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Abstract

The complexity of distribution network model mainly depends on the model
scale of grid-connected distributed photovoltaic (PV) power generation.
Therefore, the simulation performance of multi-scale PV model is the key
factor of the simulation accuracy in the specific operating scenarios of distri-
bution network. In this paper, a multi-scale model of grid connected PV dis-
tributed generation system is proposed based on the mathematical model of
grid- connected distributed PV power generation. It is analyzed that differ-
ences of simulation performance, such as adaptability of simulation step size,
accuracy of output and the effect on voltage profile of distribution network,
between PV models with different scales in IEEE 33 node example. Simulation
results indicate that the multi-scale model is effective in improving the accu-
racy and efficiency of simulation under different operating conditions of dis-
tribution network.
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1. Introduction

Distributed photovoltaic (PV) grid-connected power generation is an important
application of solar energy, which can replace fossil fuels and reduce environ-
mental pollution [1] [2]. Therefore, it is significant for the study of distribution
network that build an appropriate model of distributed PV grid-connected pow-
er generation.

Researchers have built a number of PV models with different scales. A ma-

DOI: 10.4236/epe.2017.94B016 April 6, 2017



http://www.scirp.org/journal/epe
https://doi.org/10.4236/epe.2017.94B016
http://www.scirp.org
https://doi.org/10.4236/epe.2017.94B016

C.Lvetal.

thematical model of the PV arrays is established [3], which is able to simulate the
output characteristics of photo-voltaic arrays under both normal and partial oc-
clusion circumstances. The maximum power point tracking (MPPT) technique
of PV arrays is improved to adapt to partial occlusion [4]. Short term prediction
output power of PV arrays is realized with the detailed mathematical model of
the PV arrays [5]. A detailed dynamic model of PV power generation system in-
cluding PV array, inverter, controller and grid is established by Huang [6]. Us-
ing the method of eigenvalue analysis, Li analyzes the stability of the PV detailed
dynamic model subjected to various external disturbances [7]. a detailed model
of grid-connected PV inverter is built in [8] [9] [10], which forms a multi-mode
control strategy based on the existing inverter control strategy, including reac-
tive power compensation and active power control. A parallel-connected mul-
ti-inverter model is established to analyze its fundamental resonance characte-
ristics [11]. Using this model, it is concluded that the resonance of PV inverter is
directly related to the inverter control and carrier synchronization.

Although a variety of PV models have been established, the scope of applica-
tion of each model is limited by its model scale. In this paper, a multi-scale mod-
el of grid-connected distributed PV power generation will be established. Through
the analysis of the simulation performance of the multi-scale model, PV model-
ing scale under different application conditions will be specified and the simula-

tion accuracy and efficiency of distribution network can be improved.

2. Mathematical Model of PV Generation

2.1. Composition of PV Generation System

As shown in Figure 1, the overall structure of PV generation system includes
two main components: the DC side and AC side. The DC side of the PV model
is mainly composed of several modules, such as PV array, DC converter and
MPPT. The AC side of the PV model consists of several modules, such as inver-
ters, filters and inverter control modules. The solar energy is transformed into
direct current by the PV panels, boosted by the DC side and MPPT, then trans-
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Figure 1. Schematic diagram of PV generation system.
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formed into alternating current by the inverter and filtering process, finally sent
to the grid as three-phase alternating current. In this section, the mathematical

models of the components of the PV power generation system will be estab-
lished.

2.2. Mathematical Model of the DC Side
2.2.1. PV Arrays

A PV cell is a device that converts solar energy into electrical energy. A PV array
consists of a large number of PV cells to produce large amounts of electrical
energy. The equivalent circuit of the PV array is shown in Figure 2, where 7,,
represents the photo generated current, /, represents the diode junction current,
R, represents the series resistance, and R, represents the parallel resistance.

According to the principle of the circuit, the relationship between the output
current and the output voltage of the PV array is shown in Equation (1), where
I, represents the reverse saturation current, g represents the electronic charge, n
represents the diode factor, k represents the Boltzmann constant, and 7 re-
presents the absolute temperature.

R,| ViR
I:Iph—lo{exp[q(vnt_rs)}—1}— ;hs (1)

Equation (1) can be simplified using four measurable parameters such as open
circuit voltage V,, short circuit current 7, maximum power point voltage V,,

and maximum power point current 7. The simplified expression is as Equations

(2)-(4).
I =14 -Cilg {exp[%v :|_1} (2)
Cl N (1_ IVISC jexp (_V%ZVOC ) (3)
C, :(vaoc —1)|:|n(1_|m Isc):| (4)

The PV array mathematical model consists of Equations (2) to (4). The model
can directly reflect the influence of external environment on the output charac-

teristics of PV arrays, because its four parameters (V,, 1, V,, ) change directly

Q" ¥ 3 R |V

Figure 2. Equivalent circuit of PV Arrays.
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with the light intensity Sand ambient temperature 7.

2.2.2. DC-DC Converter
In this paper, Boost circuit is chosen as the DC-DC converter of PV power gen-
eration unit. Its topology is shown in Figure 3. When the switch 7 is conduct-
ing, the input voltage will charge the inductor Z, in order to make its current
rise. When 7 is turned off, L starts to discharge. Then its voltage and input vol-
tage are superimposed on each other, so that the output voltage is higher than
the input voltage.

According to the principle of Boost circuit, its input resistance can be ex-
pressed as follows:
R, =un _ Yo (1_py —R(1-DY (5)

P

As shown in Equation (5), when the load resistance R is fixed, the greater the

switch duty cycle D, the smaller the input impedance R, and vice versa.

yieid

2.2.3. MPPT Strategy

As shown in the analysis above, R;, can be changed by adjusting D. Therefore,
the MPPT can be implemented by controlling the input resistance to be equal to
the PV output resistance. In this paper, the perturbation observation method is
adopted as the MPPT strategy, and the algorithm flow is shown in Figure 4.
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Figure 3. Schematic diagram of boost circuit.
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Figure 4. Flowchart of perturbation observation.
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2.3. Mathematical Model of the AC Side

2.3.1. DC-AC Converter
In this paper, the DC-AC converter converter is composed of a three-phase
full-bridge inverter and an LC-type filter. The topology of the converter is shown
in Figure 5.

The state equation of the DC-AC converter in the three-phase stationary
coordinate system can be obtained based on the Kirchhoff voltage law (KVL).

u e
di, di, di,T | | |*®
Y a e || ©

€

C C

In order to facilitate the control, the three-phase static coordinate system is
transformed into two-phase dg rotating coordinate system through the park
transformation. The equation of state of the DC-AC converter in rotating coor-

dinate system is as follows:

R R A B

At the same time, the power calculation formula in the rotating coordinate
system can be derived:

3 . 3 .

P=—e,l, +—g,

2 2 q7q

(8)

3 . 3 .
Q= —Eedlq +Eeq|d

If the gridside voltage space vector direction and d-axis direction is the same,
e, is zero when the network side voltage is a standard symmetrical three-phase

sine wave. Therefore, Equation (8) can be simplified as follows:

P:E%g
2
©)
3 .
Q = —Eed |q

The control strategy of DC-AC converter can be designed by using the ma-
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Figure 5. Topology of DC-AC converter.
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thematical relations of Equation (7) and Equation (9).

2.3.2. Inverter Control Strategy
Inverter control strategy includes two types: voltage source control strategy and
current source control strategy. The current-source control strategy is used in
this paper to control the inverter of grid-connected PV models.

In this control strategy (Figure 6), firstly, the power reference value P,

Q,y is transformed into the current reference value iy, i, DYy using Equa-

qref

tion (9). Then, the inverter output voltage reference value Uy, Uy is Ob-
tained through the current control loop. Finally, the decoupling control of the
inverter output power is realized by controlling the duty cycle of each power

electronic switch in the inverter with the voltage reference.

3. Multi-Scale Modeling of PV
3.1. PV Model Classification by Scale

In the different application scenarios, the mathematical model of the PV power
generation system described above can be transformed into dynamic models of
different scales. According to the scale of the model, dynamic model can be di-
vided into three types: Generalized load model, Model with DC voltage source,
and Detailed model.

3.2. Generalized Load Model

During the steady state analysis of the power system, the internal structure, the
interaction between the various components and the specific adjustment process
of internal parameters of PV power generation system can be ignored. Only the
average active output power P and the average reactive power output Q over a
period of time are used to modify the load data in the power flow calculation
equation to simulate the influence of the PV power generation system on the
power grid. In this case, the PV power generation system is regarded as a gene-

ralized load with negative power consumption (P, —Q) (Figure 7).

3.3. Model with DC Voltage Source

The DC-side output voltage can be assumed to be constant if the light intensity

P ref >

Qret —

Figure 6. Current-source control strategy diagram.
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and temperature are constant, or if the PV system is equipped with a large ca-
pacity energy storage device. In this case, the DC-side model structure can be
simulated only with a DC voltage source within a certain output power range.
The AC side consists of detailed models of the power electronic switch, the LC
filter and the control module, simulating the dynamic switching process of the

power electronic switch inside the inverter (Figure 8).

3.4. Detailed Model

When considering the effects of light intensity, temperature variation, MPPT
and DC bus voltage variation on the output of PV power generation system,
further refinement of the model scale on the DC side of the PV power genera-
tion system should be made. The DC side of the PV system consists of detailed
models of PV panels, DC-DC converters, and MPPT. It simulates the dynamic
output characteristics of the PV system with the AC side detail model (Figure
9).

G

Figure 7. Generalized load model.
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4. Analysis of Simulation Performance of Mul-Ti-Scale PV
Model

4.1. Application Scenario

In order to compare the simulation performance of the multi-scale PV models,
IEEE33 node is chosen as the PV application scenario in this paper. As shown in
Figure 10, the PV model is connected to the MV distribution network through a
transformer, and the access point is the end node of the longest feeder in the
example (node 17). The rated voltage of the PV model is 380 V, the rated output
active power is 50 kW, and the rated reactive power is 0.

Based on the above application scenarios, the simulation performance of PV
models with different scales is compared in this paper. Simulation hardware en-
vironment is a personal computer which has installed MATLAB 2011b, 3 GHz
CPU, and 2 GB memory. The simulation model is shown in Figure 11.

The simulation performance of the model mainly includes the dynamic cha-
racteristic and the steady state characteristic. Dynamic characteristics are embo-
died in two aspects: simulation speed and simulation precision. On the premise
of ensuring the convergence of the calculation process, the larger simulation step
size, and the faster simulation speed. The simulation precision is reflected in the
simulation accuracy of the output power of the PV model, when the light inten-
sity changes. In addition, the main factor is the influence of the PV model on the
distribution network voltage profile, when the output power is constant.

Therefore, this paper makes a comparison of the performance of the mul-

ti-scale PV model in the step size adaptability, output power accuracy, and the

effect on distribution network voltage profile.

|=Epwd] = Eymi) FETS
= Ak L=

Figure 11. Multi-scale simulation model of grid-connected PV power generation system.
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4.2. Simulation Result

4.2.1. Step Size Adaptability of Models

In order to compare the step size adaptation of different scale models, the dif-
ferent scales of the PV model are calculated in the application scenarios, with
three different simulation steps: 5 ps, 50 ps and 200 ps. The output currents of
the PV models are recorded.

As shown in Figure 12, when the step size is 5 us, the output current of all
three models can reach the stable state within the 0.04 s. Thus, in the case of 5
step size, the three models are all able to effectively simulate the output characte-
ristics of the PV model in the dynamic state.

As shown in Figure 13, when the step size is increased to 50 ps, the model
with DC voltage source and the generalized load model are still able to maintain
stable output currents, but the output current of detailed model produces fluctu-
ation with about 20 times the rated amplitude. Due to the fluctuations in the 0.2
seconds is still not able to decay to the rated value, the output current waveform
can be considered a serious distortion. It shows that the simulation capability of
the detailed model is more sensitive to the simulation step than two other mod-

els. At present, the step size needed by the distribution network digital analog

250 . : .
— Detailed model
200 ------ Model with DC voltage source ||
Generalized load model

Output Current/A

0.05 0.1 0.15 0.2
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Figure 12. Output currents (Ts = 5 ys).
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Figure 13. Output currents (Ts = 50 us).
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hybrid real-time simulation is about 20 us - 50 ps. Thus, the PV detailed model is
not completely applicable to the distribution network digital analog hybrid real-
time simulation.

Since the detailed model has a large fluctuation when the simulation step size
is 50 ps, only the output current waveforms of the model with DC voltage source
and the generalized load model are compared when the simulation step size is
200 ps.

As shown in Figure 14, when the simulation step size is increased to 200 ps,
the amplitude and period of DC voltage source model output current are basi-
cally the same as the generalized load model, although the local waveform of its
output current fluctuates. It can be seen that the model with DC voltage source
and the generalized load model can accurately represent the output characteris-
tics of PV generation systems even in the step size of 200 ps.

In addition, although the model with DC voltage source and the generalized
load model have the same excellent step adaptability, the model with DC voltage
source has a higher application value, considering its ability to simulate complex

dynamic characteristics.

4.2.2. Output Power Accuracy of Models

In order to compare the output power of the multi-scale PV models under the
same conditions, the simulation step is set as 5 s and the light intensity is
changed step by step according to the order of 100%, 30% and 70% of the rated
value. The output active power curves of the three models are plotted in the
same figure (Figure 15) while the output power of the PV array is indicated by a
dotted line as a reference.

It can be seen from Figure 15 that the active power output of the three PV
models can be stabilized within 0.1 second after each illumination intensity
change, and the variation law of the output curve is the same as the light inten-
sity. It indicates that all three PV models have a certain ability to simulate the PV
output power within a certain range.

The local curves of the output power of the PV models at different light inten-
sities are shown in Figure 16. It can be seen from Figure 16(a) that the output

200

—— Model with DC voltage source
150 - Generalized load model i

100} i lr : '. “‘ ) . ] 4

a1
o
L

Output Current/A
o

&
o
‘

-100f | i i ! i 1 HY L (H

-150 ! :
0 0.05 0.1 0.15 0.2

Time/s

Figure 14. Output currents (Ts = 200 s).
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Figure 15. Output active power of models.

power of three PV models is approximately equal to the output power reference
value under the rated light intensity. When the light intensity changes, as shown
in Figure 16(b) and Figure 16(c), PV detailed model can accurately simulate
the output power of PV arrays. On the contrary, the other two models do not
have DC side detailed structure, only adjust the output power with the change
ratio of light intensity, resulting in a certain error in output power. Therefore,
when the needed accuracy of PV output power is high, it is appropriate to select

the PV detailed model to simulate the PV generation system.

4.2.3. Effect of Models on Distribution Network Voltage Profile
In order to compare the influence of PV models on voltage profile in distribu-
tion network, the voltage profile curves of the three PV models under stable op-
eration are plotted on the same figure (Figure 17). At the same time, the voltage
profile of the distribution network without PV is indicated by a red dotted line.
It can be seen that when the PV model is connected to the distribution net-
work, the voltage of each point has a different degree of rise, and the three PV
models have no significant difference in the voltage profile. Therefore, when on-
ly the voltage profile is the object of study, the generalized load model with

higher computation speed is more suitable.

5. Conclusions

A multi-scale model of grid-connected PV power generation system is built in
this paper. The following conclusions can be drawn by comparing the perfor-
mance of different scale PV models in simulation step adaptability, output pow-
er accuracy and the effect on voltage profile of distribution network.

1) The model with DC voltage source and the generalized load model have
better step adaptability than the detail model of PV generation system. The
model with DC voltage source has a higher application value, considering its
ability to simulate complex dynamic characteristics.

2) When the needed accuracy of PV output power is high, it is appropriate to
select the PV detailed model to simulate the PV generation system.
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3) The three scales of PV models have no significant difference in the voltage

profile. Therefore, when only the voltage profile is the object of study, the gene-

ralized load model with higher computation speed is more suitable.
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