq) + Xoeq (36)

where d,, represents the equivalent duty cycle of the Boost
converter, X,eq iS the equivalent dummy state-variable, and
Vmpeq denotes the maximum voltage at maximum power point
of the equivalent PV arrays.

From the above analysis, it demonstrates that the out-
put voltages of the PV arrays are the same, and the duty
cycle of the Boost converter is identical. Moreover, with the
same sample interval and perturbation step in P&O MPPT
algorithm, the maximum voltage v, tracked by the MPPT
algorithmic can be approximately seen as the same. Hence,
comparing (7) and (36), we get:

deq = kpoeq(vmpeq -

kpoeq = kpols kioeq = kiol (37)

where kyooq and ki, are the equivalent proportional and
integral gains of the PI controller in the Boost converter,
respectively.

The outer voltage loop of inverter is used to maintain
the dc-link voltage and generate the current reference in the
d-axis. Since the dc-link voltage and the reference voltage
is the same in both parallel PV units and the aggregated PV
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system, the dynamic equation of the outer voltage loop of the
equivalent model can be rewritten as:

i;kdeq = kpdceq(Vdceq - V:;ng) +Xdceqg = kpdceq(Vdc - Vj}c) +Xdceq
(38)

where i), q is the equivalent current reference signal of d-
axis, and x,4ceq represents the equivalent state-variable of the
aggregated model.

The current reference in the d-axis reflect the active power
reference, and the power relationship between parallel PV
units and equivalent system is P, =  ;_, P;. Therefore,
when the current reference can be well tracked, it is rational
to deem that:

n
" -
itteq = D_ b (39)
I=1
where i, represents the current reference of the /-th PV unit.

The summation of equations of each PV unit can be pre-
sented as:

n n n
Z Iy = Z kpaci(Vac — v, + Zxdcl (40
I=1 I=1 =1

Comparing (40) with (22) and combining (39), the equiva-
lent control parameter of outer voltage loop can be obtained:

n n
kpdceq = Z kpls kidceq = Z ki (4D
=1 =1

where kpgceq and kigc.q represent the equivalent proportional
and integral gains of PI controller of outer voltage loop in
inverter, respectively.

Since the inner current control loop is employed to generate
the required active and reactive power, a power weighting
factor Y7 is introduced as:

Py Py
N=p =7 42)
sum
> P
=1

Therefore, the equivalent current control parameters in the
d-g axis can be calculated by the power-scaling method,
which is given as:

n
kpdeq = Z Vikpat,
=1

n n
kpgeq = Z Vikpgi,  Kigeq = Z Vikigi 44)
=1 =1

n
kideg =y vikias ~ (43)
=1

where Kpgeq, Kidegs kpgeq» and kigeq are the equivalent propor-
tional and integral gains of PI controller of the inner current
loop in d-axis and g-axis, respectively.

Generally, equations (37), (41), (43) and (44) denote
the calculation method of the control parameters for the
aggregated model.
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IV. CASE STUDY AND SIMULATION VERIFICATION

Four case studies are implemented in this section to verify
the effectiveness of the proposed aggregation method, which
include:

Case 1: The aggregation model of ten-parallel identical PV
units with the same irradiance input.

Case 2: The aggregation model of ten-parallel different PV
units with the same irradiance input.

Case 3: The aggregation model of ten-parallel different PV
units with the diverse irradiance input.

Case 4: The aggregation model of ten-parallel different PV
units under weak grid condition.

In addition, two different disturbances including irradiance
variation and grid faults are separately applied in those case
studies to confirm the consistency between the aggregated
model and the detailed model, which are introduced in detail
in the following part.

A. DESCRIPTION OF THE SIMULATION SETTINGS

The detailed multi-parallel PV system and the aggregated PV
system are both built in the platform of PSCAD/EMTDC
version 4.5, and the equivalent parameters of the aggregated
model are scaled by the theoretical analysis in Section III.
The simulation time for both the aggregated model and the
detailed model is set as 3 s with the same time step of 10 us.
In addition, all the simulations are conducted on the laptop
with Intel(R) Core(TM) i5-4200M 2.50GHz CPU, and 8GB
of RAM.

In PSCAD/EMTDC simulation platform, the whole block
diagram of detailed PV system is shown in Fig. 4, where each
parallel PV unit adopts the same control strategy and struc-
ture. Moreover, with structure-preservation method, the same
power-stage structure and control method are applied in the
aggregated model.

As shown in Fig. 4, the maximum power point operation
of the PV arrays is realized by the Boost circuit control,
the dual-loop control in double synchronous reference frame
is utilized for rear-end inverter, and the discharging circuit
adopting a separate dc voltage loop is added at the dc-link.
The normal operation for the two-stage PV system under both
symmetric and asymmetric grid fault can be achieved by this
control scheme since the overcurrent caused by unbalanced
grid fault can be eliminated by the negative sequence current
controller, and the excess active power during fault operation
can be consumed by the discharging circuit. The detailed
description about this control scheme can be found in [27].

Irradiance variation is selected as one disturbance to verify
the effectiveness of the aggregated model, which is applied in
Case 1 and Case 2. The irradiance variation curve is shown
in Fig. 5.

In addition, symmetrical and asymmetrical grid faults are
selected as the other disturbance, which are applied in all
Cases. The three-phase symmetric grid fault and single-phase
to ground grid fault occur atz = 1 s and t = 2 s, respectively.
The duration time of the grid faults is 0.5 s. Furthermore,
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FIGURE 4. Overall block diagram of detailed multi-parallel two-stage PV system.
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FIGURE 5. Irradiance variation curve in the case studies.

the compensating reactive and active power during the grid
faults satisfies the criterion of low-voltage ride through in
[27]. Tt is worth noting that although the occurrence time of
irradiance variation and grid faultsis setat = 1 sand =2
s, the irradiance disturbance and the grid faults are separately
applied in case studies, they do not occur at the same time.

Simulation results including power curve, d-q axis currents
of PCC and the dc-link voltages of each PV unit are presented
in case studies to verify the consistency between the aggre-
gated model and the detailed model.

B. CASE 1: THE AGGREGATION MODEL OF
MULTI-PARALLEL IDENTICAL PV UNITS WITH THE SAME
IRRADIANCE INPUT

In this case, ten parallel identical PV units are aggregated
into a separate PV system, which has the same parameters
and structures. The power-stage and control parameters of
identical PV units are listed in TABLE 1.

1832

TABLE 1. Parameters of identical PV units and aggregated PV system.

Pa-

rame P M C, PV L Cd,_- L/' C/' S[
ters

[th

(Fl1- 03 1000 0.1 10 0.62 20 0.4
10) | M | 280 F mH | mF mH Fo| MV
PV | W i i A
unit

Equi 3 4
va- M 280 10 0.0lm 100 0.062 200p MV
lent 0 mF H mF mH F

w A
value
Parameters | &y, ki, koae | Kiee | ko | Kia | kg | kig
Fth (E1-
10) PV 3000 | 30000 | 0.64 | 80 | 0.45 | 70 | 0.45 | 70
unit
Equivalent | 3500 1 30000 | 6.4 | 800 | 0.45 | 70 | 0.45 | 70
value
Computational Time
Detailed model 2843s
Aggregated model 46s

It can be noted from TABLE 1 that the inductance and
resistance of aggregated model are reduced while the capaci-
tance increases. Furthermore, it can be observed from TABLE
1 that the computational time of the aggregated model is far
less than the time consumed by the detailed model. It is veri-
fied that the aggregated model can effectively reduce the com-
putational burden caused by the detailed model. In addition,
irradiance disturbance and grid faults transient are separately
applied in the detailed model and the aggregated model to
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FIGURE 6.
model und
Case 1. (a)

Simulation results of the detailed model and aggregated
er the condition of irradiance disturbance without grid faults in
active power curve; (b) reactive power curve; (c) d-axis

current; (d) g-axis current; (e) dc-link voltages of front-end circuit.

verify the effectiveness of the aggregation method. The sim-
ulation results under the condition of irradiance disturbance

without

grid faults is shown in Fig. 6, and the simulation
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FIGURE 7. Simulation results of the detailed model and aggregated

model under the condition of grid faults without irradiance disturbance in

Case 1. (a) active power curve; (b) reactive power curve; (c) d-axis
current; (d) g-axis current; (e) dc-link voltages of front-end circuit.

results under grid faults transient without irradiance distur-

bance is depicted in Fig. 7.
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It can be observed that the PCC power curves of aggre-
gated model are consistent with the detailed model, as shown
in Fig. 6(a)-(b). The active power and reactive power both
vary with the changes of irradiance. The active power varies
with the maximum 3.5 MW at 1200 W/m? input irradiance
and the minimum 1.8 MW when the input irradiance is
600 W/m?. However, the reactive power changes slightly
since it is not determined by input irradiance. In the steady
state of the standard condition with 1000 W/m? input irra-
diance, the active power is 3 MW, and the reactive power is
—233kVA, which is consumed by the transformers connected
to the PCC. Fig. 6(c)-(d) depict the d-q axis currents of the
detailed model and the aggregated model. It is observed that
the dynamic response at t+ = 2 s shows a little discrep-
ancy with the detailed model, which is caused by the large
irradiance variation from 600 W/m? to 1200 W/m?. Yet
the steady state characteristics and most dynamic response
of the aggregated model are consistent with the detailed
model.

As shown in Fig. 6(e), the dc-link voltages of ten-parallel
PV units in the detailed model are overlapped because
of identical PV units. The vge, represents the dc-link
voltage of the aggregated model, which shows the same
steady state characteristics with the detailed model. The
parallel number of PV arrays in aggregated model is the
sum of the parallel numbers of ten-parallel PV units in
detailed model. Although with the same irradiance condi-
tion, the power generated by one PV unit is much less
than the power generated by the aggregated model. There-
fore, the small response errors in regulating process exist
between the aggregated model and the detailed model. How-
ever, the steady-state characteristic of aggregated model is
consistent with the detailed model. It is verified that the
aggregated model can reflect the steady state and dynamic
response of the detailed model from both front-end and PCC
characteristics.

From Fig. 7(a)-(b), the power curves of the aggregated
model show the accordant steady state characteristic with the
detailed model. Except for minor discrepancies at the asym-
metric fault clearance time as shown in Fig. 7(a), the dynamic
characteristics of the aggregated model are consistent with
the detailed model. As shown in Fig. 7(c)-(d), the current
curves have double-line-frequency fluctuations from ¢ = 2s
tot = 2.5 s due to unbalanced grid fault. Moreover, since the
equivalent inductance in aggregated model is less than the
inductance in the detailed model, the aggregated model has
larger current ripple than the detailed model. However, ignor-
ing the current ripple caused by low inductance, the most
steady-state and dynamic responses of the aggregated model
are consistent with the detailed model. In addition. the dc-link
voltage of the aggregated model is also consistent with the
dc-link voltages of the detailed model, which is overlapping
as shown in Fig. 7 (e). It demonstrates that the aggregation
methods can ensure that the aggregated model has the same
steady state characteristic and dynamic response than the
detailed model.
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FIGURE 8. Simulation results of the detailed model and aggregated
model under the condition of irradiance disturbance without grid faults in
Case 2. (a) active power curve; (b) reactive power curve; (c) d-axis
current; (d) g-axis current; (e) dc-link voltages of front-end circuit.

C. CASE 2: THE AGGREGATION MODEL OF
MULTI-PARALLEL DIFFERENT PV UNITS WITH THE SAME
IRRADIANCE INPUT

In this case, ten-parallel PV units with different parameters
and power ratings are aggregated to a common PV system.
It is worth noting that the ten-parallel different PV units are
built in PSCAD/EMTDC platform with the constraint that the
maximum variation ratio of the grid-connected line currents
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TABLE 2. Parameters of detailed PV units and aggregated PV system.

Cpy o Ly G S
Parameters | AkW) N, L(mH) -
) (mF) | (mH) | (WF) | (MVA)
Tst-PV unit 43 30 400 0.01 5 0.12 5 02
2nd- PV unit 43 30 480 0.02 53 0.16 8 02
3rd- PV unit 185 180 | 643 0.035 6.5 023 10 0.4
4-th PV unit 185 180|500 0.045 7.05 031 2 0.4
5-th PV unit 300 280 | 552 0.055 74 042 15 0.4
6-th PV unit 300 280 | 600 0.058 735 049 18 0.4
7-th PV unit 400 380 | 680 0.078 8.06 053 20 05
8-th PV unit 400 380 | 770 0.1 857 038 16 0.5
9-th PV unit 500 460|808 0.086 843 058 25 0.6
10;1:“1>v 500 460 | 1200 0.18 10 0.62 2 0.6
cq“‘/‘avlﬁle““‘ 2856 | 2760 | 6633 | 000362 | 7466 | 0.02904 | 149 42
Parameters kpo kio Kpac kige Kpa kig kyq ki
TSPV unit 3000 | 30000 05 76 0.2 20 02 20
2nd- PV unit 3000 | 30000 | 0.74 100 032 64 032 64
3rd- PV unit 3000 | 30000 | 045 70 026 7 026 7
4-th PV unit 3000 | 30000 0.7 89 023 69 023 69
5-th PV unit 3000 | 30000 | 0.66 95 037 38 037 38
6-th PV unit 3000 | 30000 | 0.88 107 034 115 034 115
7-th PV unit 3000 | 30000 | 038 114 032 60 032 60
8-th PV unit 3000 | 30000 | 055 118 038 50 038 50
9-th PV unit 3000 | 30000 | 0.64 126 0.4 75 04 75
10-th PV unit | 3000 | 30000 | 0.72 138 035 70 035 70
couival
equivalent 3000 | 30000 | 622 | 1033 | 0342 | 6285 | 0342 | 6285
value
Computational Time
Detailed model 3018s
Aggregated model 42s

of different PV units during a disturbance (symmetric grid
fault) is less than the coherency tolerance ¢ = 0.8, which is
a modest tolerance analyzed in [7]. Therefore, those parallel
PV units are coherent and they have little difference on the
dynamic characteristics. The different parameter settings of
multi-parallel units in the detailed model and the calculated
equivalent parameters of the aggregated model are listed in
TABLE 2.

The same conclusion can be summarized from TABLE
2 that the aggregated inductance decreases and the aggregated
capacitance increases. Simultaneously, it is observed that the
computational time of the aggregated model is much less
than the time consumed by the detailed model. It is suggested
that the aggregated model delivers similar dynamic responses
to the detailed model in a strongly reduced amount of time.
Moreover, irradiance disturbance and grid faults transient are
separately applied in the detailed model and the aggregated
model to verify the effectiveness of the aggregation method.
The simulation results under the condition of irradiance dis-
turbance without grid faults and the simulation results under
grid faults transient without irradiance disturbance are shown
in Fig. 8 and Fig. 9, respectively.

As shown in Fig. 8(a)-(b), when the input irradiance varies
from 600 W/m? to 1200 W/m?, the dynamic response of the
aggregated model has a little discrepancy with the detailed
model. However, the steady state characteristic and most
dynamic responses of power curves of the aggregated model
are consistent with the detailed model. Furthermore, the d-
q axis currents of the aggregated model have the accordant
steady state and dynamic response with the detailed model
as shown in Fig. 8(c)-(d), which verifies the effectiveness of
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FIGURE 9. Simulation results of detailed model and aggregated model
under the condition of grid faults without irradiance disturbance in Case
2. (a) active power curve; (b) reactive power curve; (c) d-axis current;

(d) g-axis current; (e) dc-link voltages of front-end circuit.

the parameter calculation method of the aggregated model.
Fig. 8(e) depicts that the dc-link voltages of the aggregated
model and the detailed model. It can be noted that although
that ten different and paralleled PV units have different
dynamic response, the steady state and dynamic process of
the detailed model can be basically reflected by vyc.q of the
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TABLE 3. Irradiance intensity and power of parallel PV units in the
detailed model.

- 2] 3> 4| 56| -] & ] o | 10-
st | nd | rd | th | n | th | eh | eh| th|

G
550 600 650 700 750 800 850 900 950 1000

(W/af)

P,(kW) 19 22 112 126 221 236 344 366 462 490

aggregated model, and it demonstrates the model consistency
from the aspect of front-end circuit.

It can be observed from Fig. 9(a)-(b) that the output
power of the aggregated model is matching with the detailed
model in the steady state. The dynamic characteristic of the
aggregated model is consistent with the detailed model, and
minor discrepancies only exist at the clearance time of unbal-
anced grid fault as shown in Fig. 9(a). Moreover, the steady-
state and dynamic characteristic of d-g axis currents of the
aggregated model are consistent with the detailed model as
shown in Fig. 9(c)-(d), which confirms the effectiveness of
the aggregated model. Fig. 9(e) shows the dc-link voltages
of the detailed model. They have the different regulating
process at the occurrence and clearance of grid faults, but the
dynamic characteristics of the detailed model can be basically
reflected by the voltage vieeq of the aggregated model, and
two models have uniform steady state characteristic. It is
concluded that the overall characteristic of the detailed model
can be analyzed by using the aggregated model.

D. CASE 3: THE AGGREGATION MODEL OF
MULTI-PARALLEL DIFFERENT PV UNITS WITH DIVERSE
IRRADIANCE INPUT

In order to approach the actual situation in real application,
the aggregation model of ten-parallel different PV units with
different parameters and power ratings under the condition
of diverse irradiance input is established in this case. The
ten-parallel PV units have the same power-stage and control
parameters than in Case 2, as listed in TABLE 2. It is worth
noting that due to the diverse irradiance condition, although
some units have the same series and parallel numbers in PV
arrays, the power of each PV unit is different. Due to the
same power between the aggregated model and the detailed
model, the equivalent irradiance of the aggregated model
can be obtained by the capacity weighting method. Hence,
the equivalent irradiance intensity G, is presented as:

n n
> GiA GINg Ny
= =1
Goy = = 45)
“ Aeq NsegNpeq

where A, is irradiated area of PV array in the aggregated
model, and the G; and A; represent the irradiance intensity
and irradiated area of PV array in /-th PV unit, respectively.

The irradiance input conditions and the power of each PV
unit are given in TABLE 3. In addition, according to (45),
the equivalent irradiance intensity in the aggregated model is
calculated as 844.5262 W/m?.
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FIGURE 10. Simulation results of detailed model and aggregated model
under the condition of grid faults in Case 3. (a) active power curve;

(b) reactive power curve; (c) d-axis current; (d) g-axis current; (e) dc-link
voltages of front-end circuit.

The simulation results of the detailed model and the aggre-
gated model under the condition of continuous grid faults are
depicted in the Fig. 10.

As shown in Fig. 10(a)-(b), the power curves of the aggre-
gated model are consistent with the curves of the detailed
model. Little discrepancy exists at t = 2 s in the active power
curves, but the whole dynamic response of the aggregated
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model is consistent with the detailed model. In addition, it can
be observed from Fig. 10(c)-(d) that the steady state and
dynamic response of d-g axis currents at PCC of the aggre-
gated model is consistent with the detailed model. Fig. 10(e)
shows the dc-link voltages of the detailed model. They have
the different dynamic response at the occurrence and clear-
ance of grid faults, but the steady state and dynamic charac-
teristics can be basically reflected by the dc-link voltage v ceq
of the aggregated model. It is confirmed that when the parallel
PV units have diverse irradiance condition, the overall char-
acteristics of the detailed model can also be analyzed by using
the aggregated model.

E. CASE 4: THE AGGREGATION MODEL OF
MULTI-PARALLEL DIFFERENT PV UNITS UNDER THE
CONDITION OF WEAK GRID

In order to confirm the impact of external grid strength on the
aggregation method, the aggregated model under weak grid
condition is built in this case. The grid strength is represented
by the short circuit ration (SCR) and it can be written as [28]:

2

SCR= P (46)
|Zs] Ppec

where Z is the grid impedance and P, represents the power
injected into PCC. Moreover, when a SCR is calculated below
3, the grid can be regarded as weak grid [29].

The impedance of grid is chosen as Z; = 60 + 0.425s, and
SCR is calculated as 2.98. The same external grid impedance
Z, is applied in both the detailed model and the aggregated
model in this case, and the parameters of the detailed model
and the aggregated model are also the same as in Case 2. The
simulation results of the aggregated model and the detailed
model under the condition of grid faults with weak grid
circumstance are shown in Fig. 11.

Since there are 10-parallel PV units in the detailed model,
the equivalent grid impedance of each PV unit is 10-times
the original grid impedance [19]. The stability of the detailed
model is deteriorated much than the aggregated model by
the larger equivalent grid impedance. Therefore, it can be
observed from Fig. 11(a)-(b) that the PCC power curves of the
detailed model have a longer and steeper dynamic response
at the occurrence and clearance of grid faults. Furthermore,
the consistency of dynamic response between the aggregated
model and the detailed model is deteriorated by the stability
issues. In addition, the same phenomenon can be found in
current curves, as shown in Fig. 11(c)-(d). Moreover, the
consistency of dc-link voltage between the aggregated model
and the detailed model also deteriorates with a weak grid
circumstance, as shown in Fig. 11(e). However, if considering
the stability issues caused by weak grid, it is rational to deem
that the aggregated model is also valid, since the steady-
state and dynamic characteristic of the detailed model can
be basically reflected by the aggregated model, as shown
in Fig. 11. In addition, it demonstrates that, when the external
grid strength is weakened, the stability issues need to be
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FIGURE 11. Simulation results of detailed model and aggregated model
under the condition of grid faults with weak grid circumstance. (a) active
power curve; (b) reactive power curve; (c) d-axis current; (d) g-axis
current; (e) dc-link voltages of front-end circuit.

considered in the aggregation method in the further work, but
which is not the main scope of this paper.

V. CONCLUSION

A structure-preserving aggregation method of large-scale
multi-parallel PV system has been proposed in this paper,
which can well capture the steady state and dynamic char-
acteristics of the detailed model. The complete dynamic
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modeling of two-stage PV system is derived including the
PV arrays, front-end Boost converter, and rear-end grid-
connected inverter, which is the basis of the aggregation
method. The energy relationship in two-stage PV system
is analyzed based on the Hamilton-action principle, hence,
the relationship between the state variables of two coherent
PV systems can be deduced. Then, the equivalent power-
stage and control parameters are scaled by comparing the
dynamic equations of the detailed model with the aggregated
model.

Four different case studies have been established to ver-
ify the effectiveness of the proposed aggregated model,
which includes the aggregation of ten-parallel identical PV
units and ten-parallel different PV units both with the same
irradiance condition, and the aggregation of different PV
units under diverse irradiance and weak grid scenarios. It is
confirmed that the proposed method is suitable for both
the aggregation of identical and different multi-parallel PV
units, and it can be applied in different scenarios. In addi-
tion, the consistency between the dynamic aggregated model
and the detailed model is confirmed by the simulation
results from PSCAD/EMTDC platform under the condition
of different disturbances like irradiance variation, and con-
tinuous symmetric and asymmetric grid faults. Therefore,
the aggregated model can be employed to accurately esti-
mate the dynamics of the large-scale PV system in practical
applications.
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