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SUMMARY

The potential of adverse control interaction among multiple smart PV inverters located in close
vicinity is becoming a concern for utilities given the significant growth of PV systems worldwide. This
paper provides a comprehensive stability analysis of two adjacent PV plants in a realistic utility
distribution feeder considering the impact of various factors, and provides insights into the selection of
appropriate settings for stable operation of neighbouring PV plants under diverse operating conditions.

Volt-Var control is one of the widely implemented smart inverter function for voltage control,
which is mandated by recent Standards and Grid codes such as IEEE 1547 -2018, Calfornia Rule 21,
etc. Different studies of control interactions of smart inverters with volt-var control are reported in
literature with seemingly divergent conclusions in some cases. Some studies have reported that the
interaction between adjacent PV plants can be minimized by increasing the controller delay, whereas
other studies have reported the opposite. This provided the motivation to perform a wide-ranging study
to encompass the results of all the previously reported cases.

A detailed small signal model of two PV plants connected to a realistic 45 km long 27.6 kV feeder
in Ontario is developed in this paper. The developed model considers network dynamics, load dynamics,
and PV plant dynamics (inverter, LCL filter, controllers and associated measurement filters, and
coupling transformer). The different components are modelled as submodules on their own rotating
frame and are transformed to a common d-q reference frame to obtain the complete system model.

The impact of slope of Volt-Var function, delay (includes voltage averaging time, and other
inherent delays in voltage control loop), response time of current controller, distance between PV plants,
and X/R ratio of feeder, on the controller interaction are investigated. The results of small signal studies
are subsequently validated by time domain simulations. This work presents a comprehensive evaluation
and thus provides valuable insights on the interaction between multiple PV plants while providing Volt-
Var control. Additionally, it also bridges the different perspectives reported in literature on impact of
delay on interaction between two PV plants.
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I. INTRODUCTION

With increasing concern over global warming, the use of renewable energy is growing at a rapid
rate around the world [1]. It is predicted that the global installed capacity of PV systems will reach 1100
GW by 2023 [2]. As conventional centralized thermal generators are replaced with distributed renewable
energy sources such as solar photovoltaic, it leads to overvoltage issues in the distribution system. To
improve the voltage quality at distribution network, advanced Photovoltaic (PV) inverters are required
to provide control of real and reactive power both autonomously as well as in response to utility
communicated signals [3]. These advanced inverters termed as smart inverters provide different grid
support functions including Volt/Var control, Volt/Watt control, Frequency/Watt control, ramp rate
control, High/Low Voltage Ride Through (H/L VRT), High/Low-Frequency Ride Through (H/L FRT),
etc. [3], [4].

Volt-Var control is one of the widely implemented smart inverter functions for voltage control, which
is mandated by recent Standards and Grid codes such as IEEE 1547 -2018 [5], California Rule 21 [6],
etc. With the rapidly growing proliferation of PV power plants in electrical networks, it is highly likely
that multiple PV plants (up to few MW) may get connected to the same distribution feeder. The
participation of multiple neighboring PV units in voltage regulation may cause excessive circulating
current between PV inverters, or even unstable operation of the PV inverters. The possibility of these
potential adverse control interactions between multiple smart inverters is becoming a concern for
utilities. These interactions are influenced by the inverter response time, slope of Volt-Var function,
delay, and distribution feeder parameters. Even though the impact of above factors on control
interactions are reported in literature [7-10], no comprehensive analysis considering all the above said
parameters are reported to the best of authors’ knowledge. Furthermore, different studies on the impact
of time delay on control interactions of smart inverters with Volt-Var control reported seemingly
divergent conclusions. The studies in [ 7-9] reported that an increase in controller delay causes undesirable
oscillations whereas [10] reported the opposite. These reasons provided the motivation to perform a wide-
ranging study to encompass the results of all the previously reported cases.

This paper presents a comprehensive evaluation of control interactions between two PV plants while
providing Volt-Var control using a detailed system model considering PV plant dynamics, load dynamics,
and network dynamics. The novel contributions of this paper are that it:

e provides insights on the impact of various PV plant, and distribution system parameters on

interaction between multiple PV plants while providing Volt-Var control.

e bridges the different perspectives reported in the literature on the impact of delay on the

interaction between two PV plants.

The rest of the paper is organized as follows. The study system is described in section II, whereas the
small-signal model is presented in section III. The results of small-signal analysis and time-domain
simulation studies are shown in section IV, and V, respectively. The conclusion of this work is stated in
section VL

II. STUDY SYSTEM

The study system is illustrated in Figure 1. It is adapted from a 45 km long 27.6 kV feeder in Ontario,
Canada [11]. The feeder is energized by 115kV transmission network and it is transformed to 27.6 kV
by the transformer T; at distribution substation. Two PV plants of 6 MW ratings are connected to the
feeder at Bus 2, which are 35 km away from the distribution substation. Total load (SL) of 5.3 MVA at
0.9 power factor is connected at feeder end. Each PV plant consists of DC link capacitor, inverter, LCL
filter, padmount transformer, and collector cables. The MPPT voltage is assumed to be 1.2 kV in this
study. The LCL filter is designed as per [12]. The padmount transformer T, is rated at 0.480/27.6 kV.
The HV terminal of T, is considered as PoC for the PV plant. The PV power is fed to the distribution
feeder through collector cables[13]. Bus 2 is the PCC for both PV plants.

III. SMALL SIGNAL MODELING OF STUDY SYSTEM

The small signal model of the study system is developed in synchronously rotating d-q frame.
The modeling strategy used is dividing study system into multiple sub modules and modeling each
submodule in its corresponding d-g frame. The state space equations of network components and the
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load are derived on a d-g frame (d,,, g,,) rotating at network frequency. This frame is considered as the

common reference frame in this study. Each individual PV inverter is modelled on a d-g frame (d;, q;),

whose rotational frequency is set by the inverters phase locked loop. The inverter models in their

individual d-¢g frame (d;, q;) frame are then transformed to the common d-g frame (d,,, q,;) using the
transformation given in (1).
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where, §; is the angle difference the rotational frame of i inverter (d;, q;) and network frame
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Figure 1. Single line diagram of study system.

A. Network Model

The network model consists of state space equations of 115kV transmission network,
transformer T; , distribution feeder and load. The 115kV transmission network is modelled as a voltage
source behind Thevenin’s equivalent impedance. The distribution feeder is represented by its lumped
equivalent model. The load is modelled as constant impedance, resistive — inductive load. The state
space model of the network developed in abc frame and are transformed to d-g frame [14]. This model
is then linearized around an operating point to obtain the state space model of the network. The small
signal model of the network is given in (2).

Xn = A1 Xy +B11Upy + By, Usy + BisUss
17;1 = C11)?1'z 2)

where,
Xn =LV1d V}i ngi, VZLVSd V3q Igd ng Ild’llq Izd IZq I3d I3q ]T
Upr = [ng qu]T' Uiz i[lpvuzvlpvlg]Tr Uiz = [Ipvaa Ipvzq]T
Yi1 = [Vaa V2q]T

Vjq and Vj, are the d-q components of j® bus voltage. ljq and [, are the d-g components of current
flowing through the feeder connecting j* and (j+1) ™ bus. I;4 and I, are the d-g components of grid
current. Vg and Vj, are the d-g components of grid voltage. Ipy jq and Ipy 4 are the d-g components of
output current of j PV solar farm.

A, is the system matrix. By, Bi, and B;3 are the control matrixes. C;4 and C;, are the output

matrixes. The variables with ‘~’ represents linearized quantity. There are 14 states, 6 inputs and 4
outputs in the developed network model.



1) Model of a PV plant

The PV plant consists of two sub systems: PV power circuit and control circuit. PV power circuit
consists of Voltage Source Converter (VSC), filter, pad mounting transformer, and collector cables. The
control circuit includes Phase Locked Loop (PLL), current controllers, measurement filter, Volt-Var
controller and Active power controller.

2) PV power circuit
The PV power circuit model consists of DC link capacitor, LC filter, padmount transformer, and
collector cable dynamics [14]. The developed small signal model of the PV plant is given in (3).

X, = A, X,+By, Uy + By Uy,
Y;1 = 621)?;» Y;z = 6225(; 3)

Vac is the DC link VOltage- Iinya, Iinvqs chds chqe Vpocas VPGCs Ipocas IPGCe Ipya, IPqu Vpccas VPCan
are d-g components of VSC output current, filter capacitor terminal voltage, PoC voltage, PoC current,
PCC current, and PCC voltage, respectively.

3) PV control system

The modeling of Volt-Var controller is discussed below. The other controller components are
modelled as per [15], and are not included here due to limitation of space. The structure of a typical
Volt-Var controller is shown in Figure 2. The Volt-Var controller generates reactive power set point
based on moving fixed width time window average value of PV terminal voltage. The moving average
window time (denoted as delay here), dead band and slope of Volt-Var curve are user settable [3].
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Figure 2. Structure of a Volt-Var controller.
The dynamics of Volt-Var controller are defined by (4).
dXyy _ Veoc  Xuw

dt Tgq Ta
Lyref = % ( X,y — V3), for Voltage swell. (4)
Igrer = 2S1opecap ( Xy, — V), for Voltage sag.

3Vefam
where, Slope;,q and Slope q), are the slopes of inductive and capacitive operations of Volt-Var curve.
T4 is the time constant of voltage averaging window. V3 is the lowest voltage level for which inverter
generates inductive reactive power. V;, is the highest voltage level for which inverter generates capacitive
reactive power. The calculation of I is different for inductive (voltage swell), and capacitive (voltage
sag) operation of Volt — Var control. Thus, while developing small signal model, appropriate equation
for Irer should be used based on mode of operation (capacitive or inductive). The small signal model
of PV control system is given by (5).

X3 = A3X3+B3,U3; + B3y Usy

Y31 = C31X3+D3, U3,

6))

where,
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Voo =My g Gpl”
Veocams> Veocqms Vefams Veqm» are d-q components of filtered PoC voltage, and filter capacitor terminal
voltage, respectively. ppy, Xpu, Xa, Xq, Xac, and Xy, are PoC voltage angle, and state variables of
PLL, d and g axis current controller, DC voltage controller, and Volt-Var controller, respectively. m
and mg are d and g axis components of modulation index respectively. Vgereris the DC link voltage

reference.

4) Complete model of PV Plant.
The overall model of PV system is obtained by combining the models of PV power circuit (3) and PV
control system (5), and expressed as (6). The model of each PV plant has 21 states, 3 inputs and 2
outputs.

Xpv; = ApyjXpy;tBpyj1Upy;1tBpyj2Upy )2

YPV] = CPVj)?;I;; (6)
where,
Apy; = A, BZ1C31]
/ B31C22 A3 21x21

B}:Kﬂj [B21]21x2 » fpvjz = [332]21><1rCPVj = [Cq £]2x21
XPV] = [X; X3]T; UPV]l =~[U21 ]i: [Vpotc’i\’mefﬂT' UPV]Z = [Us;] = [Vdcref]
YPV] = [Y21]T = [Ipva IPVq]T
subscript j denotes j PV plant.
B. Overall System Model

The linearized model of complete study system is obtained by combining the models of network (2),
PV plant 1 and PV plant 2, as given in (7). Both PV plants are modelled using (6). The overall system
model with two PV plants and network have 56 states and 4 inputs.

Y;y-; = Asysz;+BsysU;; (7)
where,
Ay B12Cpy1  B13Cpy2
Asys = |Bpv11Cin  Apyi 0 l
Bpy21Ci 0 Apvz lgeuse
Bi, 0 0
Bsys: 0  Bpyiz 0 l
0 0 Bpy12 56X4

Xsys = [)?7'1 Xpv1 XPVZ]Ta Usys :[‘7;1 ngz Vdclref Vchref]T

IV. SMALL SIGNAL STUDIES

The impact of variation of various parameters on control interaction between neighbouring PV plants
while providing Volt-Var control is studied in this section. Both PV plants are assumed to be generating
0.9 pu active power and operating in inductive mode (Voltage swell) of Volt-Var control.

A. Impact of delay

The impact of time delay on control interaction is investigated by varying the delay between 0.001s -
1s. The response time and slope are set at 0.007s, and 15, respectively. The X/R of feeder and short
circuit ratio at PCC are 2.5, and 3.5, respectively. The locus of dominant poles for the variation of delay
are illustrated in Figure 3. With increase in delay, the dominant pole shift to right, and eventually make
system unstable. However further increase in delay shifts the pole to left and thus making the system
stable. This observation shows that increase in delay can have either a positive or negative impact on
control interactions.

B. Impact of response time

The loci of dominant poles for variation of response time is studied by varying response time
between 0.001s - 1s, and results are depicted in Figure 4. The delay and slope are 0.005s, and 15,
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respectively. The X/R of feeder and short circuit ratio at PCC are 2.5, and 3.5, respectively. For the
variation of response time, dominant pole shows similar behavior as in the case of variation of delay.
The control interaction is minimal for the fastest response (small response time). The frequency of
oscillation is high for the smallest response time (fastest control), but the oscillations damp fast due to
large damping ratio. The frequency and damping ratio of the sensitive mode decreases with increase in
response time, and the mode eventually becomes unstable. With further increase in response time, the
sensitive mode shift towards left and becomes stable, again.

The above studies show that response time and delay have similar impact on control interactions.
The increase in delay and response time can both positively or negatively damp the control interactions.
Thus, based on the initial operating point and range of variation of these factors considered, different
results can be obtained. This explains the different perspectives reported in literature on impact of delay
and response time.
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Figure 3. Variation of dominant poles for  Figure 4. Variation of dominant poles for varying
varying delay. response time.

C. Impact of Slope

The effect of slope of Volt-Var controller on control interaction is studied by varying the slope
between 5 - 40. The delay and response time are 0.008 s, and 0.003 s, respectively. The X/R of feeder
and short circuit ratio at PCC are 2.5, and 3.5, respectively. The result of this study is illustrated in Figure
5. As the slope increases, the sensitive mode shifts right and thus reduces the stability of system. The
reactive power injected by PV plant increases with increase in slope. For a large slope, the larger reactive
power injection causes greater variation in voltage and potentially lead to oscillatory response. However,
for small slope, the reactive power injected by PV plant is low. Hence, the variation in voltage is lesser
compared to large slope, and a more stable response is obtained.
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D. Impact of System strength

The effect of system strength is evaluated by varying the short circuit ratio (SCR) at Bus 2 from
1.5 (weak system) to 5 (strong system), and the results are shown in Figure 6. The delay and response
time are 0.008 s, and 0.003 s, respectively. The slope is 15. The X/R of feeder is 2.5. The sensitive mode
shifts to the right with reduction in system strength. With decrease in system strength, the modal
damping of sensitive mode reduces, whereas its frequency increases.

E. Impact of feeder X/R ratio

The system X/R is varied between 1-8 to study its influence on the interaction between PV plants
while providing Volt-Var control. In this study, the delay and response time are 0.008s, and 0.006s,
respectively. The slope is 15. The short circuit ratio at PCC is 3.5. The locus of dominant mode is
plotted in Figure 7. With increasing X/R, as the network becomes more inductive, the sensitive pole
shifts to the right. The control interaction is minimal in a network with low X/R ratio due to the large
damping introduced by the higher resistance.

V. TIME DOMAIN SIMULATION STUDIES

Time domain simulation studies are done on PSCAD software to validate the results of small
signal studies. In the following simulation studies, both PV plants are initially generating 0.9 pu active
power at unity power factor (UPF). The Volt-Var control of PV plant 1 (PV1) and PV plant 2 (PV2) are
enabled at 1.5s, and 2.5s, respectively. The system conditions are identical to small signal studies, with
X/R, SCR and slope as 2.5, 3.5, and 15, respectively.

A. Impact of delay
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Figure 8. Reactive power output (Q) of both Figure 9. Reactive power output (Q) of both
PV plants for delays of: (a) 0.003 s, (b) 0.009 PV plants for response time of: (a) 0.001 s,
s, and (c) 0.05 s. (b) 0.015 s, and (c) 0.5 s.

The reactive power output (Q) of both PV plants for three different time delays are depicted in Figure
8. Figure 8 (a) - (c) depicts response for delays of 0.003 s, 0.009 s, and 0.05 s, respectively. The response
time is 0.007 s for all the cases. The system is stable for small value of delay (0.003 s), and a large value
of delay (0.05 s), whereas it is unstable for an intermediate value of delay (0.009 s). These results
correlate well with the small signal analysis. These results further confirm that system becomes unstable
with increase in delay, and a further increase in delay makes the system stable

B. Impact of response time

The reactive power output (Q) of both PV plants for three different response time are illustrated
in Figure 9. Figure 9 (a) — (¢) depicts reactive power for response times of 0.001 s, 0.015 s, and 0.5 s,
respectively. The delay is 0.005 s. Stable response is observed for small response time (0.001 s), and
large response time (0.5 s). But the system is unstable for intermediate value of response time (0.015 s).
This result also matches with the small signal results.



The above time domain simulation verifies that the variation of delay or response time can cause
either a stable or unstable response. Thus, to ensure stable operation, the impact of delay and response
should be studied for the specific system before setting the above parameters.

VI. CONCLUSION

The Volt-Var control of neighbouring PV plants can potentially cause undesirable control
interactions between them. With the rapid growth of PV plants, the possibility of these undesirable
interactions is becoming a concern for utilities. In literature, apparently divergent conclusions are
obtained on the impact of various factors (delay and inverter response time) on these control interactions.

Using a detailed small signal model of two PV plants connected to a realistic 45 km long 27.6 kV
feeder in Ontario, the impact of slope of Volt-Var function, delay, response time of current controller,
system strength, and X/R ratio of feeder on the controller interaction, are investigated. The results of
small signal studies are validated using time domain simulation studies.

The PV plants interact adversely with increase in slope, increase in X/R ratio, and reduction in system
strength. With increase in delay, and response time, the sensitive eigenvalue moves towards the right
and make the system unstable. However, with further increase, this sensitive eigen value shifts left, and
thus make system stable. This observation shows that the increase in delay and response time can have
both a positive or negative impact on the interaction between PV plants. Thus, the impact of delay, and
response time on system stability should be analyzed on system by system basis to ensure stable
operation.
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