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Abstract—The Photovoltaic (PV) power plant are usually
deployed in remote areas with the high solar irradiance, and its
power transfer capability can be greatly limited by the large
impedance of long-distance transmission lines. This paper
investigates first the power transfer limit of the PV power plant
with the Short-Circuit Ratio (SCR) close to 1. It explicitly
identifies that a minimum SCR of 2 is required for the PV power
plant to deliver the rated active power when operating with the
unit power factor. Then, considering the reactive power
compensation from PV inverters, the minimum SCR along with
the different Power Factor (PF) is derived. An adaptive reactive
power droop control is further proposed to improve the power
transfer capability of the PV power plant. Simulation results of
a 20MW solar farm demonstrate that the proposed method can
ensure the rated power transfer of PV power plant with SCR of
1.25, provided that PV inverters with PFnin=0.9 is used.

Index Terms—Adaptive Control, Power Transmission,
Photovoltaic systems, Reactive Power Compensation.

1. INTRODUCTION

Utility-scale Photovoltaic (PV) power plants have recently
gained wide acceptance, thanks to their environmentally-
friend feature and the substantial cost decline of PV panels [1].
Due to the low energy densities and uneven distributions of
solar resources, many PV power plants are deployed in remote
areas with the high solar irradiance. As a consequence, the
long-distance power transmission lines with a low Short-
Circuit Ratio (SCR) challenges the power transfer capability
of PV power plants [2]. The new transmission technology
based on the High Voltage Direct Current (HVDC) system,
together with advanced reactive power compensation devices,
such as Static Synchronous Compensator (STATCOM), have
recently been used to improve the power transfer capacity [3].
However, the dynamic interaction among the HVDC system,
reactive power compensation devices and PV inverters in the
PV power plant poses new challenges on the system stability
and power quality [4]. It hence becomes more appealing to
utilize the power controllability of PV inverters for the
improved power transfer capability under weak grid
conditions, which is also more advantageous by sharply
cutting down the cost of grid infrastructure upgrade.

Many research works have been reported on the advanced
power control methods for PV inverters, yet most of them are

concerned with the PV hosting capacity on distribution feeders
[5]-[6]. Few works have studied the power transfer capability
of PV power plants in weak grids. This paper thus attempts to
fill in this gap by identifying the relationship between the SCR
and the Power Factor (PF) of PV inverters for transferring the
rated active power. Then, an adaptive reactive power control
method is proposed for PV power plant which can
dynamically compensate the voltage fluctuation at the point of
common coupling (PCC) caused by active power injection,
and meanwhile automatically allocate the required reactive
power to the individual inverters in a decentralized way, so
that the power transfer capacity of PV power plant can be
improved to its theoretical limitation.

II.  POWER LIMITATION WITHOUT REACTIVE POWER
COMPENSATION UNDER ULTRA-WEAK GRID CONDITON

Fig. 1 shows the typical configuration of the PV power
plant. It contains numerous of generation units and each units
contains a DC/DC converter for local MPPT control and a
DC/AC PV inverter for the grid-connection. All the generation
units are connected to PCC through low-voltage cables and
then fed into the high-voltage transmission network through
the substation. To minimize the power loss, the generation
units are distributed evenly around the substation so as to
shorten the length of low-voltage cables as much as possible.

goodooodoaoad

(I : U]

U Oooodao 0

U Ooooddao ] MPPT Inverter
O O O eece (OO ] DC/DCiDC/ACj
O ooM™™oo O | -
O ooobobao O Generation Unit

] Oo0oo0oodoad 0

o - - O
goodooodoaoad

Figure 1. Configuration of the PV power plant.

The PV inverters are usually current-controlled to improve
the power quality, so the whole farm can be treated as an ideal
current source at the fundamental frequency. Meanwhile, the
grid can be represented by its thevenin equivalent circuit.



Therefore, the simplified circuit of the whole grid-connection
system can be obtained as shown in Fig. 2, where i, is the
current injected by PV power plant, v, is the voltage at PCC,
v, and Z, are equivalent grid voltage and grid impedance at the
PCC. Here, a resistor R, series connected with an inductance
X, are used to model the grid impedance Z, that introduced by
long transmission lines and step-up power transformers.

Ve
S

Zy=R,+jXy

1
| S

PV ifg
Farm

Vpee

PCC

Figure 2. Equivalent circuit.

Under the weak grid condition, the grid impedance Z, can
impose a great limitation on the power transmission. The
stiffness of the gird at the PCC can be depicted by the short
circuit ratio, which can be expressed as:

P, V)Z
SCR=—3¢_ — /12, Q)]
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Accordingly, |Z,| can be represented by SCR, expressed as:

|Zg|:V—g2'
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When the PV power plant is operated with unit PF, the

phasor diagram is shown in Fig. 3, where / ,¥ and Vg are

pv 2" pec

the phasors of i, Ve and vy, respectively.

Figure 3. Phasor diagram when PV power plant is operated with unit PF.

According to Fig. 3, the root- mean-squire (RMS) value of

Vpee can be derived as:

2
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The active power injected by PV power plant is given by:

F’p‘/ = VPCC .Ipl/ (4)

According to (2) and (3), the curves of V. vs. I, and P, vs.
1, under different R,/X, ratios when SCR=1 can be obtained,
as shown in Fig. 4 and Fig. 5, respectively. As seen, V). drops
significantly at the rated /,, injection, especially under the low
R4/ X, ratio. Correspondingly, the active power injected by PV
power plant P,, is also greatly. According to (2)~(4), the
maximum power of P, can be derived as:
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Figure 4. Curves of Ve vs. Iy under different R¢/X, ratios when SCR=1.
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Figure 5. Curves of Py vs. I, under different R,/X; ratios when SCR=1.
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In order to deliver the rated power into the grid, i.e.,
Ppy 0ax>Ppy rated, the minimum SCR is required, and its
expression can be derived according to (2) and (5), given by:

SCR,, =2- (6)

It can be seen that lower SCRuin can be achieved when the
R,/X, ratio of the grid impedance is increased. However, since
the PV power plant is usually directly fed into the high voltage
transmission network with low Rg/X, ratio, the power
limitation is more serious. According to (6), a minimum SCR
of 2 is required when R,/X, ratio approaches to 0.

III.  REACTIVE POWER COMPENSATION OF PV POWER PLANT

In order to operate PV power plant under the ultra-weak
grid condition, additional reactive power compensation is
necessary to raise up the voltage at PCC. In the following
analysis, the grid impedance is assumed to be pure inductive
to draw the worst case, i.e., Z,=jX;.



A.  Comparison of different reactive power compensation solutions

Basically, the reactive power compensation can be
implemented in two ways: 1) Installing external reactive
power compensation equipment, such as STATCOM, SVG, to
generate the reactive power; 2) Using the remaining power
rating of PV inverters to generate reactive power.

Assumed that (0=0.5P,4q 1is required, a reactive
compensation equipment with the power rating of 0.5P,4.q has
to be installed for the first solution. Nevertheless, PV inverters
with 1.12 P.ueq is competent to provide the same reactive
power at the rated active power rejection for the second
solution. So the inverter-based reactive power compensation
solution would be superior to the external compensation
solution in terms of lower cost, higher efficiency. Moreover,
since reactive power is provided by multiple distributed
inverters and thus system reliability can be also improved.

B.  Inverter-based reactive power compensation

To provide the reactive power compensation, the inverters
in PV power plant should be operated with reduced PF.
Assumed that PF angle is ¢, the phasor diagram of the PV
power plant and the grid with inverter-based reactive power

compensation is shown in Fig. 6, where 7, =1 , cos ¢ is the d-

axis current component which is in phase with Vp and
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Figure 6. Phasor diagram using self-provided reactive power

According to Fig. 6, the output active power can be
expressed as

va = Vpcc : [d
; 2 (7
:( vi-(x,1,) +Xg-1qj-1d
And the maximum of P,, can be derived as:
2
cos 4
x|, 1Ty A (8)
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In order to deliver the rated power to the grid, i.e.,
P,y ma>Ppy raed, the minimum SCR requirement can be
derived according to (2) and (8), given by:

scrr, < 21=sin) )
cos @

This is the theoretical minimum SCR without considering
the PF limitation of inverters. As for PV power plant using
inverters which can be operated with PF=0.9 at rated power
injection, the minimum SCR can be reduced to 1.254.

IV.  ADAPTIVE REACTIVE POWER CONTROL TO IMPROVE
THE POWER TRANSFER CAPACITY OF THE PV POWER PLANT

In the inverter-based reactive power compensation
solution, the required reactive power must be allocated to the
individual inverters properly, and the decentralized control
without communication is more preferable because it can save
the cost of establishing communication network among huge
number of PV inverters. Moreover, it is also beneficial to
enhancing the reliability of the system.

The most popular decentralized reactive power control is
droop control, i.e., all the inverters regulated its reactive power
according to the PCC voltage. The basic control scheme is
shown in Fig. 7(a). When the V). is below its nominal value
V,, the inverter will generate inductive reactive power to
provide grid voltage support. Otherwise, it will absorb
inductive reactive power to get the grid voltage down. In order
to equally sharing the reactive power, the inverters are tuned
with same AV and Oumar. The output reactive power of each
inverter is given by:

. ) O

10
AV (10)
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Since all the inverters regulate their reactive power
according the variation of V., a detectable value of AV,
must be guaranteed to ensure the good reactive power sharing
among different inverters. Usually, AV, is set to 5%~10% of
V.. As a result, V,. will be inevitably reduced below it
nominal value when the PV power plant injects the active
power, and the current rating of inverters has to be increased
compared with the same active power injection when V. is
regulated to its nominal value V,. In other word, the power
transfer capacity can be reduced due to the limited current
rating.
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Figure 7. Distruted reactive power control method (a) Conventional droop
control (b)Proposed adaptive droop control

In order to minimize the V). variation, V' can be regulated
dynamically to restore V. to its nominal value. Since Ve
variation is mainly caused by the injected reactive power of
PV power plant, an adaptive law is proposed to adjust V"



dynamically so as to minimize V. variation. The adaptive
law utilizes the dynamic information of the d-axis current
which is readily available in the inverter itself, so completely
decentralized control can be realized without any
communication. The control scheme of this adaptive droop
control is shown in Fig 7(b), where ;... is the available output
g-axis current at rated reactive power rejection limited by
minimum PF;,, given by:

QVI_Panin

= 11
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So the output g-axis current is given by:
i, =(V'G)=V,.) D, (12)

where, Di=lgma/AVinax is the droop coefficient of g-axis
current, and the adaptive law of V" (i,)is derived as:

where N is the number of the paralleled inverters in the PV
power plant. In this way, the voltage variation at PCC caused
by the active power injected of PCC can be greatly eliminated,
so the reactive power can be allocated to individual inverters
in a distributed way without deteriorating V., and thus the
power transfer capacity of the PV power plant can be
increased to its theoretical maximum value.

V.  SIMULATION RESULTS

A.  Discription of the PV power plant

In order to verify the effectiveness of the proposed
adaptive droop reactive power control method, a simulation
model of 20MW PV power plant is built in the Matlab. It
contains 1000 of PV inverters, and the key parameters of
individual inverter is shown in Tab. L.

TABLE I. PARAMETERS OF THE PV INVERTER

Parameters Value
Input voltage Vi 800 V
Rated output voltage(RMS) 7, 230 V
Rated output power P, 20 kW
PF limtation -0.9~+0.9
Maximum apprent power Spax 22.22 kVA
Maximum current rating (RMS) In 96.6 A

According to (9) and the PF limitation in Tab. I, the
minimum SCR for the PV power plant to ensure rated power
injection can be obtained as SCR'min=1.254. So PV power
plant operated under the SCR=1.25 to test this limitation.
Meanwhile, the conventional droop control with AV,,=5%V
is used for comparison.

B.  Simulation Results

The daily generation curves using conventional droop
control is shown in Fig. 8. To obtain a readable figure, 1000
inverters are divided into 10 groups, so each group has
maximum current rating of 7,,=1001,=9.66kA, and igroyp in
Fig. 9 refers to the group output current. P;,, O, are the total
output active and reactive power of the PV power plant,
respectively. As seen, the V.. is reduced to 219V (95%V,,) at
peak hours between 11:00 and 12:30, so actual power transfer
ability of PV power plant is reduced because larger current is
needed to deliver the rated real power. As a result, the power
transfer capacity PV power plant is limited at 19MW. With
the proposed adaptive droop control, as shown in Fig 9, the
voltage drop can be compensated dynamically under different
output power levels. Therefore, more real power can be
delivered given the same current rating lux, and 20MW rated
power delivery can be approximately achieved.

Since the proposed method needs to estimate grid
impedance X, to adjust V", simulation results with £20%
estimation error of X are presented to examine its robustness.
As can be seen in Fig. 10 and Fig. 11, due the parameter
mismatch, V" can be less-adjusted or over-adjusted, and the
voltage variation can be observed at PCC. Nevertheless, it still
works much better than the conventional droop control in
terms of voltage regulation and power transfer capacity.
Similar simulation results can be obtained when the parameter
N in (13) does not agree with the actual number of running
inverters in PV power plant, so it will not be repeated here.

VI. CONCLUSION

This paper investigates the power limitation of PV power
plant under ultra-weak grid condition with SCR close to 1. A
minimum SCR of 2 is required for PV power plant to ensure
the rated real power injection when it is operated with unit
power factor. This requirement can be reduced when inverters
in the PV power plants can provided the reactive power
compensation, and the minimum SCR with different PF is
derived. Moreover, an adaptive reactive power droop control
method is proposed which can improve the power transfer
capacity of the PV power plant to its theoretical limitation
under the ultra-weak grid condition with SCR as low as 1.25.
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Figure 9. Key waveforms with adaptive droop control Figure 11. Adaptive droop control with +20% parameter mismatch



