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Abstract: - The rapid development of offshore photovoltaic power generation has attracted more and more attention. Aiming at the
problem of poor output power quality caused by the randomness and intermittentness of offshore photovoltaic power generation, LCL
filters and isolation transformers are widely used on the AC side of photovoltaic power generation systems to improve the power
quality of Grid-connected. Although this method has a good suppression effect on harmonics and DC components, its higher order
will result in a larger amount of calculation, especially in the simulation of large-scale photovoltaic grid-connected systems, the
operating speed will be too slow. In order to increase the simulation rate while ensuring the quality of the output power, the high order
LCL-T (LCL filter and isolation transformer) module of the photovoltaic power generation system is reduced in order. When the
transformer is not saturated, the LCL-T module reduction method based on the weighted current feedback method is adopted, and the
purpose of simplification is achieved through the zero-pole cancellation of the transfer function; When the transformer is saturated,
the LCL-T module reduction method based on the Routh approximation method is adopted, Use advanced mathematics formulas to
reduce the order of high-order system equivalent processing. The PSCAD/EMTDC simulation software verifies the off-grid
characteristics and simulation rate of the reduced-order model.

Keywords: Offshore Photovoltaic Power Generation System, Reduced Order Model, Lcl-T, Current Feedback Method,
Routh Approximation Method.

I.  INTRODUCTION

In recent years, offshore photovoltaic power generation has gradually emerged. The installed capacity of near-
shore and offshore photovoltaic power generation systems has developed rapidly and has been extensively studied
by scholars at home and abroad [1-3]. Large-scale photovoltaic power generation systems continue to penetrate
into the grid, making the network structure intricate and inconvenient to study the impact of its grid connection [4].

The higher model order of the photovoltaic power generation system leads to a larger amount of calculation,
which brings problems such as model validity, data modification, large memory usage and long simulation time
[5-10]. At present, the simplification is mainly focused on the inverter topology and its control strategy.S ome
literature aims at the topology of the LC-T grid-connected inverter, using weighted current feedback method to
achieve model reduction, the reduced-order model has good dynamic and static response capabilities and harmonic
suppression capabilities [11].

Some research use the split capacitor method to simplify the processing of the grid-connected inverter, and
reduce the third-order system to the first-order system through the zero-pole cancellation method, and the control
object is equivalent to the L-type filter, Reducing the difficulty of inverter control strategy design[12-13]. A paper
uses the Thevenin-norton equivalent method to reduce the order of the AC side and inverter link of the LCL
photovoltaic power generation system, and simplifies the LCL filter and inverter into an equivalent current source
and equivalent conductance series model [14]. The complexity of the system is greatly simplified, but the accuracy
is not high. The AC side of the photovoltaic power generation system is the key to the inverter control design, but
the current domestic and foreign research on its reduction is not thorough enough.

Power system simulation software PSCAD/EMTDC, PowerFactory/DIgSILENT and Matlab/Simulink have
customized module functions and can flexibly build simulation models of photovoltaic power generation system
[15-20]. Among them, PSCAD/EMTDC simulation software has absolute advantages in dynamic process of
photovoltaic power generation system.

Based on the AC side of the photovoltaic power generation system, this paper studies the reduction method of
the LCL-T module of the photovoltaic power generation system, and proposes a reduction model of the LCL-T
module of the photovoltaic power generation system based on the current feedback-rouse approximation method.
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This model considers both the transformer non-saturation and saturation two conditions. When the transformer is
not saturated, the LCL-T module reduction method based on the weighted current feedback method is adopted,

The purpose of simplification is achieved through the zero-pole cancellation of the transfer function. When the
transformer is saturated, the LCL-T module reduction method based on the Routh approximation method is adopted,
and the higher-order system is reduced and equivalently processed by the advanced mathematical formula.

Use the Bode diagram to analyze the feasibility and robustness of the reduced-order model, and use the
PSCAD/EMTDC simulation software to verify the External characteristics of the grid-connected characteristics
and simulation rate of the reduced-order model of the grid-connected system of 5 photovoltaic power plants with
a capacity of 20MW.

II. MATHEMATICAL MODEL OF LCL-T MODULE OF PHOTOVOLTAIC POWER GENERATION SYSTEM

Figure 1 is a structural diagram of a photovoltaic power generation system. The photovoltaic power generation
system includes the DC side (photovoltaic array, DC boost chopper and MPPT control), intermediate links (inverter
and its controller), and AC side (filter and transformer).

LCL type filter and isolation. It is one of the main reasons that the simulation running speed is too slow to form
a high-order AC system from the transformer. In the figure 1, L1 and L are the filter inductances, and C is the filter
capacitor; the transformer ratio is N1: N2; the system frequency is 50Hz.
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Figure 1: Structure Diagram of Photovoltaic Power Generation System

A. Mathematical Model of LCL-T Module When Transformer is not Saturated

Figure 2 is an equivalent circuit diagram of the AC side when the transformer is not saturated. Take the AC
side single-phase structure as an example. Figure 2(a) is the T-type equivalent circuit model of the transformer. L3
and L4 are the primary and secondary inductances after the isolation transformer is equivalent, and Lm is the
magnetizing inductance of the isolation transformer. ips and ups are the current and voltage converted to the
primary side of the transformer, the single-phase input voltage of the filter is ui, and the output current of the filter
L1 is iL. The equivalent circuit of the AC side of the photovoltaic power generation system is a triangular ring
circuit composed of the primary, secondary and excitation inductance of the isolation transformer and the filter
branch. Figure 2 (b) Using the A/Y transformation theory of the impedance network, the equivalent star impedance
network of the isolation transformer is obtained when the isolation transformer is not saturated. The impedances
Z1, 72, and Z3 are shown in equations (1) to (3) respectively.
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(a) T-type equivalent circuit model of the transformer.  (b) The equivalent star impedance network.
Figure 2: Equivalent Circuit Diagram of Ac Side When Transformer is not Saturated

Z, =5+~ sL, +sL,
s“(LC+LC+LC)+1

@)

76



J. Electrical Systems 20-3 (2024): 75-86

S (L +L)LC
T E(LCHLC+L,C) 1
Z,=— L
s“(LC+LC+L,C)+1
Applying the principle of superposition, the transfer function between the filter input voltage ui and the
transformer primary current ips is shown in equation (4):

c . 1 Z, _ Z,
Ui =g
* 2,+2,112,2,+2, 2,2,+2Z,+7,Z,
In order to meet the requirements of the current feedback method, the transfer function between the filter input
voltage ui and the filter L1 output current iL is calculated as shown in equation (5):

G 1 3 Z,+7,
WV 72.42,112, 2,2,+2,2,+7,Z,

2

2

3)

“4)

)

B. Mathematical Model of Lcl-T Module When the Transformer is Saturated

Figure 3 shows the equivalent circuit diagram of the AC side when the transformer is saturated. In Figure 3 (a),
the same LCL-T module single-phase structure is taken as an example. The transformer adopts a T-type equivalent
circuit model. In order to meet the requirements of the reduction method, when the isolation transformer is saturated,
the primary, secondary resistances rl, r2 and excitation resistance rm of the transformer are considered. ips~and
Ups_ are the current and voltage converted to the primary side of the transformer respectively, and the single-phase
input voltage of the filter is u;”; The equivalent circuit of the LCL-T module of the photovoltaic power generation
system is a triangular ring circuit composed of the primary, secondary and excitation inductance of the isolation
transformer and the filter branch. Figure 3(b) using the A/Y transformation theory of the impedance network, the
equivalent star impedance network when the isolation transformer is saturated is obtained. The impedances Z17
Z2~and Z3"are as shown in equations (6)-(8) respectively.
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(a) T-type equivalent circuit model of the transformer. (b) The equivalent star impedance network.
Figure 3: Equivalent Circuit Diagram of Ac Side When Transformer is Saturated

. L +ms
Z = . +Ls 6
Y [s(m+L,)+r+r ]JCs+1 L ©
r+Ls
nt L 0

2 T [s(m+L,)+r+r ]Cs+1
~(r, +L,s)(r,+ms)Cs
> [s(m+L)+r,+r ]Cs+1

+1,+L,S (8)

In the formula: m=Ly+Ls.
Calculate the transfer function between the filter input voltage ui“and the transformer primary output current
ips”, and the final simplification is shown in equation (9):
3" +a,st+as’+a,s° +as+r,
Wl s’ +b,s% +hyst +b,s% +0SY +hs T,

©)

In the formula:

a1=MLmn(M+Lm)C?+Ls(Mm+Lm)?C?;
az=[(r1Lm+mrm)(M+Lmn)+mLn(ri+rm)]C?+2Ls(M+Lm) (r1+rm)C?+r(m+Lm)?C?;
as=rmr1(M+Ln)C?+(riLm+mry) (r1+rm)C+mLnC+La(ri+rm)2C3+2r(m+La) (r1+rm);
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ag=ml1(r1+rm) C2+(rlmtmry)C+ra(ri+ry)?C?+2L4(r1+rm)C;

as=rmr1C+La+2ry(ri+ry)C;

b1:L1L4(m+Lm)2C2+m Lle(m+Lm)C2;

b2=2L1 La(M+Lm)(r1+rm)C2+rirz(m+Lm)2C2+Ly(m+Lm) (MFp+riLm)+MLiLn(ri+rm)C;

bs=2L1La(M+Lm)C+L1La(r1+rm)2C2+2L1ro(M+L) (r1+rm) C2+Larmra(M+Lm) C?+La(r1+m) (Mrm+riLm)+mLiLnC+
M?LnC+MLy?CH+L1Ln(M+Lm)C;

ba=2L1La(r1#+rm)C+2Lar2(M+Lm) C+L1ra(r1+rm)?C?+(2mriLm+m?rm) C+Larmr1(ri+rm) C2+Li(mrm+rilm) C+2mLnr
mCAMrm2C+r1LmC+raly(M+Lm)C+LiLm(ri+rm)C;

b5:L1L4+2L1r2(r1+rm)C+ Lmr12+2mrlrmC+Llrmr10+LmL4+2rmLmr10+rle(r1+rm)C+L1Lm+mLm;

be=r1rz+rmr?C+Larm+mrm+riLy+ro?riC+rmra+rola.

III. LCL-T MODULE REDUCTION OF PHOTOVOLTAIC POWER GENERATION SYSTEM BASED ON CURRENT
FEEDBACK-ROUTH APPROXIMATION METHOD

Considering the two situations of transformer non-saturation and saturation, when the transformer is not
saturated, the LCL-T module reduction method based on the weighted current feedback method is adopted, and the
purpose of simplification is achieved through the zero-pole cancellation of the transfer function; when the
transformer is saturated, The LCL-T module reduction method based on the Routh approximation method is
adopted, and the higher-order system is reduced and equivalently processed by the advanced mathematical formula.

A. Lcl-T Module Reduction Based on Weighted Current Feedback Method

Based on the dual closed-loop inverter control strategy of voltage outer loop and current inner loop, the current
inner loop takes the inverter output current and grid-connected point current as feedback to realize the protection
of inverter power switching devices and grid-connected output Power control. The weighted feedback current
method is to weight the inverter output current and the grid-connected point current as the feedback value of the
current inner loop control, set a proper weighted feedback coefficient, and realize the zero-pole cancellation of the
transfer function to achieve the purpose of simplification. Introduce the weighted feedback current i as shown in
equation (10):

I= 7/Ips +(1_7)|L (10)

In the formula: y is the weighted feedback coefficient.

Combining equations (4) and (5), the transfer function between the filter input voltage ui and the weighted
feedback current i in the impedance network can be obtained as shown in equation (11):

_ 1-97,+7,
U
22,+2,7,+72,Z,

By substituting Equations (1) ~ (3) into Equation (11), Equation (12) can be obtained by simplification.

AL ALl L+ Ll + LL)SCHA- L+ LIHS (L + L+ L)C
o [s*(L,C+L,C+L,C)+1]s*(a+b)
In the formula:
a=(L2Lm+L3Lm+L2L4+L3L4+L4Lm) L1CS2
b=LsLm+LiLm+Lobm+LalmtLlilo+LLa+Lola+Laly

(11)

Here, if take
yo bbbl Ll L L o
LLy+ L+ LL + Ll +LL + Ll
Then formula (12) can be simplified to formula (14):
G _:Lm+(1_]/)|—4 (14)

u; —1
' sb
When the transformer is not saturated, the magnetizing inductance Ly is much larger than the primary leakage
inductance Ls, the secondary leakage inductance La, and the filter inductances L1, L,. Therefore, it can be simplified

to equation (15):
L, +L +
yobtbth )
L+L+L +L,
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Therefore, equation (14) can be further reduced to equation (16):

Gu- BN 1
(LG ELAL)s

From equation (16), the model can be reduced to a first-order model connected in series by L1, Ly, L3, and La.
The transformer is an ideal transformer.

The photovoltaic LCL-T module has a higher order and is difficult to control. The introduction of the weighted
current feedback method can use the zero-pole cancellation to make the mathematical model of the system first-
order. Inversely infer its circuit model (see Figure 4), and analyze the Bode diagram to determine the feasibility of
the model. The transformer adopts SZ11-20000/66kV, and any one-phase equivalent circuit of the LCL-T grid-
connected inverter topology is set according to the following system parameters: L;=0.033mH, L,=0.007mH,
C=500uF, L3=L4=2.63mH, Ln=5.94H. Keep L3 and L4 unchanged, reduce the L, parameter value by 40% and 60%
respectively, observe the Bode diagram before and after the system is reduced, and the result is shown in Figure 5.

(16)

Figure 4: Equivalent Model of Reduced Order When Transformer is not Saturated

It can be seen from Figure 5 that the original system model has resonance spikes in the high frequency band,
and the reduced system model is basically consistent with the original system model in the low frequency range,
and the resonance spikes are eliminated in the high frequency band. Although the waveforms in the high frequency
range are separated, which is not good consistent with the original system, the photovoltaic power generation
system is integrated into the grid and adopts the power frequency, its ® value is within the range of the low
frequency band, so the reduced-order equivalent model is feasible. At the same time, it is worth noting that the
mathematical essence of the weighted current feedback method is to use the pole-zero cancellation to achieve the
purpose of simplification. The transfer function converts the pole-zero point into an unobservable and real state
quantity through a series of simplifications, which will continue to influence to the output of the system. Therefore,
when the parameters of the LCL-T module change, it is necessary to discuss the influence of the parameter changes
on the performance of the reduced-order equivalent model. This article takes the change of the filter inductance L1
as an example. From the comparison of the Bode diagrams before and after the reduction equivalent when the filter
inductance L1 is reduced by 40% and 60% in Figure 5, it can be seen that the degree of coincidence with the
original system of the low frequency band is not affected by the change of parameters. It has good robustness.

Bode Diagram
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Figure 5: Bode Diagram Before and after Model Reduction

(al Original system model Guoﬁips ; a2 reduced-order model Guoﬁim ;a3 The original system model after 40%
reduction Guoéips ;a4 Reduced order model after 40% reduction Guoﬁips ;ab Original system model after 60%

reduction Gu0_>ips ;a6 Reduced order model after 60% reduction Gu0_>ips )

The reduced-order model based on the weighted current feedback method ignores the poor transient
characteristics caused by the non-saturation of the transformer. In view of this shortcoming, the LCL-T reduced-
order model based on the Routh approximation method is proposed below.
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B. Order Reduction of LCL-T Module Based on Routh Approximation

The Routh approximation method is a method that uses advanced mathematical formulas to reduce the order
of the high-order system. If the original system output is stable, then the reduced order equivalent system based
on the Routh approximation method will also have good stability. The specific steps are as follows: first list the
transfer function between the input and output of the system, then calculate the a, f parameters according to the
transfer function, and get the Routh table based on the system stability judgment, and finally get the approximate
transfer function of different orders according to the Routh table then complete the reduction equivalent
processing of the system.

If the a-f parameter table is directly written according to the transfer function of the LCL-T module of the
photovoltaic power generation system, the first-order expression of the transfer function is obtained. This
approximation ignores the performance of the low frequency band. However, in the actual application of the
photovoltaic power generation system, it usually adopt the power frequency, which belongs to the low frequency
range. Therefore, the mathematical model of the LCL-T module (Equation 9) needs to be substituted in the form

of p=1/s, and then:
~ Lp +ap +a,p +a;,p"+a,p+a,
GU"—’i (P :]/pGu-'—n (]/ p)= 26 5 i 3 22
i 7 ps i ps rerp +b6p +b5p +b4p +b3p +b2p+bl
According to formula (17), the calculation of « and /2 parameters are shown in Table 1 and Table 2:
Table 1: « Parameter

(17

e by b, b
b, b, b, 0
a=tn/ty | o =b-ab | a,=b-ab O3 =ly 0, =0
a, =l /o, Uy =B, —oa, | oy =b, -0, 0 =0 oy =
& =04/ Oy Uy =0y ~ Oyl 0 =Dy Uy = y =
Q=00 | Oy =0 -0 o, =0 Oy = Qyy =
s =0 [y O = Uy 0, =0 Us3 = gy =
Table 2: § Parameter
r, a, d, 0
ds a3 & 0
A=nles | Bu=a-fa | B,=%-fa fs =0 P =0
ﬂZzaS/ﬂll Pn =8P, Pr =8 P =0 P =0
py= ﬂll/ P P =P~ B P =0 P =0 P =0
b= ﬂZl/ Pa Pu=8 P =0 P =0 Pu=0

Taking the first-order approximation to the transfer function between the filter input voltage ui” and the
transformer primary output current ips”, the first-order transfer function of the system can be obtained as shown in
equation (18) by using the a1 and 1 parameters.

A 1
G, (P=4 Trap (18)
Restore and simplify formula (18) to:
G. (5)= L
U —ips rnC+L,+2r,(r+r,)C N rolr.rC+L,+2r(r+r,)C] s (19)
r, rLN

Where: N=r1r+1mr2C+Lirm+rm(La+Ls)+riLm+rm?riC+rmro+rmls
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Since the reduced-order first-order transfer function cannot be directly reversed to the circuit model, the
denominator is divided into two parts, namely the equivalent resistance Req and the equivalent inductance Leq, as
shown in equations (20) and (21):

rrnC+L,+2r(+r,)C

Req — 1 4 2(1 ) (20)
r2

L = r.n[r.nC+ L; L 2r,(r,+r.)C] -
2

Substituting formula (20) and formula (21) into formula (19), the reduced-order equivalent model as shown in
Figure 6 can be obtained by reversing, and the transformer is an ideal transformer.
R, L, | I

N, N

5 3

Figure 6: Reduced-order Equivalent Model When the Transformer is Saturated

The Bode diagram before and after the system is reduced is shown in Figure 6. It can be seen from Figure 6
that the system model after the order reduction eliminates the phenomenon of resonance spikes in the detailed
model. When the o value is in the range of 100~1000, the Bode diagrams before and after the order reduction are
more consistent, and the photovoltaic power generation system is integrated into the power grid using power
frequency. The ® value is within the coincidence range, so the reduced-order model is feasible. When the
parameters of the LCL-T module change, take changing the filter inductance L1 as an example. According to the
comparison of the Bode diagram before and after the reduction equivalent when the filter inductance L1 is reduced
by 40% and 60% (see Figure 7), The coincidence of the power frequency band is not affected by the change of the
parameters, and has good robustness.
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Figure 7: Bode Diagram Before and after Model Reduction

(m2:Original system model Guﬁips ; m2:Reduced model Guﬁips ; m3 The original system model after 40%
reduction Guoﬁips ; m4 Reduced order model after 40% reduction Guoﬁips ; m5 Original system model after 60%

reduction Gu0_>ips ; m6 Reduced order model after 60% reduction Gu0_>ips ;)

IV. SIMULATION RESULTS AND ANALYSIS

Take the 20MW photovoltaic power generation system as an example, the transformer model adopts SZ11-
20000/66kV. Photovoltaic array parameters: the number of photovoltaic array modules in series N1=325, the
number of parallel modules N,=100, the number of batteries connected in series per module n;=32, the number of
batteries connected in parallel per module n,=6, the reference illumination intensity is 1000W/m?, the reference
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temperature is 25°C, set the illumination intensity to 400W/m2, and the working temperature is the reference
temperature; The LCL filter parameters: L;=0.0042H, L,=0.0099H, C=1.5uF; Transformer parameters:
L3=L4=0.0173mH, r1=r»=0.023Q.

A. Formula for Calculating Deviation

Variables for deviation calculation include active power, reactive power, line voltage and phase current of the
grid connection point. Xz and X, are used to represent the unit value of the detailed model and equivalent model
data of the above electrical parameters. The sequence numbers of the first and last data of the detailed model and
the equivalent model of the corresponding interval are represented by Kier 5, Keg s and Keer e, Keg e, T€SpECtively.

The deviation calculation method is as follows:

1) The average deviation F1 of the steady-state interval is:

F= Xeq(1)— X et (1) (22)
q det
Keq,e - Keq,s +1 i=Keq s Kdet,e - Kdet,s +1i:KdeLs
2) The average deviation F2 of the transient interval is:
F, = Xeg (1) — X et (1) (23)
q det
Keq,e - Keq,s +1i:Keq_s Kdetfe - Kdet,s +1i:Kdet_s
3) The maximum deviation F3 of the steady-state interval is:
B =maxi y,,, e, ([Xow 0= X0 (24)

B. Photovoltaic Grid-connected Steady-state Conditions

The influence of temperature change of photovoltaic power generation system during the day on the output
characteristics is relatively small compared with the illumination intensity, so this article only compares and
analyzes different light intensities, set the external temperature as the reference temperature, and the simulation
duration is 0.5s.

Figure 8 shows the comparison results of the active power, reactive power and line of the photovoltaic power
generation system based on the detailed model of the LCL-T module (blue) and the reduced-order model (red)
proposed in this article under steady-state conditions and 400W/m2 of illumination intensity.
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Figure 8: Comparison of Output Waveforms of Photovoltaic Grid Points Based on the Detailed Model of the
Lcl-T Module and the Reduced-order Model Proposed in This Article
The maximum allowable deviation of active power, reactive power, line voltage and phase current of the
reduced-order model of photovoltaic power generation system under steady-state conditions should not exceed
15%, 15%, 5%, and 15% [5], respectively. It can be seen from Figure 8 that due to neglect of switching losses
when equivalent to power electronic devices, both active power and reactive power are reduced, and the phase
current is slightly increased. However, from a general point of view, the maximum deviation of active power at the
grid-connected point is 0.42%, the maximum deviation of reactive power is 1.76%, the maximum deviation of
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output line voltage is 0.4%, the maximum deviation of output phase current is 2.42%, and the deviation of each
variable is within the allowable range. The reduced-order model proposed in this article and the detailed model has
a high degree of agreement.

Table 3 shows the maximum deviation of each variable when the illumination intensity is 600W/m2, 800W/m2,
1000W/m2. From Table 3, we can see that the maximum deviation of each variable does not exceed 3%. The
reduced-order model proposed in this article and the detailed model has a high degree of agreement and good
robustness.

Table 3: Maximum Deviation of Each Variable under Different Constant Illumination Intensity

T . Maximum deviation (%)
Illumination intensity Active
(W/m2) power Reactive power Output line voltage Output current
600 0.60 2.65 0.61 2.40
800 0.83 2.36 0.48 2.64
1000 0.74 2.01 0.62 2.47

C. Transient Conditions of Photovoltaic Grid-connected

Taking illumination intensity disturbance and three-phase short circuit faults as examples, the dynamic response
capability of the reduced-order model proposed in this paper is analyzed.

Case 1: The simulation time is 2s, the actual temperature is the reference temperature, the initial light intensity
of the photovoltaic power generation system is 800W/mz2, drops to 400W/m2 at 0.5s, and increases to 1000W/m2
at 1s, and then remains unchanged.

Figure 9 shows the conditions under the illumination intensity disturbance, the comparison results of the
simulation waveforms of the active power, reactive power, line voltage and phase current at the grid connection of
the photovoltaic power generation system based on the detailed model of the LCL-T module (blue) and the reduced-
order model (red) proposed in this paper.
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Figure 9: Comparison of Output Waveforms of Photovoltaic Grid-Connected Points Based on the Detailed Lcl-T
Module and the Reduced-order Model Proposed in this Article

Under transient conditions, the average deviation of active power, reactive power, line voltage and phase current
of the reduced-order model of photovoltaic power generation system is 20%, 20%, 5%, 20% in the transient interval
[5], and in the steady-state interval are 10%, 10%, 2% and 10%.

As shown in Figure 9, the illumination intensity disturbance operating condition is similar to the grid-connected
steady-state operating condition of the photovoltaic power generation system. Since the switching loss is ignored
when the power electronic devices are equivalent, the active power and reactive power are reduced; the waveform
of the phase current fluctuates slightly because there is no grid-side clamp; and the waveform of the line voltage is
relatively stable under the dual effects of grid voltage clamping and photovoltaic power generation system control
strategy.

From the average deviation of each variable shown in Table 4, it can be seen that the maximum deviation of
the transient interval is 9.36% under the condition of light intensity disturbance, which is slightly larger than the
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average deviation of the steady-state interval, but the average deviation of each variable is within the allowable
value range. The reduced-order model proposed in this article and detailed model has a high degree of agreement.
Table 4: The Average Deviation of Each Variable under the Light Intensity Disturbance Condition

variable Average deviation (%)
Steady state interval Transient interval
Active power 0.78 3.49
Reactive power 4.88 9.36
Line voltage 0.01 0.01
Phase current 6.46 6.53

Case 2: The simulation time is 2s, the actual temperature is the reference temperature, the light intensity is
800W/m2, and the grid-connected distance is 5.8km. When t=1s, a three-phase short-circuit fault occurs at the
output point of the photovoltaic power station 1km, and the grounding resistance is 0.2Q. Remove the fault at
t=1.1s.

Figure 10 shows the simulation waveform comparison result of active power, reactive power, line voltage, and
phase current of photovoltaic power generation system grid-connected points based on the detailed model of the
LCL-T module (blue) and the reduced-order model (red) proposed in this article under three-phase short-circuit
conditions. As shown in Figure 10, under three-phase short-circuit conditions, although the active power, reactive
power and line voltage have slight oscillations during the transient process, they still have good dynamic response
characteristics. The average deviation of the variables shown in Table 5 shows that the average deviation of each
variable is within the allowable range.
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Figure 10: Comparison of Output Waveforms of Photovoltaic Grid Points Based on the Detailed Lcl-T Module
and the Reduced-order Model Proposed in this Article
Table 5: Average Deviation of Each Variable under Three-Phase Short Circuit Conditions
Average deviation (%)

variable Steady state interval Transient interval
Active power 2.76 3.46
Reactive power 4.31 5.77
Line voltage 0.45 4.20
Phase current 7.17 7.31

D. The speed-up test of the reduced-order model proposed in this paper

Build 5 photovoltaic power generation systems with a capacity of 20MW, and connect them to the 66kV grid.

The simulation time is 2s, the temperature is 25°C, and the light intensity is 400W/m2, 600W/m2, 800W/m2,
1000W/m2, respectively. Taking the average of 10 sets of actual running time, the comparison of the simulation
time of the comparison of photovoltaic grid-connected system based on the detailed LCL-T module and the
reduced-order model proposed in this paper is shown in Table 3.
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Table 6: Comparison of Simulation Time of Photovoltaic Grid-connected System Based on the Detailed Lcl-T
Module and the Reduced-order Model Proposed in This Paper

I'g/ht Intensity (W(/)mz) Detailed model simulation time (s) Reduced model simulation time (s)
temperature 25°C

400 874 13

600 895 17

800 901 21

1000 896 23

It can be seen from Table 6 that the simulation time of the reduced-order model proposed in this paper is
significantly shortened, and the speed-up effect is significant compared with the detailed model.

V. CONCLUSIONS

This paper presents a LCL-T reduced-order model of the AC side of the photovoltaic power generation system
to adapt to the large-scale grid connection of offshore wind power. Considering the saturation and non-saturation
of the transformer, when the transformer is not saturated, the LCL-T reduced-order model based on the weighted
current feedback method is used to achieve the purpose of simplification through the zero-pole cancellation of the
transfer function; when the transformer is saturated, the LCL-T module reduction method based on the Routh
approximation method is used, and the higher-order system is reduced by the advanced mathematical formula, the
following results can be obtained through PSCAD/EMTDC simulation.

The output active power, reactive power, and excitation inrush current waveforms of the reduced-order model
in both cases of transformer saturation and non-saturation can be in good agreement with the detailed model and
has good dynamic and static response capabilities to meet the external characteristics of the photovoltaic power
generation system; The reduced-order model can effectively shorten the simulation time and has high accuracy.

The reduced-order model has a simple structure and can provide new ideas for the design of the intermediate
links of the photovoltaic power generation system (that is, the inverter and its control). However, due to the
oversimplification of the model, the new simulation model cannot effectively simulate the internal characteristics
of photovoltaic array systems. Therefore, the equivalent model proposed in this paper cannot be used for the study
of the internal characteristics of photovoltaic array systems. Subsequent research can start from this and explore
efficient reduced order models applicable to the internal characteristics of photovoltaic systems.
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