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Abstract 

 

 This paper investigates the impact of a large photovoltaic (PV) penetration on power system 

small signal oscillation stability. A comprehensive model of a single-machine infinite-bus 

power system integrated with a PV power generation power plant is established. Numerical 

computation of damping torque contribution from the PV power plant is carried out, which is 

confirmed by the results of calculation of system oscillation model and non-linear simulation. 

Those results indicate that power system oscillation stability can be affected either positively 

or negatively. There exists an operational limit of the PV power plant as far as system 

oscillation stability is concerned. Beyond the operational limit, the PV generation supplies 

negative damping torque, thus damaging system oscillation stability. Hence for the safe 

penetration of PV generation into power systems, the operational limit of oscillation stability 

of the PV power plant must be considered.
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Chapter 1 

1 Introduction 

 

This chapter introduces the background to the stability study of grid connected solar PV system. 

It describes the motivation and objective of studying the topic of solar PV power integration. 

 

 

 

1.1 Background 

Solar power is the production of electric power by utilizing thermal energy of sunlight rays from 

the sun. It consists of a solar power source and a converter of the energy from sunlight to electric 

energy. This power can be independent of a conventional power grid or can be integrated to an 

existing conventional electricity grid at transmission or distribution level. Solar power is divided 

into two branches of technology that are popular today. These are Concentrated Solar Power (CSP) 

and Photovoltaic (PV) solar power systems.  

Solar power in form of CSP operates similar to thermal power plants and is sometimes referred to 

as Concentrated Solar Thermal. It uses reflecting mirrors that reflect sunlight to a common point 

and heat a fluid that can further drive a turbine to generate electricity. It is an indirect solar power 

system. In a solar PV power, sunlight is converted to electrical energy directly by using a 

photovoltaic material (semiconductor material). The sun hits this material and by photovoltaic 

action in the material, electrical energy is generated. Concentrated Solar Power system operates 

like conventional thermal power plants and their effects on the grid can be understood by 

understanding a thermal power plant. Of much interest is the Photovoltaic (PV) solar power system 

that operates different from conventional generating systems and the effects to an existing 

transmission or distribution system need to be fully understood before much integration can be 

made to any distribution or transmission system in power system. 

 A solar photovoltaic (PV) power system can operate in isolation or connected to a power grid. 

The system normally consists of a micro power source (solar) and some local loads. Additionally, 

it can be a solar system without any loads connected but connected to a power grid. When 
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connected to a grid, the operating conditions of the grid are altered in either a positive or negative 

way.  

There has been rapid increase of grid connected solar PV power in rural, urban and city areas 

around the globe (e.g. Sweden, Germany, India and some parts of Africa) [1]. This is to enable 

solar PV Power systems to supply generated power locally and to other places through the existing 

transmission and distribution power grid. This integration of solar PV power can result in 

improvements of the grids or can have negative impacts on the steady state system operation 

parameters. 

 

 

1.2 Motivation 

Small signal stability is defined as the ability of the system to maintain synchronism when it is 

subjected to small disturbances [2]. In this context, there are two types of instability that can occur: 

the steady state rotor angle increase due to lack of synchronizing torque and the increasing rotor 

oscillations due to insufficient damping torque are the two major types of small signal instability 

[3]. Generator–turbine inertia generally plays a key role in providing synchronizing capability to 

the synchronous generators whenever a disturbance results in a mismatch between the mechanical 

power input and the electrical power output of a generator. In a system with high PV penetration, 

some of the synchronous generators are replaced with PV units. The authors in [4] have proposed 

a general approach for integration of variable energy resources. The method suggests that for every 

3-MW addition of renewable generation to the system, there would be a 2-MW reduction in 

conventional generator commitment and 1-MW reduction in their dispatch. While the choice of 

the cited “1/3–2/3 rule” could be quite arbitrary, note that the overall system inertia is decreased, 

which can lead to potential small signal stability problems. Consequently, with 

displacing/rescheduling of conventional units as a result of the addition of PV generation, it is 

advantageous to determine if a particular generator’s inertia has significant impact on a particular 

inertial oscillation mode. This could be determined by performing sensitivity analysis with respect 

to generator inertia and performing rescheduling using the sensitivity to inertia as a constraint. 
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1.3 Aim 

The objective of this paper is to examine the effect of operation of PV generation jointly with that 

of conventional generator and transmission system on power system small signal oscillation 

stability. The paper beings with the establishment of a comprehensive model of a single-machine 

infinite-bus power system integrated with a PV power generation plant. Then an example single-

machine infinite-bus power system integrated with a PV power plant is presented. Results of 

numerical computation and non-linear simulation at different operating conditions are given when 

the load conditions of conventional power generation and levels of mixture of conventional and 

FC generation change. Results from the example power system indicate that power system 

oscillation stability can be affected either positively or negatively. There exists an operational limit 

of the PV power plant as far as system oscillation stability is concerned. Beyond the operational 

limit, the PV generation supplies negative damping torque, thus damaging system oscillation 

stability. Hence for the safe penetration of PV generation into power systems, the operational limit 

of oscillation stability of the PV power plant must be considered. 
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Chapter 2 

2  Literature Study 

 

This chapter introduces the concepts of literature that is in line to the subject of integrating solar 

PV power to an existing grid and stability of that combined system. It describes the concept of 

solar PV power, PV penetration and small signal stability. 

 

2.1  Solar Power 

Solar power, an important renewable power, has been on the increase in most parts of the world in 

terms of installations [1]. This is as a result of abundant sunlight shining on the earth from the sun 

every year and making conversion of this source to usable sustainable electric power a top priority 

for most developed and developing countries. In Europe, Germany has taken a major leading role 

in the installation and integration of solar power while Sweden lags behind. Various technologies 

of solar power harnessing can be used, but today the concentration has been more on two 

technologies. A technology utilizing the principle of thermal power plants called concentrated 

solar power (CSP) or solar thermal (CST) is one of them [5]. The other technology uses the 

photovoltaic effect and is known as solar photovoltaic (PV) power. In a concentrated solar power 

(CSP), thermal energy is reflected to a receiver and makes the point on the receiver concentrated 

with thermal energy. The concentrated thermal energy is used to heat a fluid that drives a turbine 

that is coupled to an alternator. The alternator generates electric power. A CSP system operates 

and behaves like a conventional thermal power plant [5]. In a solar PV system, a solar cell is used 

to convert energy (e.g. thermal and radiant) in sunlight into a direct current (dc) power [6]. Figure 

2.1 shows a simple process of conversion from sunlight to electric power. 
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   Figure 2.1: Photovoltaic (PV) Cell System [6] 

 

The material used in this solar cell is silicon and semi-conductive in nature. The materials in 

use today for majority of solar cells are mono-crystalline, poly-crystalline and amorphous 

silicon [7]. The current and voltage from a single cell is very small. For higher voltage and current, 

the cells are connected in series to increase the output voltage and in parallel to increase the output 

current. A combination of cells make up a solar PV module and a combination of 

modules make up a PV array for high voltage, current and power output. A solar PV array consists 

of series-parallel arrangement of modules. Since a direct current power is generated, 

it can be used in two ways. The first way is to have a grid of dc loads that are able to utilize 

the generated dc power. The second way is to connect power conditioning devices (power 

electronics converters) to transform generated dc power to alternating current (ac) power. 

This is because most of the electrical loads today operate with alternating current (ac) power. 

Figure 2.2 shows a complete arrangement of a solar PV array with power conditioning 

devices for conversion to alternating current output power. 

 

 

Figure 2.2: Typical Complete Solar PV System [8] 
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The output dc voltage (U) and current varies with irradiation reaching the array and 

temperature changes. The DC-DC converter ensures that the dc (U1) fed to the dc-ac inverter 

is stable. The inverter converts DC to AC (U2) which can be either single phase or three 

phases depending on the requirement. For integration to a grid, cables, filter circuits and a 

transformer are added at the output of the inverter. 

 

 

2.1.1 Photovoltaic (PV) Solar Cell Theory 

A PV solar cell made of silicon, a semiconductor, has properties similar to a p-n junction 

diode. It has a p-region and an n-region. The p-region has more holes (+ positive particles) 

than electrons (- negative particles) and the n-region has the opposite of the p-region [9]. 

Because of this, the natural movement of holes and electrons in the material create an electric 

field in the p-n junction material. When a photon from sun’s radiation hits a p-n junction and 

an electron is dislodged across the depletion region in the n-side, it is accelerated by the field 

and pushed towards the n-region while the corresponding hole is pushed towards the p-region. 

Figure 2.3 shows an arrangement of a p-n junction and the depletion layer with the 

created electric field. 

 

 

Figure 2.3: P-N Junction [9], [10], [11] 
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As shown in Figure 2.3, more dislodgement of holes and electrons by photons from sun’s 

radiation creates a field in the depletion region and a difference in polarity of the P and N 

regions. If an external circuit is connected to the P and N regions, there is poised to be 

recombination and a dc electric current would flow. 

 

 

2.1.2 Solar PV Cell Circuit Representation 

 

A solar PV cell for analysis is presented in Figure 2.4 as a constant current source which is a 

function of the sun’s radiation, a diode with a series resistance (RS) and a parallel resistance 

(RP). 

 

 

       Figure 2.4: Solar Cell Circuit Model 

 

 

When there is no solar radiation (G) from the sun, there is a backward current that flows in a 

p-n junction called a dark current (Io). When there is radiation from the sun, the current IG is 

produced by the cell and with a load connected; an electric current can flow and be measured 

in the external circuit (IL ). The resistor, RL, is depicting a load connected to the solar cell, 

which for now assumed resistive, and the voltage UL is the open circuit voltage that can be 
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recorded when there is no load connected. The current IG is the maximum current that the cell 

can produce at a particular solar radiation (G) and ISC is a current that can be produced with 

shorted cell terminals. The output current IL is the current that can be recorded for a particular 

load and solar irradiation (G). This is shown as a block model with power as the output in 

Figure 2.5. 

 

 

 

The current for a diode representation is given by the following equation [9]: 

 

 

 

where, IDIODE is diode current, k is the Boltzmann’s constant (8.62 x 10-5 eV/K), q is the 

number of electron charges per electron, UDIODE is the diode voltage, n: a material constant 

between 1 and 2, T is the diode temperature in kelvin (K) and I0 is the dark current. 

 

By using Figure 2.4 and Figure 2.5, the output current (IL) can be calculated as follows: 
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The short current ISC at a particular solar radiation G in equation (2.2) is given by equation 

(2.3): 

 

 

 

where G is the solar irradiation and C is a constant for the solar cell. 

 

By varying the irradiation on the solar cell and measuring the voltage and current output, a 

current-voltage (I-U) characteristic of the solar cell can be plotted as shown in Figure 2.6. 

 

By multiplying the output voltage and current, power of the solar cell can be calculated and a 

plot of power against voltage (P-U) obtained. It is also shown in Figure 2.6. 

 

 

 Figure 2.6: P-U and I-U Characteristics of a Solar PV Cell [6] 

 

The power of the solar cell is the product of the current and voltage. It is the power that can 

be delivered to the external circuit. At a particular voltage and current point, the solar cell 

gives a maximum power. This point is termed the maximum power point (MPP) and is the 

most desirable point of operation. The point is shown at the intersection of the blue and red 
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lines in Figure 2.6. In terms of efficiency, most commercial solar cell has an efficiency of 

15-20 percent (%) and means a large area would be needed for higher power values. 

Therefore, it is important at all times the solar cell is giving out maximum power. With 

reference to Figure 2.2, the dc-dc converter part of the system incorporates maximum power 

point tracking (MPPT) system. The MPPT ensures that at all times the solar cell is operating 

at the maximum power point. 

 

 

2.1.3 Solar PV Cell Operation 

The operation of a PV solar cell centers on the action of solar irradiation and movement of 

holes/electrons in the p-n region and junction of the semiconductor material. The sun gives 

the cell solar radiation, G, which results in a current according to equation (2.3). The 

variation of solar irradiation causes different output currents from the cell and a shift in the 

maximum power point for the cell. An increase in irradiation causes an increase in the current 

and a decrease results in the decrease of the current. This is because the current produced is 

direct proportional to solar irradiation. The behavior of the cell with different solar 

irradiance (G1, G2, G3 and G4) is shown in Figure 2.7. 

 

 

Figure 2.7: I-U Characteristics for Different radiation [6] 
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The characteristic I-U curves of Figure 2.7 show the change in current and voltage with 

varying solar irradiation. It can also be seen from Figure 2.7 that the change in irradiance 

causes a shift in the maximum power point of the cell. 

 

Another parameter of interest is the solar cell temperature. The temperature increase has an 

impact on the voltage of the cell. As the temperature increases, the voltage reduces. This is 

mainly due to increasing internal carrier recombination rate as a result of higher carrier 

concentration with increasing temperature [12]. At a particular solar irradiation G, an increase 

in solar cell temperature results in a rapid decrease in power output. 

 

The overall operation of a solar PV cell is affected by its efficiency, irradiance and 

temperature. These parameters cause changes to the power output of the cell and 

consequently the maximum power point (MPP). 

 

 

2.2 PV Penetration 

 

 
 

 

 

2.3 Small Signal Stability 

 

Small-signal stability analysis is about power system stability when subject to small disturbances. 

If power system oscillations caused by small disturbances can be suppressed, such that the 

deviations of system state variables remain small for a long time, the power system is stable. On 

the contrary, if the magnitude of oscillations continues to increase or sustain indefinitely, the power 

system is unstable. Power system small-signal stability is affected by many factors, including 

initial operation conditions, strength of electrical connections among components in the power 

system, characteristics of various control devices, etc. Since it is inevitable that power system 

operation is subject to small disturbances, any power system that is unstable in terms of small-

signal stability cannot operate in practice. In other words, a power system that is able to operate 
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normally must first be stable in terms of small-signal stability. Hence, one of the principal tasks in 

power system analysis is to carry out small-signal stability analysis to assess the power system 

under the specified operating conditions. 

 

 

 

Chapter 3 

3  Mathematical Model of System 

 

Figure 3.1 shows the configuration of a single-machine infinite bus power system, where a large-

scale PV power generation plant is connected at busbar s. Typical voltage-current characteristic of 

PV generation is non-linear, given by the following expression [13]. 

 

(1) 

 

where T is the junction temperature, Ir the irradiance, Ns and N p number of cells in series and 

parallel respectively, n ideality factor, k Boltzmann’s constant, q charge of the electron, Isc short-

circuit current and I0 saturation current. 
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Figure 3.1: A power system integrated with a PV generation plan 

 

 

In Figure 3.1, the PV power plant is connected to the power system through a two-stage topology 

of inverter system, which is usually employed by gird-connected PV generation [14][15]. 

In addition to the function of enhancing output DC voltage, DC/DC inverter is mainly for 

implementing the maximum power point tracking (MPPT) control. As illustrated by Figure 

3.2, change of PV output current and voltage change are affected by variations of various factors, 

such as the irradiance, Ir . In order to make full use of PV cells (due to their limited life span and 

high initial cost), MPPT is employed in order to extract as much power from them as possible by 

controlling the cycle duty of the DC/DC inverter, dc. Design and implementation of MPPT control 

has been one of the most important issues in developing PV generation. Many methods have been 

proposed, such as the curve-fitting technique, perturb-and observe method, etc., considering the 

need of practical operation of PV generation [16]-[19]. Basically, the objective of MPPT is to 

ensure the operation of PV generation to be on the curve, Ppv-max , by controlling dc . Because 

in establishing the mathematical model of PV generation integrated with the power system of 

Figure 3.1, the purpose is to investigate the impact of PV generation on the power system by 

theoretical analysis, numerical computation and simulation (not experiment). Hence it must be 
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assumed that the characteristic of PV generation of Eq.(1) is given such that the curve 

Ppv-max can be obtained. Therefore, the function of MPPT can be modeled as, 

 

(2) 

 

no matter what scheme it is implemented in practice, where K pv (s) is the transfer function of the 

MPPT controller. Dynamic of the DC/DC inverter can be modeled simply to be 

 

(3) 

 

 

 

Figure 3.2: Non-linear V-I characteristic of PV generation 

 

 

DC/AC inverter usually employs the PWM (pulse width modulation) control to regulate the 

exchange of active and reactive power between the PV generation and the rest of the 

power system. This can be achieved by controlling the modulation ratio m and phase φ of the 

PWM algorithm through the following AC and DC voltage control function respectively 

 



21 

 

(4) & (5) 

 

Where Kac (s) and Kdc (s) is the transfer function of the ac and dc voltage controller respectively. 

 

 

Figure 3.3: Phasor diagram of power system of Figure 3.1 

 

AC voltage at terminal of the DC/AC inverter, VC , can be expressed in the d-q coordinate of 

the generator (Figure 3.3) to be [25] 

 

(6) 

 

where k is the converter ratio dependent of inverter structure, Vdc is the DC voltage across the 

capacitor Cdc. Active power received by the DC/AC inverter from the power system is 

 

(7) 
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where subscript d and q denotes the d and q component of the variable respectively. Hence 

 

(8) 

 

Because 

 

(9) 

 

Hence Idc2 = (1-dc) Ipv such that dynamic of the DC/AC inverter is expressed to be 

 

(10) 

 

General mathematical model of the synchronous generator can be written as                          

X g = F (Xg, Its), where X g is the state variable vector associated with generator dynamics 

and Its (or itsd and itsq) is the interface variable between the generator and rest of the system. 

In this paper, the following generator model is used, which is sufficient for the study of 

power system small signal oscillation stability [22]. 
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(11) 

 

where for simplicity of discussion, transfer function of the AVR (automatic voltage 

regulator) is taken to be a first-order system  𝑇𝐸(𝑠) =
KA

1+sTA
  in this paper and 

 

  (12) 

 

From figure 3.1 it can have 

 

     (13) 

 

In d-q coordinate of the generator, as shown by Figure 3.3, from Eq.(13) it can be obtained that 
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 (14) 

 

The complete mathematical model of the power system of Figure 3.1 thus is established, 

consisted of the model of PV generation and control of Eq.(1)-(5) and (9), generator of Eq.(10) 

and (11), and integration of the generator and the PV power plant with the rest of the power 

system of Eq.(14). 

 

 

 

Chapter 4 

4  Result 

 

 

Parameters and initial operating conditions of an example single-machine infinite-bus power 

system integrated with a PV power plant of Figure 3.1 are given in Appendix. The effective 

technique of damping torque analysis (DTA) [22]- [24] was used to study the oscillation stability 

of the power system as affected by the PV power plant. Appendix I presents the details of deriving 

the linearized model of the power system integrated with the PV power plant of Figure 3.1, given 

by (A-2) and (A-8)-(A-11). Computational results of damping torque contribution from the PV 

power plant, confirmed by the computational results of system oscillation mode, from the 
complete linearized model of Figure 4 and 5 are given in Table 4.1 and 4.2. In Table 4.1, the total 

active power supplied by the generator and PV power plant to the load at the infinite 
busbar is fixed at 1.0 p.u., but level of mixture of conventional and PV power generation varies. 

In Table 4.2, the PV power generation is fixed to be 0.3 p.u., but active power supply from the 

generator changes. 
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Table 4.1: Computational results of the example power system when total active power received at the infinite 

busbar is fixed at 1.0 p.u. ( Pt0 + Ppv0 = 1.0 p.u. ) 

 

 
 

Table 4.2: Computational results of the example power system when the PV power generation is fixed at 0.3 p.u. 

( Ppv0 = 0.3 p.u. ) 
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From Table 4.1 and 4.2 it can be seen that 

 

1) Damping torque supplied by the PV power plant changes at different levels of mixture of 

conventional and PV power generation, which can be positive or negative. With the fixed load 

at the infinite busbar, the more power contributed by the PV generation, the worse the impact 

of PV generation on system oscillation stability, because the more negative damping torque is 

provided by the PV power plant. 

 
2) Damping torque supplied by the PV power plant also changes from positive to negative at 

different levels of conventional power generation even though the PV power generation is 

fixed. In this case, the lighter the load of conventional power generation (power supplied by 

the generator), the worse the impact of the PV generation on power system oscillation stability. 

 
3) Damping torque contribution from the PV power plant changes sign between ψ 0 = 62.90 

and ψ0 = 67.40 (Table 1) or ψ0 = 64.10 and ψ0 = 67.50 (Table 4.2). Hence there must exist a 

critical operating condition ψ critical when the damping torque contribution from the PV 

power plant changes sign. The operation of the PV power plant should avoid ψ0 > ψ critical 

when it provides negative damping to power system oscillation. 

 

 

 
 Figure 4.1: Set of simulated V-I characteristic of PV generation and tracking of the MPP 
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Figure 4.2:  Power output from the DC/DC and DC/AC inverter of the PV power 

plant 

 

 
Non-linear simulation using the non-linear model given in chapter 3 of the paper was carried out 

to verify the mathematical model and confirm the results of computation from system linearized 

model. Figure 4.1 and 4.2 shows the simulation results when the irradiance changed at 1.0 second 

of the simulation. The change was a step increase of 1% every 0.1 second and lasted for 2 seconds. 

Figure 4.1 shows the set of V-I curves of PV generation used and tracking of the maximum power 

point. Figure 4.2 is the power output from the DC/DC and DC/AC inverter of the PV power plant 

respectively. 



28 

 

 
Figure 4.3:  Pto = 0.9 p.u. and Ppv0 = 0.1 p. u. 

 

 

 
Figure 4.4:  Pto = 0.1 p.u. and Ppv0 = 0.9 p. u. 

 

 

Simulation at two different levels of mixture of conventional and PV power generation when the total power 

received by the load at the infinite busbar was fixed at 1.0 p.u. 
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Figure 4.3 and 4.4 gives the results of simulation (the fault applied was the three-phase to-earth 

short circuit on the transmission line occurred at 1 second of simulation for 100ms) at two different 

levels of mixture of conventional and PV power generation when the total power received by the 

load at the infinite busbar was fixed at 1.0 p.u. Figure 4.5 and 4.6 is the results of simulation at 

two different levels of conventional generation and the PV power generation was fixed at 0.3 p.u. 

Those results of non-linear simulation confirm both the analysis in the above section and 

computational results presented in Table 4.1 and 4.2. 

 

1) When the total power received by the load is fixed, the heavier load condition the SOFC power 

plant operates at, the more it will damage the damping of power system oscillation; 

 

2) When the SOFC power generation is fixed, the lighter the load condition of the conventional 

power plant is, the more negative damping torque is provided by the SOFC power plant. 
 

 

 

Figure 4.5:  Pto = 1.0 p.u. and Ppv0 = 0.3 p. u. 
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Figure 4.6:  Pto = 0.1 p. u. and Ppv0 = 0.3 p. u. 

 

Simulation when the generator operated at two loading conditions and the PV power generation was fixed at 0.3 p.u. 
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Chapter 5 

5 Conclusion 

 

 

The paper investigates the impact of grid-connected PV generation on power system small signal 

oscillation stability. Conventional technique of damping torque analysis is used for the 

investigation of a single-machine infinite-bus power system integrated with a PV power plant. 

Results of damping torque computation, confirmed by calculation of system oscillation mode and 

non-linear simulation, of an example power system integrated with a PV power plant are presented 

in the paper. They demonstrate that the effect of PV penetration on system oscillation stability 

varies with changes of system operating conditions, because the damping torque 

contribution from the PV generation can be positive or negative. The critical operating condition 

of the PV power plant is when its damping torque contribution changes sign, which in fact indicates 

a stability limit of PV operation as far as power system oscillation stability is concerned. The effect 

of PV generation on system oscillation stability is negative beyond the critical operating condition. 

When the total load is fixed, a higher PV penetration should be avoided because this increases the 

chance of its damaging system oscillation stability. When the PV penetration is fixed, its operation 

can also approach to the critical operating condition with the decrease of conventional power 

generation. 
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