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Generalized discrete equivalent
model for PV system with various
types of faults and PV penetration
levels

Fu Shen, Zhiwen Yang, Shiwei Li and Guangbing Yang*

Faculty of Electric Power Engineering, Kunming University of Science and Technology, Kunming,
China

As the rapid and continually proliferation of photovoltaic (PV) systems are
connected to the power system, the load structure are changeable to lack
an accurate dynamic discrete equivalent model to describe its characteristics of
power grid. In this study, the generalized discrete-time equivalent model
(GDEM) of PV system using a fourth-order dynamic equivalent model for
representing the physical characteristics of PV power stations are proposed
in power system dynamic studies. The paper then investigates the inherent
relations among GDEM parameters in the discrete-time models of PV system to
facilitate the GDEM parameters estimation in PV system. Finally, the least square
method (LSM) was to identify the GDEM of PV system parameters, and various
types of ground faults and PV penetration rate levels is adopted to verify the
dynamic characteristics of the proposed GDEM of PV system in power system
simulations.

KEYWORDS

GDEM, PV penetration, power system dynamic, PV, LSM

1 Introduction

WirtH the highly penetration of renewable energy is accessed into the power grid by
substituting the traditional power generation (Li et al., 2017), (Shahidehpour et al., 2017).
It is challenging to attain an equivalent model for the power system (Milano, 2016), (Ju
et al., 2019).

PV power generation system (PGs) in distribution grids have threatened the
transmission system stability in whole traditional power system when the highly PV
penetration rate levels system is connected to the large power grid (Eftekharnejad et al,
2013). Simultaneously, the unique characteristics of the PV PGs are accelerating the
burdensome complexity characteristics of the power load (Ju et al., 1996), (Ju et al., 2007),
the traditional PV PGs cannot directly reflect the dynamic relationship of PV power grid
to the whole power system.

The rapid deployments of PV in power grids have pushed the power system analysts
to seek new solutions and technical alternatives to manage the operation and control of
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FIGURE 1
GDEM representing the PV PGs.

stressed power systems in extreme conditions (Price et al., 1993;
Kundur, 1994; Ju et al., 2004; Ramirez et al., 2016).

Specific components of the PV PGs were considered in the
process of modeling. Ref. (Chunlai et al., 2016) concentrated on
the core device inverters, and a dynamic model was established
by considering the DC side of inverter and PV array, AC
measurement and transformer. Ref. (Plathottam et al., 2019)
proposed a dynamic vector model for PV PGs based on the
controlled current source and voltage source. Ref. (Li et al., 2018)
established a 3rd order of PV PGs with an inverter controller. Ref.
(Samadi et al., 2015) expanded a gray-box model for modeling
the proliferation of a PV PGs, where the PV PGs is aggregated as
a separate entity in a distribution grid. Ref. (Olayiwola and
Barendse, 2020) exploited the dynamic alternating current
equivalent modeling of the polycrystalline silicon wafer-based
PV cell with various operational and fault conditions. Ref. (Hsieh
et al, 2020) proposed an equivalent electric circuit for
interpreting the dynamic behavior of PV panel based on the
commonly used one-diode model with an additional parasitic
capacitance. Nonetheless, the dynamic characteristics of PV PGs
are not considered from the distribution grid-connected side,
which is essential for analyzing the dynamic characteristics of a
grid-connected system (Shiroei et al., 2016).

Ref. (Khamis et al., 2013) investigated the dynamic behavior
of different subsystems of PV PGs, the interaction theory of each
component to the PV grid-connected PGs was revealed. Ref.
(Wai and Wang, 2008) constructed an equivalent model to
describe the generalized comprehensive load. Due to the
complexity of comprehensive load, the model parameters
needed to estimate are still large, and the model in ref.
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(Khamis et al,, 2013) and (Wai and Wang, 2008) cannot meet
the transient response of the power system.

Therefore, it is essential to make a broaden exploration on the
dynamic response of the PV power grid. In this paper, a GDEM
for the PV PGs with various types of faults and PV penetration
rate levels is proposed as shown in Figure 1. The PV PGs
parameters are provided at the measured point located at the
terminal buses.

The main contribution of this paper are shown as follows:

1. The paper proposes a GDEM for the PV PGs using a fourth-
order dynamic equivalent.

2. The relations among GDEM of PV system parameters
estimated by LSM are explored to guide the accurateness of
the GDEM parameter estimation in PV system.

3. Various types of ground faults and PV penetration rate levels
is used to prove the dynamic characteristics of the proposed
GDEM of PV system in simulation.

The remainder of this paper is formed as follows: The
dynamic model of PV PGs in grid-connected side is
introduced in the Section 2. Then, the paper proposes the
GDEM of PV PGs in Section 3. The accuracy of the proposed
PV system is discussed and verified in Section 4. Subsequently,
Section V concludes the paper.

2 The dynamic model of PV PGS in
grid-connected system

An accurate power load model of power system is the basis of
simulation for the operation of power system, which facilitate the
power flow calculation and stability analysis.

With the large number of distributed PV PGs connected to
the transmission grid, the uncertainty of the power grid increased
the complexity of the power load. The comprehensively PV PGs
model cannot reflect the dynamic characteristics of the power
grid. The ideal power load model structure is different with the
real distribution system, the traditional ZIP load model is no
longer applicable to the power grid.

Considering the active, reactive, voltage, and frequency of the
PV PGs, the differential of the PV PGs is used to describe the
dynamic PV PGs.

As this paper focus on the study of the characteristics for the
external PV PGs, the different relationship between the voltage
and the voltage of the power network are studied. The model of
PV PGs is depicted in Figure 2, consisted by PV array, DC/DC
booster converter, DC/AC three-phase inverter, LC filter and
isolation transformer (Li et al., 2021).

According to the relevant traditional regulations on grid of
PV PGs, the single capacity of distributed PV PGs into the power
grid cannot exceed 6 MW. As the capacity of PV PGs is very
small, the low voltage crossing is not considered for distributed
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FIGURE 3
Single phase dynamic equivalent model PV.
PV PGs. The light intensity and temperature of the PV arrays are Alpape 1 (U " 7 R)
L . —— = 7 \Uinvabe = Ugabe = L1 ab
fixed as constant at a minimal time scale to ensure that the PV dt AN e 3)
arrays work in the best state. dUg 1

When the control parameters of the inverter are known, the
a fixed value. The
characteristics of the external PV PGs entirely depends on the

modulation parameters are set as

voltage conversion of the parallel network. For external grids, the
dynamic model of the PV PGs (Kawabe and Tanaka, 2015) is
shown as the (Eq. 1).

P= %(ugdld + Mngq)

3 1)
Q= _E( gqld = ”gd[q)
When Uy, = 0, then the (Eq. 1) is calculated as the (Eq. 2),
P= 3u 1
= E gddd
5 (2)
Q = Eugdlq

In order to describe the dynamic characteristics of the PV PGs
reasonably and accurately, the single-phase dynamic equivalent
model of the PV PGs is established, as shown in Figure 3.

According to the Kirkhoff voltage and current law, the
dynamic equivalent model of the PV is expressed as the (Eq. 3),
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(ipv - idc)

The 3rd order dynamic differential equation in the d-q axis is
obtained as the (Eq. 4),

dt ~ C

di; 1
d—: = 1 (Va~Uga~ LiR) - oI,
di, 1
1 (Uig=Ugg = I,R) + wly 4
dUgs 1
dt"’ = & (i = 158, = 155,1,)

3 GDEM of PV PGS

The incremental transformation of the (Eq. 3) in the
frequency domain are shown as the (Eq. 4),

[ ] [fl(s) fz<s>H ]

S3(8) fa(s)
where parameters in the (Eq. 5) is given in the Appendix A.

Al (s)
Al (s)

AUgd (S)
AU 44 (s)

®)

The dg-xy coordinates are shown as the (Eq. 6),
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fatifo=(f+ jfy)ej(“) (6)

Subsequently, the (Eq. 6) is derived as the (Eq. 7),

fx| _| sind cosd || fa
[fy] B [—cosé siné”fq] )

When the transformation matrix sind C?S 0 in
. —cosd sind
the (Eq. 7) is used to the (Eq. 5),

we can derived the transfer function of I, and Iito U, as shown in
the (Eq. 8) and the (Eq. 9) to calculate the GDEM of the PV PGs,

AL (s) A, s +C,s* +B,s ®)
AU (s) ~ Apst+ Aps® + Apss? + Aps
Al (s) Ass+Cis>+B;s

J _ ] J J (9)

AU(s)  Apnst+ Aps® + Aiss® + Aus

where parameters in the (Eq. 8) and (Eq. 9) are given in the
Appendix B.

The bilinear transformation (Also known as Tustin’s
method) is a special case of a conformal mapping, which
could compress the infinite frequency range to a finite one to
warp the frequency response of any discrete-time linear system
(Shen et al,, 2018), (Shen et al., 2016). Accordingly, when the
bilinear transformation is used to the (Eq. 8) and (Eq. 9), the
GDEM of the PV PGs are shown as,

Al (k+4) = 0 AL (k + 3) + 00ALL (k +2) + 03A1, (k+ 1)
+0,4AIL (k) + 0,5AU (k + 4) + 0,6AU (k + 3)
+0,,AU (k + 2) + 0,5AU (k + 1) + 0,AU (k)
(10)
Al (k+4) = 05 AL (k +3) + O AL (k +2) + OpAI; (k + 1)
+0p4AL; (k) + Ops AU (k + 4) + O AU (k + 3)
+057AU (k + 2) + 0sAU (k + 1) + 60AU (k)
11

where parameters in the (Eq. 10) are presented in the
Appendix C.

The measured data of the PV PGs in the terminal bus were used
to estimate the parameters of the GDEM for PV PGs by using the
LSM  (Nabavi and Chakrabortty, 2017). Correspondingly, the
nonlinear model of the (Eq. 10) are shown as the (Eq. 11),

Yi= f(xi’ 6)

[xil,a Xi2s xim]T > 0= [ela 92) vy Gn]T

In order to attain the parameters of GDEM for the PV power

(12)

where x; =

generation, the residual ¢ is shown as the (Eq. 12),
yi—f(x,0)=¢

The total residual J of the GDEM is calculated as the (Eq. 13),

(13)

J=Yea=¢e=[y-f(x0] [yi-f(x0)] (14)

i=1

The estimated parameters 0 are attained as the (Eq. 14),
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FIGURE 4
PV PGs integrated into IEEE 14 node topology

TABLE 1 PV cell parameters.

Property parameters Numerical Values

Voe 44.5V
I 8.20A
Vi 33.5V
I, 7.51A

6= (xiTx,-)_lxiTy,- (15)

Additionally, the RMSE of the difference between actual and
estimated values of GDEM for the PGs is shown as the (Eq. 15).

REMS = \/Z
m

4 Simulation and analysis

(16)

The power transmission and distribution simulation system
is shown in Figure 4, depicted for the proposed simulation of the
GDEM of PV PGs.

To substantiate the practicability of the proposed GDEM for
PV PGs, the following values are adopted in the simulation IEEE
14 node system, the detailed parameters of the system related to
our simulation are listed as follows:

1. In the IEEE 14 node power transmission system, the bus
voltage in the IEEE 14-bus is 23 kV, the system frequency is
50Hz, and the reference capacity is 100 MW. Series RL are
used as the system impedance, where L = 0.618H, R = 0.4 Q.

2. In the PV PGs, the total capacity of the PV power station is set as
1 MW (PV penetration rate levels in the is 20%) and 1.5 MW
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TABLE 2 GDEM parameters of the PV PGs.

Par

Baz
Bas

Oas

Bas

Bas
Buo

Quantities

F1 F2
1.75 1.757
-0.882 -1.22
0.121 0.627
-0.052 -0.076
-0.321 -0.322
0.716 0.779
-0.508 -0.649
0.149 0.243
-0.091 -0.1
1.959 1.865
~1.354 -1.275
0.43 0.456
-0.041 -0.088
-0.077 -0.073
0.121 0.093
0.004 0.047
0.002 -0.018
-0.002 0.015

F3

1.717
-1.36
0.667
—-0.057

-0.322
0.709
—-0.565
0.304
—-0.169

1.562
—-0.581
-0.076
0.018

0.055
—-0.025
-0.08
0.208
—-0.059

F4

1.95
-1.69
1.288
—-0.502

-0.335
0.811
-0.827
0.596
-0.3

1.437

-0.277
—-0.186
-0.026

0.064
—-0.045
—-0.045
0.17
-0.012

F5

1.448
-0.87
0.604
-0.189

-0.314
0.663
—-0.464
0.235
-0.191

1.886
-1.232
0.352
—-0.033

—0.061
0.105
0.004
0.027
—-0.011

F6

1.695
—-1.28
0.703
—-0.192

-0.313
0.733
—-0.654
0.402
-0.236

1.867
-1.24
0.409
-0.106

-0.06
0.076
0.045
0.012
0.007

F7

1.752
-1.29
0.844
—0.348

—-0.322
0.723
—-0.621
0.405
-0.234

1.524

—-0.402
—-0.141
—-0.018

0.064
—-0.015
—-0.102
0.104
-0.022

F8

1.95
-1.69
1.288
—-0.502

—-0.335
0.811
-0.827
0.596
—-0.301

1.437

—-0.276
—0.186
-0.026

0.064
-0.045
—-0.045
0.17
-0.012

F9

2.65

-3.19
2.063
—-0.61

—-0.216
0.703
-0.897
0.641
-0.21

1.708
—-1.345
0.787
-0.259

—0.081
0.186
-0.03
0.081
0.028

F10

2.603
-3.07
1.989
-0.605

-0.233
0.757
-0.961
0.691
-0.236

1.69
-1.33
0.972
-0.368

-0.07
0.114
0.078
0.013
0.062

F11

2.561
-2.87
1.725
—-0.49

-0.238
0.705
-0.779
0.466
-0.116

1.547
-1.065
0.753
-0.329

0.092
-0.03
0.041
0.071
-0.009

F12

2.496
-2.68
1.729
-0.545

-0.255
0.749
-0.827
0.517
-0.143

1.54
-1.07
0.881
—-0.424

0.104
-0.115
0.175
-0.014
0.019

F13

2.435
—-2.64
1.618
—0.498

-0.206
0.6224
-0.72
0.496
-0.183

1.531
-0.986
0.788
-0.391

-0.107
0.102
0.007
0.122
-0.008

F14

2.523
-2.81
1.741
—-0.529

—-0.239
0.746
—-0.901
0.623
-0.223

1.505
-1.107
1.017
—-0.498

—-0.082
0.118
0.009
0.043
0.039

F15

2221
-2.08
1.503
-0.573

—-0.237
0.609
—-0.592
0.415
—-0.161

1.42
-0.523
0.533
—-0.372

0.083
0.007
0.02
0.09
—-0.022

F16

2.365
-2.334
1.656
—-0.599

—-0.268
0.737
—-0.778
0.526
-0.192

1.451
-0.78
0.864
-0.471

0.114
-0.146
0.208
-0.046
0.038
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Dynamic characteristic response of the real part of the current with F1 and F2 in operating condition 1.
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(PV penetration rate levels in the is 30%), respectively; the voltage

at node 8 is 23 kV where the grid connection occurs. The PV

Frontiers in Energy Research

array parameters are shown in Table 1, the initial light intensity
of the PV power station is 1,000, and the temperature is 25 °C.
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The various types of faults and PV penetration rate levels are
setting as follows:

4.1 Operating condition 1

The PV penetration rate levels in the 1°** scenario is 20%
(30%). For the reason that the single-phase-to-ground fault is

Frontiers in Energy Research

the most common fault in power systems, which is used in this
operating condition. The fault is used at t = 1.2s to the
settled between BUS7 and BUSS.
Correspondingly, the fault is eliminated at t = 1.21s.
Simultaneously, 3% and 5% voltage dips F1 and F2 with
20% PV penetration rate levels (F3 and F4 with 30% PV
penetration rate levels) are obtained by fixing the ground

line

transmission

resistances.
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4.2 Operating condition 2

The PV penetration rate levels in the 2™ scenario is 20%
(30%). For the reason that the single-phase-to-ground fault is the
most common fault in power systems, which is used in this
1.2s to the
BUS8 and BUS9.
Correspondingly, the fault is eliminated at ¢ 1.21s.
Simultaneously, 3% and 5% voltage dips F5 and F6 with 20%
PV penetration rate levels (F7 and F8 with 30% PV penetration
rate levels) are obtained by fixing the ground resistances.

operating condition. The fault is used at t

transmission line settled between

4.3 Operating condition 3

The PV penetration rate levels in the 3™ scenario is 20%
(30%). For the reason that the three-phase-to-ground fault is the
most serious fault in power systems, which is used in this

operating condition. The fault is used at t = 1.2s to the
transmission line settled between BUS7 and BUSS.
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Correspondingly, the fault is eliminated at ¢ 1.21s.
Simultaneously, 3% and 5% voltage dips F9 and F10 with 20%
PV penetration rate levels (F11 and F12 with 30% PV penetration
rate levels) are obtained by fixing the ground resistances.

4.4 Operating condition 4

The PV penetration rate levels in the 4™ scenario is 20%
(30%). For the reason that the three-phase-to-ground fault is the
most serious fault in power systems, which is used in this
operating condition. The fault is used at t = 1.2s to the
BUS8 and BUS9.
Correspondingly, the fault is eliminated at ¢ 1.21s.
Simultaneously, 3% and 5% voltage dips F13 and F14 with
20% PV penetration rate levels (F15 and F16 with 30% PV
penetration rate levels) are obtained by fixing the ground

transmission line settled between

resistances.
Due to manuscript page limitations, the Ij fitting Figs. of the
GDEM for PV PGs are excluded in this paper.
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TABLE 3 RMSE of GDEM for the PV PGs.

Fault RMSE

Ir Ij
F1 5.69 e-9 3.25 e-14
F2 5.71 e-9 4.44 -9
F3 3.59 e-9 321 e-14
F4 1.14 e-8 5.45 e-14
F5 2.19 e-5 6.81 e-5
F6 3.09 e-5 8.18 e-5
F7 3.52e-5 4.4 e-5
F8 4.7 e-5 6.37 e-5
F9 1.21 e-4 141 e-4
F10 2.35e-4 2.52 e-4
F11 1.55 e-4 132 e-4
F12 2.73 e-4 29 e-4
F13 8.53 e-5 1.03 e-4
F14 225e-4 2.96 e-4
F15 9.84 e-4 1.25 e-4
Fl6 249 e-4 295 e-4

The GDEM parameters of the PV PGs with these
16 disturbances in 4 operating conditions are listed in
Table 2. The Table 2 illustrate that the total value of output
state parameters of the proposed GDEM for PV PGs is close to 1,
and the total value of input state parameters of the proposed
GDEM for PV PGs is close to 0. The relations among parameters
afford a theoretical basis to verify the GDEM parameters of the
PV PGs and reduce the number of estimated GDEMO parameters
of the PV PGs.

The results for GDEM of PV PGs and the actual power
system operation conditions of Ir corresponding to the four faults
in operating condition 1 are shown in Figures 5, 6. Figures 7, 8
demonstrate the results of Ir for operating condition 2. Figures 9,
10 demonstrate the results of Ir for operating condition 3. Figures
11, 12 demonstrate the results of Ir for operating condition 4. In
Figures 5-12, the black curve is an actual measure value in
terminal BUS,
parameters of GDEM for PV PGs. Figures 5, 6 are anlyzed

and the red curve relates to estimated

with concerning the operating conditions 1, as follows: The
estimated Ir for GDEM of PV PGs are fitting closely to the
actual measure curves while the single-phase-to-ground fault is
used at the transmission line settled between BUS7 and BUSS,
only with a slight difference in enlarged part in with the 20% and
30% PV penetration rate levels, respectively.

Figures 6, 7 are anlyzed with concerning the operating
conditions 2, as follows: The estimated Ir for GDEM of PV
PGs are fitting closely to the actual measure curves while the
single-phase-to-ground fault is used at the transmission line
settled between BUS8 and BUSY, only with a slight difference
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in enlarged part in with the 20% and 30% PV penetration rate,
respectively.

Figures 8, 9 are anlyzed with concerning the operating
conditions 3, as follows: The estimated Ir for GDEM of PV
PGs are fitting closely to the actual measure curves while the
three-phase-to-ground fault is used at the transmission line
settled between BUS7 and BUSS, only with a slight difference
in enlarged part in with the 20% and 30% PV penetration rate,
respectively.

Figures 10, 11 are anlyzed with concerning the operating
conditions 4, as follows: The estimated Ir for GDEM of PV PGs
are fitting closely to the actual measure curves while the three-
phase-to-ground fault is used at the transmission line settled
between BUS8 and BUSY, only with a slight difference in enlarged
part in with the 20% and 30% PV penetration rate, respectively.

Figures 5, 6 and Figures 9, 10, Figures 7, 8 and Figures 11,
12 are anlyzed with concerning the same ground fault with
the 20% and 30% PV penetration rate, respectively, as follows:
The estimated Ir for GDEM of PV PGs are fitting closely to
the actual measure curves while the different fault is used at
the different transmission line settled between BUS8 and
BUS9 or BUS8 and BUSY, only with a slight difference in
enlarged part in with the 20% and 30% PV penetration rate,
respectively.

The RMSE of GDEM for the PV PGs are listed in Table 3 The
RMSE of Ir and Ij in F1-F16 are very small, respectively, which
reveal that GDEM of PV PGs can perform satisfactorily in
various types of faults and PV penetration.

5 Conclusion

The paper proposed GDEM for the PV PGs using a
fourth-order dynamic equivalent based on the physical
model of PV power station. The IEEE 14-bus system was
adopted to verify the dynamic characteristic of GDEM for the
PV system with various types of ground faults and PV
penetration rate levels. The accuracy of the fitting effect
with different faults and PV penetration rate levels in the
simulation system validated the dynamic characteristic of
GDEM for PV system. In addition, the total value of output
state parameters of the GDEM of PV PGs is close to 1, and the
total value of input state parameters of the GDEM of PV PGs
is close to 0. Meanwhile, we will expand the modeling
interface (MI) for interfacing the grid-connected PV PGs
in our future research work.
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Appendix

Appendix A: Specific parameters of
the (Eq. 5)

Ji(s)

31153 + 31252 + Bl45
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fals) = ; 22 . 25 ; X
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Appendix B: Specific parameters

of

the (Egs 8, 9)

0y is the initial grid power factor angle.
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Appendix C: Specific parameters of
the (Eq. 10)
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Nomenclature
Indices

i The parameter index
k The discrete time steps index
m The number of the data index

n The number of the coefficient index

Symbols

A The variables incremental value

o Subscript for the steady state

Parameters

R Equivalent resistance

L Equivalent inductor

C Filter capacitor

U, igc The voltage and current of the DC side, respectively
ip, The output current of PV array

Uinv.abe Inverter instantaneous voltage

Ug ape Grid-connected instantaneous voltage
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I b Inverter instantaneous current

I I, The current of the AC in d and q axis, respectively
Uis Uiy The voltage of the AC in d and g axis, respectively
Ugg, Ugq Inverter voltage in d and q axis, respectively

w Synchronous frequency

Sa Sq Inverter voltage in d and q axis, respectively

h Sampling time step

P, Q Active power and reactive power, respectively

I, I; PV real and imaginary currents

U Amplitude of the bus voltage

& Residual value

Vo Open circuit voltage

I, Short circuit current

V,, Optimal operating voltage

I, Optimal operating cunrrent

Variables

0., 03i GDEM coefficient of PV power generation system
s Laplace transform

t Time variables
Other notations are defined in the text.
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