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Abstract

The increase in electricity demand and the need for renewable energy are driving the rapid adoption of distributed
generation sources, where photovoltaic (PV) generation holds a leading position. While PV systems convert free
sunlight into electrical energy, their sensitivity to weather variations and lack of inertia limit widespread application
without auxiliary energy storage systems. The variable nature of output power caused by dynamic solar radiation
intensity changes is one of the main challenges for PV. In weak electrical grids, PV output power changes could
significantly affect voltage levels, leading to electromagnetic compatibility issues and compromising the stability of
generation sources and consumers. This paper focuses on studying short-time intensive solar irradiance changes the
impact on a PV-rich medium voltage grid. Using the MATLAB/Simulink environment the rapid solar irradiance
changes have been modeled to examine output PV power changes and the resulting voltage changes in the point of
common coupling, depending on the control mode applied by the PV inverter.
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1. Introduction

While integrating new solar power plants into the existing grids, severe problems could arise due to photovoltaic
(PV) output power changes. The dense cloud cover movement is one of the key weather factors. A sudden decrease in
solar irradiation on the panels leads to a sharp drop in the PV output power and a voltage reduction at the point of
common coupling (PCC). Conversely, overvoltage conditions appear under high power from PV and decreased PCC
load. Such voltage changes could negatively impact consumers, particularly constant power load consumers, who
restore their previous consumption level by increasing the current. This is especially dangerous for consumers, such as
induction motors, as a voltage reduction leads to a decreased electromagnetic torque, potentially causing their
disconnection from the grid, increased reactive power consumption, and the risk of voltage collapse.

2. Analysis of publications and research

Early studies on the integration of PV into the power grids [1]-[4] examine the dynamic response of photovoltaic
generation systems to rapid changes in solar irradiance under high solar penetration conditions. The authors found that
the voltage levels at the PCCs experience significant deviations during the sharp irradiance change periods if PV
inverters are not equipped with reactive power control features. These studies also established that with an increasing
level of PV penetration, the amplitude of such voltage changes grows substantially. The simulated impact of rapid solar
radiation changes on the distribution grid shows that PV power variations pose a potential threat to voltage stability due
to the rapid decrease in generated power, delays in transformer on-load tap changer (OLTC) operation, and dynamic
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loads — particularly induction motors — which significantly affect operational stability. The authors emphasize that
equipping inverters with reactive power control features brings a positive impact on power quality and voltage stability.

Recent studies focus on inverter control systems improvements for PV power plants [5], [6], particularly the
application of smart inverters with extended reactive power control capabilities during the nighttime [7] and the
implementation of grid-support functions during voltage sags and LVRT [8]. Some studies analyze dynamic stability
and short-term voltage changes caused by cloud transients, load fluctuations, and fault conditions at the PCC [9], [10].
Other studies are devoted to the long-term PV operational stability research [11], [12], where the authors demonstrate
that existing PV control techniques have several drawbacks in long-term voltage control efficiency and propose
improved systems to address these issues.

3. Goal of the paper

The purpose of this research is to model the impact of the rapid solar irradiance changes on grid voltages under
the different inverter control modes applied to the PV power plant; to analyze voltage changes caused by changes in
the active power of PV; and to create a parameterized computer model for further research.

4. Initial data

The studied medium voltage (MV) power system diagram with a PV plant, which consists of panels themselves
and inverters, and is connected to the external power grid via a 25 km 35 kV overhead transmission line, is shown in
Fig. 1. All components of the power plant are connected to the 10 kV buses of a transformer with a rated power of
10 MVA. Local consumers are also connected to the 10 kV buses of the transformer. These buses are the point of
common coupling (PCC) for all elements of the system.

110 kV
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<4+— =
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Fig. 1. Schematic diagram of the studied power system.

5. Modeling the inverter control processes

The MATLAB/Simulink environment was used for modeling. To model the power transformers’ operation,
catalog data and the "Three-Phase Transformer (Two Windings)" and "Three-Phase Transformer (Three Windings)"
blocks were used; the parameters for the power transformers are provided in Table 1. The electrical connection between
the Point of Common Coupling (PCC) transformer and the main system is established by an overhead power
transmission line. The transmission line was modeled based on the catalog data for the AS-70/11 conductor and
implemented using the "Three-Phase Series RLC Branch" block; the parameters for the transmission line are presented
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in Table 2. To create the load at the PCC and at the beginning of the line, the "Three-Phase Series RLC Load" block

was used; the parameters for the load are given in Table 3.

Table 1. Power transformer parameters.

Name of parameter Tl T2 T3
Apparent power S, MVA 25 10 5
Winding 1 voltage V1, kV 115 38.5 10
Winding 2 voltage V2, kV 38.5 10.5 0.7
Winding 3 voltage V3, kV 11 - 0.7
Winding 1 R, p.u. 0.00375 | 0.00375 | 0.00465
Winding 2 R, p.u. 0.001343 | 0.00375 0.0093
Winding 3 R, p.u. 0.0081 - 0.0093
Winding 1 L, p.u. 0.04 0.04 0.0375
Winding 2 L, p.u. 0 0.04 0.075
Winding 3 L, p.u. 0.0675 - 0.075
Magnetization resistance, Rm, p.u. 806 690 544
Magnetization inductance, Lm, p.u. 145 127 114

Table 2. Power transmission lines parameters.

Name of parameter Value
Length, km 25
RO, Ohms 0.306
X0, Ohms 0.444

Table 3. Load parameters.

Name of parameter Value
P, MW 5
Qi, MVar 0.5
Pyec, MW 9.5
Qpec, MVar 1

The “PV Array” block was used to model the set of photovoltaic panels, connected in series to achieve desired
voltage and in parallel for desired current, allowing simulation of output power change by causing incoming solar
irradiance and temperature changes. The key parameters of the PV array are shown in Table 4. The “Three-Level NPC
Converter” was chosen to model DC to AC converter, the inverter parameters are shown in Table 5. The low pass filter

parameters are presented in Table 6.

Table 4. PV panels parameters.

Name of parameter

Value

Module data

Solar GS-420KR3

Maximum power, W 420.0526
Open-circuit voltage Vo, V 60.65
Short-circuit current I, A 9.12
Voltage at maximum power point Vi, V. 48.73
Current at maximum power point Ly, A 8.62
Temperature coefficient of V., %/deg. C -0.36
Temperature coefficient of I, %/deg. C 0.05

Parallel / Sequential

2 x 31s150p
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Table 5. Inverter parameters.

Name of parameter Value
Model type Average model U ref controller
Diode on-state resistance, Ohms 0.001
Diode snubber resistance, Ohms le6
Diode snubber capacitance, F inf
Diode forward voltage, V le-3
DC side snubber resistance, Ohms inf

Table 6. Low pass filter parameters.

Name of parameter Value
L1, mH 150
L2, mH 150
C, uF 500

The inverter control system is implemented based on a phase-locked loop (PLL), achieving inverter voltage
synchronization with the measured voltage signal at the point of common coupling (PCC). While the inverter mimics
the voltage, the operating modes are controlled by current. To simplify the inverter control system tuning,
synchronization with an ideal voltage source has been used, which eliminates undesirable distortions of control signals
caused by grid synchronization deviations. The PV system functional diagram is shown in Fig. 2.
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Fig. 2. Functional diagram of the PV system.

The control system was modeled based on Kirchhoff’s voltage law for the inverter — filter inductance — filter
capacitor loop in the complex-vector form of current and voltage values in the dg0 coordinate system:

Uy = U, + jwLy Ty, (1)

= . . 3 . . - . .
where U,,, is an inverter output voltage vector; U, is a capacitor voltage vector; I, is a vector of current from inverter
toward filter; L, is a filter inductance.

By decomposing the vectors (1) into their real and imaginary parts for each vector, the following expression is
obtained:

Uinvd +jUinvq = (Ucd +chq) +ij1(Iinvd +j1invq)' (2)

where Up,y, ¢ is a d-axis component of the inverter voltage; U;p, 4 is a g-axis component of the inverter voltage; U, 4 is
a d-axis component of the filter capacitor voltage; U, , is a g-axis component of the filter capacitor voltage; I;ny ¢ is @
d-axis component of the inverter current; I;,,, 4 is a g-axis component of the inverter current.

For convenient application in the control system, they have been converted into a system of equations grouped by
the values in the real plane and the imaginary plane:
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{ Urera = Uca — Wlilinyg; 3)

jUrefq = chq + jwlLiliny g-

To introduce the reference current values liny g ref and iy, g rep into the system of equations (3), proportional—
integral (PI) controllers outputs (uq p;, Uq pr) are used, representing the operation of PI controller for the corresponding

currents. Thus, the inverter control system takes the form of two control loops — the d-axis current control loop and the
g-axis current control loop:
{ Uinv dref = Ug pr (Iinvd ref Iinvd ) - lelinvq + Ucd; (4)
Uimi qref = uq PI (Iinvq ref — Iinvq ) + lelinvd + Uc q’

where ug p; is output signal of PI controller for d-axis current; ug, p; is output signal of PI controller for g-axis
current; Ijyy, g e is reference current in d-axis; lin, q e is reference current in g-axis.

D-q axes currents PI controllers’ outputs:

t

ugp(t) = Kp (Iinvdref(t) = linpa (t)) + Kij(; (linvdref(r) - Iinvd(T)) dr; (5)

quI(t) = Kp (Iinvqref(t) - Iinvq (t)) + Kifo (linvqref(r) - Iinvq(T)) dr, (6)

where K, is the proportional gain of the PI controller; K; is the integral gain of the PI controller; 7 is the integration
variable.

Since Ujpy, ¢ and Upp,, 4 are large magnitude values, they must be normalized for use in the control systems:

{ Upwm dref = Uiny dref/(Udc/z); )

Upmw qref = Uinvqref/(Udc/z):

where Uy,ywm darefs Upmw qrer are the reference voltage in d-q axes used for PWM generator control; Uy, is the DC
bus voltage.

Since the variation of solar irradiance directly affects the generated active power, the reference current I, g rer
value must be carefully adjusted to obtain the maximum power from the solar panels on the one hand, and to maintain

the system stability on the other. The d-axis current control equation takes the form of the PI controller output by
continuously tracking the difference between the solar panel voltage and reference voltage:

Iinvdref = Upy PI(Upv ref — Upv)' )]

where Up,, rer is the reference voltage of the PV panels; U,,, is the measured voltage of the PV panels; u,,, p; is the
output signal of PI controller of PV voltage.

PV voltage PI controller output:

t

s 1(8) = Ky (U rer© = Upn©) 4 Ki | (U ey () = Uy @) ©

where K, is the proportional gain of the PI controller; K; is the integral gain of the PI controller; 7 is integration variable.

To model various techniques of reactive power control, the reference current value Iy, ¢ -y Should be continuously
adjusted by the control system as a function  reacting to external parameters
change depending on the specified reactive power control mode, Iinyqref = f (@) for constant power factor or

Liny gref = f(UpCC) for Volt Var control.
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To mimic the solar irradiance changes, the results of [13] were used. According to the source, the most probable
ramp rate of solar irradiance during dense moving clouds lies in the range of [— 200 ... + 200] (W /m?)/s. The solar
irradiance variations over 240 seconds used for further modeling are shown in Fig. 3.
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Fig. 3. Solar irradiance variation.

To configure the control system for constant power factor mode the PI controller has been used, which
continuously adjusts the g-axis inverter current:

Iinvqref =Uypr (Pgridtg((pref) - Qgrid)t (10)

where tg(¢@yf) is a desired power factor for the control system to maintain; Q4,4 is a measured value of inverter output
reactive power injected into the grid; Py,;q is a measured value of inverter output reactive power injected into the grid;
Uy, py is the output signal of power factor PI controller.

Power factor PI controller output:

u(p PI (t) = Kp (Pgrid (t) tg((pref(t)) - Qgrid (t)) + Ki JO (Pgrid(T) tg((pref (T)) - Qgrid (T)) dr ’ (11)

where K, is the proportional gain of the PI controller; K; is the integral gain of the PI controller; 7 is integration variable.

Depending on the selected reactive power control technique, a different voltage profile and amplitude of the
voltage changes will be observed at the PCC. This is because modern PV inverters are capable not only of converting
DC into AC, but also of operating as dynamically controlled devices, generating or consuming reactive power.

Fig.4 presents the simulation results to demonstrate the operating conditions of the PV inverter with a unity power
factor. In this case, the inverter generates only active power, while its reactive power equals zero (Fig. 4,a). Fig. 4,c
demonstrates the current component along the q-axis, which corresponds to reactive power, is adjusted by the control
system (10) to maintain the inverter’s output reactive power, whereas the d-axis component varies according to changes
in solar irradiance (8). In this operating mode, the voltage at the PCC (Fig. 4,b) increases proportionally to the changes
in active power generation. This phenomenon is explained by the fact that the power flow from the PV inverters to the
grid reduces the voltage drop across the transmission line impedance, resulting in a voltage increase at PCC.

For comparison, Fig. 5 shows the system controls reactive power maintaining a fixed inductive power factor
(cospiny, = 0.95). In this case, in addition to active power generation coming from PV, the inverter consumes reactive
power from the grid proportionally to the specified power factor. This is shown in Fig. 5,c, where the current component
along the g-axis has a negative value. Fig. 5,b demonstrates voltage changes are significantly lower compared to the
operating mode with cosg;,, = 1. This mode serves as an effective method for preventing overvoltage, particularly
during periods of peak solar activity and low local demand.
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Fig. 4. Simulation results of the constant power factor cosg;,;, = 1 reactive power control mode.
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Fig. 5. Simulation results of the constant power factor cosg;,,, = 0.95 (inductive) reactive power control mode.

Fig. 6 displays the simulation results for the operating mode with a capacitive power factor, in which the inverter
generates reactive power proportionally to the generated active power. In Fig. 6,c, the current along the g-axis has the
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opposite direction and a greater amplitude compared to the inductive mode, which makes it an amplifier of voltage
deviations during the active power generation changes caused by irradiance variations.
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Fig. 6. Simulation results of the constant power factor cosg;,,, = —0.95 (capacitive) reactive power control mode.

By analyzing the plots presented in Fig. 4, Fig. 5 and Fig. 6, the common pattern of reactive power control in PV
power plants with a constant reactive power factor has been identified and confirmed — a reduction of the amount of
reactive power generated into the grid leads to a decrease of voltage changes in the PCC connection with electrical
grid [14].

However, this control mode does not provide an adaptive response to variations in grid parameters and does not
allow the inverters to maintain the voltage within a specified range, which restricts its application in the grids with a
high share of distributed generation.

To implement the Volt Var reactive power control mode, a PI controller was used, whose output adjusts the
inverter current magnitude along the g-axis based on measured and reference voltages at the PCC buses:

Iinvqref = uvpcc PI (Uref pcc — Upcc)» (12)

where Uy.f pcc is the reference value of the voltage to maintain at the PCC; U . is the measured value of the voltage
at the PCC; Uy p; is the voltage PI controller output.

Voltage PI controller output:

Uypcc PI (t) = Kp(Uref pcc(t) - Upcc(t)) + Kif (Uref pcc(T) - Upcc(T)) dT' (13)

where K, is the proportional gain of the PI controller; K; is the integral gain of the PI controller; 7 is integration variable.

The simulation results of PV operating in the PCC voltage support mode is presented in Fig. 7. The variations of
PV output power shown in Fig. 7,a indicate that the reactive power increases inversely proportionally to the changes in
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active power, thereby compensating the variations in solar irradiance. While output power remains the same, Fig. 7,5
demonstrates a stabilized voltage level at the PCC achieved solely through Volt Var reactive power control technique.
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Fig. 7. Simulation results of the Volt Var voltage support reactive power control mode (Upcc rep = 1.04).

6. Conclusion

In this study, a control system for a photovoltaic (PV) inverter was modeled, and a comparative analysis was
conducted on reactive power control techniques for the PV plant integrated into a medium-voltage grid. The abrupt
variations in solar irradiance, causing PV output power changes, were considered as a key factor in voltage changes.
Results indicate that in grids featuring a substantial proportion of PV generation, power changes induced by the
irradiance changes can cause significant voltage changes at the point of common coupling (PCC). The profiles of the
voltage changes at PCC were examined depending on the reactive power control technique. The results show that
inverters equipped with the reactive power control features are also effective support devices, maintaining voltage
within predefined bounds.

Findings reveal that when incorporating PV power plants into suitably designed grids, voltage control can be
performed without the use of expensive energy storage systems, utilizing only the reactive power capabilities of PV
inverters. This underscores the role of PV power plants as a grid support asset, especially in scenarios with elevated
renewable energy penetration.
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MogaenrBaHHs NpoueciB KepyBaHHA 1 POTOCJIEKTPUYHUX CTAHIIH

Oner Makcumyk

Hayionanvuuii ynigepcumem «Jlvgiecoka nonimexuixay, eyn. C. banoepu, 12, m. Jlvsis, Yrpaina

AHoOTAaNis

30UIbIICHAS TIONMUTY HAa CNEKTPOCHEPTril0 Ta MOoTpeda B BiTHOBIIOBAHIM EHEPrii CIPHUAIOTH MIBHIKOMY
BIPOBAKEHHIO JDKEpEJ PO3IOJIICHOT0 TeHepYBaHHs, Cepell SIKMX COHAYHA SHepreTHKa 3aliMae IpOBiJHE Micle.
DoTOENEKTPUYHI CUCTEMH TIEPETBOPIOIOTH €HEPTil0 COHSYHOIO CBITJIA HAa EJNEKTPUUYHY, HPOTE YyTIMBICTH IO 3MIiH
MOTOJTHUX YMOB OOMEXKYE TX MIHPOKE 3aCTOCYBaHHs 0€3 JOMOMDKHUX CHCTEM eHepro3zoepexerns. OIHIE 3 TOJOBHUX
mpo0JIeM Mig 9ac eKCIuTyaTarii pOTOeIeKTPIUYHIX ITaHeIel € 3MIHHUH XapakTep BUXITHOT MOTYKHOCTI, CIPUYUHCHHAN
3MiHaMH IHTEHCHBHOCTI COHSIUHOI pajianii. B c1a0Kux eJIeKTpUUHUX MepeKax JUHAMIYHI 3MIHU aKTHBHOT IOTY>KHOCTI
MaroTh 3HAYHMH BIUIMB Ha PIBHI HANPYTH i, SIK HACIIIOK, HA €JIEKTPOMArHITHY CYMICHICTb 1 CTIHKICTh POOOTH JiKepen
TeHepyBaHHs Ta croxkuBaviB. Ha mpukiani Mepexi 3 OJHOCTOPOHHIM >XHMBJICHHSM, BUKOPHCTOBYIOUH HpPOTpamMHE
cepenoBuiie MATLAB/Simulink, mocnmipkeHO BIUIMB 3MiH MOTY>KHOCTI (DOTOENEKTPHYHOI CTaHIN{ BHACIHIIOK
JUHAMIYHHUX 3MiH COHSIYHOI pajiamii Ha piBHi HAIPyTH B IMYHKTI CHiTBHOTO IpHenHaHHA. [IpoaHanizoBaHO XapakTep
3MiH HalpyTI'H 3aJIe’KHO BiJl cr1oco0y KepyBaHHs IHBEpTOpaMH (POTOCNEKTPUUHHUX CTaHIIH.

KaiouoBsi ciioBa: coHs4Ha enekTpocTaHLis; (GOTOSNEKTPUYHA MTaHEeNb; PEaKTUBHA MOTY>KHICTh; 3MiHa HaINpyTH;
SJIEKTPUYHA MEpexKa.
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