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Abstract

A new model of a grid-connected photovoltaic (PV) plant suitable for power flow

analysis is proposed in this thesis. Unlike existing models, the proposal departs

from the equivalent generator representation of the PV plant and is based instead

on the operation and control modes of PV panels and voltage source converters

(VSC). The resulting set of nonlinear equations is assembled together with the

network’s equations to formulate a generalized power flow problem in a unified

frame of reference, which is efficiently solved by using the Newton-Raphson algo-

rithm. The complementarity condition approach is adopted for directly including

all operation and control mode constraints of the PV plant in the power flow for-

mulation, which permits the simultaneous and automatic handling of limits of all

state variables associated with these constraints during the iterative solution pro-

cess. This also makes it possible to consider the technical requirements established

in grid codes for the interconnection of asynchronous generation to the electrical

system; in particular, requirements established in the Mexican Grid Code have

been included. The effectiveness of the proposed method is fully demonstrated by

numerical examples.



Resumen

En esta tesis se propone un nuevo y novedoso modelo de una Planta Fotovoltaica

que tiene por objetivo principal el análisis en el problema de flujos de potencia.

A diferencia de los modelos existentes, esta propuesta no es considerada como un

modelo de generador equivalente, en cambio, se basa fielmente en los modos de

control de los generadores PV y su convertidor asociado. El conjunto resultante

de ecuaciones no lineales es acoplado con las ecuaciones que describen la red para

formular un problema de flujos de potencia generalizado en un marco de referencia

unificado, el cual es eficientemente resuelto usando un algoritmo Newton-Raphson.

Se toma en cuenta un enfoque de condiciones de complementariedad para incluir

todas las restricciones de operación de la Planta Fotovoltaica en la formulación del

problema de flujos de potencia, lo que permite un manejo simultáneo y automático

de los ĺımites de todas las variables de estado asociadas a estas restricciones du-

rante el proceso iterativo de solución. Esto permite además, considerar los requi-

sitos técnicos establecidos en códigos de red para la interconexión de generación

aśıncrona a la red eléctrica; en particular, se han incluido los requerimientos es-

tablecidos en el Código de Red de México. La efectividad del método propuesto

es demostrado con simulaciones y ejemplos númericos.

Palabras clave: Planta Fotovoltaica, Flujos de potencia, restricciones de op-

eración, algoritmo Newton-Raphson, generación aśıncrona
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Photovoltaic panel characterization by using artificial neural networks and
comparison with classical models, IEEE International Autumn Meeting
on Power, Electronics and Computing (ROPEC), November 2015.





Chapter 1

Introduction

1.1 Research motivation

The increased integration of Photovoltaic (PV) generation plants into the electric

power system is a cause of concern for the power system planners and operators

because of its impact on the reliable operation of the bulk transmission system.

To fully understand this impact, it is necessary to perform extensive planning

and interconnection studies, which in turn requires the development of proper

mathematical models of this type of generation for computer simulation studies.

To achieve this objective from a steady-state operation perspective the following

is necessary:

1. An approach for extracting the parameters of each PV panel making up the

PV generator.

2. A mathematical representation of the solar PV plant suitable for steady-state

studies that not only consider the power exchange between the PV generator

and the network, but also the PV generator’s dependency on environmental

effects.

1
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1.2 State of the art

1.2.1 Grid-connected photovoltaic models

In general, there is extensive work reported in the technical literature for ex-

tracting parameters of the single diode-based circuit model representing the PV

panel. These parameters are obtained by iteratively solving the set of equations

representing the nonlinear I-V characteristic of the PV panel [Xiao et al., 2006],

[Chatterjee et al., 2011], [Villalva et al., 2009], [Mahmoud et al., 2012], [Soto et al.,

2006], [Mahmoud and El-Saadany, 2015], based on the values of currents and volt-

ages given in the manufacturer’s datasheets under standard test conditions (STC)

[Xiao et al., 2006], [Mahmoud et al., 2012], [Villalva et al., 2009].

On the other hand, as a first step in assessing the operation of grid-connected solar

PV plants and the way in which this sort of generation affects the overall operation

of an electric power system, the development of steady-state PV models suitable

for power flow studies is of paramount importance. Even though the power flow

study is one of the most common analyses performed in systems planning and

operation [Acha et al., 2004], only a very few solar PV plant models have been

proposed for power flow analysis in [Yi-Bo et al., 2008], [Ahmed and Mohsin,

2011], and [Kamh and Iravani, 2012]. In all these proposals, the large-scale PV

solar park is represented by one single PV plant, which in turn is modeled as an

equivalent generator. The power injected by this equivalent generator is directly

included in a conventional power flow formulation, while an additional subproblem

is formulated for updating the state variables of the PV plant. For this sequential

solution process, the main differences between these proposals are the way in which

the value of the power injected by the PV plant is determined, as well as how the

PV plant state variables are maintained within limits during the computation of

a feasible power flow solution.

In the mentioned coordinated sequential iterative solution process proposed in [Yi-

Bo et al., 2008], the nodal voltages of the transmission network are determined

by a conventional power flow analysis, and a set of nonlinear algebraic equations

is then solved for the PV plant’s state variables. The link between both solution

processes is the electric power injected into the grid’s node to which the PV plant

is connected, referred to as a point of interconnection (POI), as well as the voltage

magnitude and phase angle at this node. The sequential solution process is per-

formed until all state variables of the PV plant are within limits. If one of these
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state variables hits one of its limits, it is fixed at the value of the violated limit,

and the power flow study is newly performed. Regarding the power flow study,

the electric power injected by the PV plant, which is always working at the max-

imum power point (MPP), depends on the way in which the POI is categorized:

PQ node or PV node. If the POI is a PQ node, the PV plant injects specified

active and reactive powers. Otherwise, the PV plant only injects a specified ac-

tive power, and the reactive power at the POI is determined by the power flow

solution considering a controlled voltage magnitude at this node. If this reactive

power violates one of its limits, it is set at this limit, and a new power flow analysis

is performed by considering the POI as a PQ node.

In [Ahmed and Mohsin, 2011], the inverter’s AC node is treated as an external

generation node to the network, which is directly included in the conventional

power flow formulation by using the nodal power equations at the inverter and

POI nodes. The amount of electric power injection depends on the inverter’s

control mode and the type of POI at which the PV plant is embedded: PV node

or PQ node. The control mode specified at the inverter’s front end corresponds to

a constant nodal voltage (Vinv-ϕinv) or to a constant power injection (P spec
inv -Qspec

inv ).

When the inverter is operating in a (P spec
inv -Qspec

inv ) mode, regardless of the type of

POI node, the active power P spec
inv to be injected is given by the short circuit current

of the PV array times the nominal voltage of operation, while the injected reactive

power Qspec
inv corresponds to a specified fraction of P spec

inv . The (Vinv-ϕinv) control

mode is only possible if the PV plant is connected to a PV node. In this case, the

values of Vinv and ϕinv are obtained before the power flow study by performing a

nonlinear analysis based on a specified transfer of active power from the inverter

to the POI node. Once these values are obtained, the powers to be injected from

the inverter are directly computed from the power flow equations at its front end

by assuming a linear relationship between ϕinv and the voltage phase angle at the

POI.

A generic model suitable for single-phase distributed energy resources, which in-

cludes PV plants and is intended for the analysis of distribution systems, is pro-

posed in [Kamh and Iravani, 2012]. In this proposal, the active and reactive powers

exchanged by the voltage source converter (VSC) with the grid are specified at

given set points to perform a conventional power flow study. Since the VSC state

variables are analytically expressed as functions of the specified injected power and

the voltage magnitude at the POI, the values of these variables are computed at

each iteration of the solution process to check if they are within limits. If limit vio-

lations exist, new active and reactive power set points are analytically determined
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to return the VSC’s state variables inside their corresponding limits before the

next iteration. A similar checking of limits is performed for the voltage magnitude

at the POI, but the injected power set points are heuristically calculated in case

of a limit violation. This iterative process converges to a feasible power solution

when none of the variables exceeds its corresponding limits.

In general terms, all the sequential methods discussed above are rather attractive

because their implementation in an existing power flow, the analysis is straight-

forward, but caution has to be exercised because an additional set of nonlinear

algebraic equations has to be solved to obtain the values of the state variables as-

sociated with each one of the single PV plants represented. Note that in this type

of solution there is no way of knowing during the iterative process of the power

flow solution whether or not the PV plant’s state variables are within limits [Yi-Bo

et al., 2008] [Ahmed and Mohsin, 2011]. If there exist limit violations of some of

these variables, the power injected by the equivalent generator representing the

PV solar park must be newly computed, in some cases in a heuristic way [Kamh

and Iravani, 2012], to perform another power flow study. Since the sequential

solution process must be performed until all state variables of the PV plant are

within limits, it will not mantain a quadratic convergence.

Trying to circumvent the problems associated with the sequential approach and

the concept of an equivalent generator reported in [Yi-Bo et al., 2008], [Ahmed

and Mohsin, 2011] and [Kamh and Iravani, 2012], this thesis proposes the rep-

resentation of the solar park by several individual PV plants tied to a collector

system; each PV unit is independently modeled in the proposed power flow ap-

proach. Hence, a new power flow model for a grid-connected solar PV plant

is proposed, where its state variables are simultaneously solved with those as-

sociated with the network’s nodal voltages using a Newton-based unified frame

of analysis. To achieve this goal, the grid-connected PV plant is considered to

be composed of a set of PV panels and a DC-AC interface based on a voltage

source converter (VSC), with their corresponding mathematical equations inte-

grated in one single model. Since photovoltaic energy strongly depends on the

weather conditions, both module temperature and solar irradiance are taken into

account in the modeling of each PV panel. This permits considering different

values of these variables for a large utility-scale solar park. Furthermore, because

the VSC permits a fast and independent control of active and reactive powers

at the converter’s AC-side terminals, the way in which the PV plant provides a

voltage control ancillary service is suitably modeled in the proposed approach. In
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this context, the VSC’s operative limits are considered as complementarity con-

straints, which are directly included in the power flow mathematical formulation

using the Fischer-Burmeister (FB) merit function [Fischer, 1992], which avoids the

heuristic adjustment of those limits during the iterative solution process. Lastly,

the maximum power point tracking (MPPT) control strategy is also directly con-

sidered in the proposed solution approach by including the equations representing

this control in the power flow formulation.

1.3 Justification

Non-Conventional Renewable Energy (NCRE) generators are now important parts

of power systems. Penetration of these generators is increasing every year and it

is projected that 20-30% of worldwide electricity demand would be supported by

renewable generators by 2020. While this means less pollution and less depend-

ability on fossil fuels, integration of renewable sources has its own issues, which

should be taken care of. Integrating photovoltaic-based generation resources into

existing power grids is challenging and requires thorough grid integration studies

to assess how this kind of generation will affect the way power systems are operated

and planned. Before meaningful results be obtained from those studies, realistic

mathematical models for PV power plants need to be derived, coded and exten-

sively verified in software tools used by planners and operators of electric power

systems. In most instances, existing software which has been in use for many

years has grown large and inflexible. Hence, modifications are achieved with great

difficulty and expense. This has provided the motivation for developing afresh,

well-designed and efficient software where both well established electric compo-

nents as well as PV power plants can be modelled along side each other with a

minimum effort.

Arguably, power flow (load flow) analysis is the most popular power systems com-

puter calculation performed in systems planning and operation. Bearing this in

mind and as a starting point, the efforts in this research are concentrated on tack-

ling the steady-state, positive sequence modelling and analysis of PV power plants.

Furthermore, the power flow algorithm has been selected to verify the proposed

PV power plant model considering the following:

i) A PV plant model for power flow studies that depends on wheather condi-

tions and can operate under different control modes.
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ii) The PV plant model considerers operational limits in the converter as well

as take into account the capability curve.

iii) The PV plant model includes control modes that meet with the Mexican’s

grid code.

1.4 Research Objectives

The general objectives of this research are summarized as follows:

i) To develop a comprehensive and general approach in a unified single frame of

reference for the analysis of power flows in electric power systems containing

grid-connected PV plants.

ii) To develop a model for the PV plant that complies with the requirements of

interconnection described in the Mexican’s grid code in the context of power

flow studies.

iii) To develop a general PV plant model that permits representation of a PV

power plant by a single machine equivalent model or by multiple machine

models, including the operative limits of the converter.

iv) To develop a highly efficient method which combines simultaneously the state

variables corresponding to the PV plant with the nodal voltage magnitudes

and angles of the network in a single frame-of-reference for a unified, iterative

solution through a Newton-Rapshon technique.

1.5 Methodology

The proposed methology that has been adopted in order to achieve the previous

objectives is described as:

i) A full review of previous works in the area of PV panel models as well as

the techniques used for parameters’ estimation of a single diode photovoltaic

model. A survey is also made for current steady state PV plant models,

suitable for power flow studies taking into account plant operating limits.

To develop a practical methology that permits the extraction parameters of

PV panel.
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ii) To develop a set of nonlinear equations that represent the interaction between

a PV generator and a VSC, considering the control modes of operation for

the converter and their operative limits using complementarity constraints.

iii) To include the set of equations associated to the PV plant together with the

VSC’s operative limits into the Newton power flow formulation in a unified

frame of analysis. Suitable initialization of the state variables for reliable

iterative solutions is duty addressed.

iv) To develop a digital algorithm that solves the conventional power flow anal-

ysis including PV plant models in a unified way.

v) To test the proposed approach considering a modified IEEE 14-bus test

system and an equivalent 71-bus from a real power system.

1.6 Contributions

The main contributions of the proposed approach are the following:

i) A new and comprehensive model for a PV plant is developed starting from

basic PV arrangement considering different control modes of operation.

ii) A PV solar park is assumed to be composed of several PV plants, which

allows considering different collection grid topologies.

iii) The power flow approach simultaneously combines the state variables cor-

responding to the PV plants composing the PV solar park with the nodal

voltage magnitudes and angles of the network in a single frame of reference.

The result is a unified, iterative solution that retains Newton’s quadratic

convergence characteristics.

iv) Operative limits of PV plants’ state variables are checked within iterations

and adjusted during the power flow solution process using complementarity

constraints. There is no need to have a special part of the code or to solve

another subproblem to check the limits.

v) The power flow problem is formulated in a very flexible way, considering

PV power parks composed of multiples PV plants operating with differents

control modes, operational limits, capabilities and control strategies.
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vi) Finally, the power flow solution obtained by the proposed approach is ap-

plied to acomplish with the requirements of interconnection described in the

Mexican’s grid code.

1.7 Thesis outline

The remainder of this thesis is organized as follows.

Chapter 2 presents the mathematical formulation of the single diode-based PV

panel as well as the voltage source converter VSC. The resulting set of nonlinear

equations is assembled together with the power network’s equations to formulate

a generalized power flow problem in a unified frame of reference. In this context,

it is reported the way in which all operation and control mode constraints of the

PV plant are considered in the power flow formulation.

Chapter 3 illustrates the applicability of the newly developed models for the

analysis within conventional power flows. Furthermore, discussions and compar-

isons based on results obtained from the implementation and application of the

proposed approach are presented, demonstrating its feasibility and benefits.

Chapter 4 gives the general conclusions of this thesis and presents suggestions

for future research.



Chapter 2

Steady-State Modeling of a Power

System with Embedded

Photovoltaic Generation

2.1 Introduction

In this chapter, models of a single diode-based PV panel and a voltage source

converter are derived from basic principles. These are formulated in such a way

that they are put together in a single PV power plant model that can be used

within power flow-like formulations, for efficient solutions. A detailed description

of the control operating modes associated with voltage source converters is also

provided, together with the way in which these control modes are included in the

power flow formulation. A general strategy for selecting initialvalues for the state

variables of PV plants is also presented.

2.2 Mathematical formulation

2.2.1 Photovoltaic Panel model

As in several system simulation platforms [Villalva et al., 2009],[Chatterjee et al.,

2011], the single diode model shown in Fig. 2.1 is used to describe the equivalent

circuit of a PV panel composed of a set of ns PV cells connected in series. The

9
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PV panel has an equivalent I-V characteristic given by [Villalva et al., 2009]:

I = Iph − I0
[
exp

(
V + IRs

Vt

)
− 1

]
− V + IRs

Rsh

, (2.1)

where Vt, Iph, I0, Rs and Rsh are unknown parameters defined as follows: Vt is

the diode thermal voltage, Iph is the photocurrent and I0 is the dark saturation

current. On the other hand, Rs and Rsh are the series and parallel resistances,

respectively.

The first three parameters Vt, Iph and I0 are estimated as reported in [Villalva

et al., 2009] based on the values of V and I at the terminals of the PV panel. For

this purpose, the values of (V, I) are taken from the manufacturer’s datasheets

at STC (25◦C and 1000W/m2) for the following operating modes: short circuit

(0, Isc), MPP (Vmpp, Impp), and open circuit (Voc, 0). Hence, the diode thermal

voltage is given by [Villalva et al., 2009],[Chatterjee et al., 2011]:

Vt = ns
kTa

q
, (2.2)

where k is the Boltzmann constant (1.38 × 10−23J/K), T is the actual module

temperature in K, a is the diode ideality factor and q is the electron charge

(1.6021× 10−19C).

The photocurrent Iph is given by (2.3) as a function of the irradiance and temper-

ature

Iph = (Isc +KI∆T )
G

Gn

, (2.3)

where ∆T = T − Tn, Tn is the nominal module temperature in K, G and Gn are

the actual and nominal irradiance in W/m2 and KI is the temperature coefficient

of Isc. Finally, I0 is expressed by

I0 =
Isc +KI∆T

exp ((Voc +KV ∆T ) /Vt)− 1
, (2.4)

where Voc is the open circuit voltage and KV its temperature coefficient.

On the other hand, if (2.1) is applied at the MPP, the relationship (2.5) is derived

by considering the concept of DC power P = IV . Hence, the unknown values of
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Rs and Rsh can be obtained by iteratively solving (2.1) and (2.5):

∂P

∂V
=

∂I

∂V
V + I = 0. (2.5)

+

−

Figure 2.1: PV panel electrical equivalent circuit.

2.2.2 PV generator model

A PV generator is made up by an array of series and parallel-connected PV panels

that have the same manufacturing characteristics. Based on the structure shown

in Fig. 2.2, the equivalent circuit representing the PV generator is then defined

by the parameters given by [Chatterjee et al., 2011]:

Ieq = Ieq ×Npp ∀ eq = sc, ph, 0, dc (2.6)

Veq = Veq ×Nss ∀ eq = oc, t, dc (2.7)

Req = Req ×Nss/Npp ∀ eq = s, sh, (2.8)

where Nss and Npp are the number of panels connected in series and parallel,

respectively, and Idc and Vdc are the current and voltage of the PV generator at

its DC terminals. Note also that the diode ideality factor a keeps the same value

for the PV generator model [Chatterjee et al., 2011].

2.2.3 Grid-connected PV plant model

The PV generator delivers DC power that is injected into the grid as an AC power

through a point-to-point VSC-based DC-AC link, as shown in Fig. 2.2. In this

case, the VSC is operating under a MPPT control mode to maximize the amount of
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PV Generator

PV Plant

Figure 2.2: PV plant system.

power converted from the PV generator. According to [Ahmed and Mohsin, 2011],

the line-to-line three-phase RMS voltage at bus k is expressed by (2.9), where ma

and α are the modulation index and firing angle of the VSC, respectively:

Vk =
√

3/8maVdc∠α. (2.9)

The model also includes a transformer with a series admittance given by Gkk +

jBkk = 1/ (RT + jXT ), which provides a Galvanic insulation [Milano, 2010]. Based

on this admittance and (2.9), the active and reactive powers that flow from k to

m are given by

Pkm =
3

8
m2

aV
2
dcGkk +

√
3/8maVdcVm

×
[
Gkm cos(α− θm) +Bkm sin(α− θm)

]
(2.10)

Qkm = −3

8
m2

aV
2
dcBkk +

√
3/8maVdcVm

×
[
Gkm sin(α− θm)−Bkm cos(α− θm)

]
. (2.11)

2.2.4 VSC’s power balance equation

The power balance equation through the VSC can be expressed as a function of

the power converter’s efficiency η, η = Pkm/Pdc [Rampinelli et al., 2014], and it is

given by

Pkm = ηPdc = ηVdcIdc. (2.12)

The efficiency depends on the inverter power output and remains almost constant

for values of output powers above 0.3 p.u. [Monteiro et al., 2016] such that the

efficiency can be set to a fixed value. On the other hand, an explicit relationship
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between the efficiency and the converter’s output power is given by the Jantsch’s

model [Monteiro et al., 2016]:

η =
Pkm

Pnom

Pkm

Pnom
+ k0 + k1

Pkm

Pnom
+ k2(

Pkm

Pnom
)2
, (2.13)

where Pnom is the converter’s nominal power. The parameters k0, k1 and k2 are

computed by (2.14)-(2.16) as functions of the converter’s efficiency at 100, 50 and

10% of its rated output power: ηinv1, ηinv0.5 and ηinv0.1 [Monteiro et al., 2016].

k0 =
1

9

1

ηinv1
− 1

4

1

ηinv0.5
+

5

36

1

ηinv0.1
(2.14)

k1 = −4

3

1

ηinv1
+

33

12

1

ηinv0.5
− 5

12

1

ηinv0.1
− 1 (2.15)

k2 =
20

9

1

ηinv1
− 5

2

1

ηinv0.5
+

5

18

1

ηinv0.1
. (2.16)

Lastly, the efficiency curve with values of ηinv1 = 0.98, ηinv0.5 = 0.98, ηinv0.10.96 is

shown in Fig. 2.3 [Monteiro et al., 2016].
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Figure 2.3: Efficiency curve.

2.2.5 Basic mismatch equations of the PV plant

The general set of mismatch equations that describes the steady-state operation

of the PV power plant always considers the basic equations (2.17) and (2.19). The
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MPPT control strategy is represented by (2.17)-(2.18), which are derived from

(2.1) and (2.5), respectively. The active power flow mismatch equation at the AC

terminals of the VSC is given by (2.19):

∆g1 = Iph − I0
[
exp

(
Vdc + IdcRs

Vt

)
− 1

]
− Vdc + IdcRs

Rsh

− Idc = 0 (2.17)

∆g2 = Idc − Vdc
[
I0
Vt

exp

(
Vdc + IdcRs

Vt

)
+

1

Rsh

]
/[

I0Rs

Vt
exp

(
Vdc + IdcRs

Vt

)
+

Rs

Rsh

+ 1

]
= 0 (2.18)

∆g3 = ηPdc − Pkm = 0. (2.19)

On the other hand, the reactive power flow mismatch equation to be considered

depends on the control mode at which the VSC is operating, as described in the

next subsection.

2.2.6 VSC’s control modes

Since the grid-connected PV plant can provide ancillary services associated with

the voltage magnitude control, the following control modes have been considered

for the VSC.

2.2.6.1 PQ control mode

In this control mode the VSC injects an active power Pkm according to the network

operation conditions and also provides reactive power support. This power support

depends on the converter’s power factor (pf) and the injected active power Pkm:

∆g4 = Qkm − Pkm tan
(

cos−1(pf)
)

= 0, (2.20)

where pf is a fixed value selected within the range of pfmin ≤ pflag ≤ pfmax or

−pfmin ≤ pflead ≤ −pfmax. The steady-state operation of the PV plant for this

control mode is then obtained by solving the mismatch equations (2.17)-(2.20) for

the four state variables Vdc,Idc,ma and α.
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2.2.6.2 PV control mode

This kind of control mode permits the participation of PV units in ancillary ser-

vices, such as reactive power support and voltage control. This is a requirement

in the Mexican grid code for the integration of PV plants at the transmission level

[Comisión Reguladora de Enerǵıa, 2006]. In this control mode, an active power

Pkm is injected into the network, and the voltage magnitude Vm at the POI is

controlled at a constant value Vref by the VSC. This control is achieved by adjust-

ing the VSC’s reactive power during the iterative solution process based on the

voltage droop control given by [REMTF, 2010]:

∆g5 = Vm − Vref +KpQkm = 0, (2.21)

where Kp represents the voltage droop control setting. Note that (2.21) is used

for each PV plant that provides reactive power support to achieve the voltage

magnitude control at the m-th bus [De Brabandere et al., 2007],[Elrayyah et al.,

2014].

The nonlinear equations that need to be solved to assess the steady-state operation

under this control mode are (2.17), (2.18), (2.19) and (2.21). Note that in this

case the VSC applies both MPPT and voltage droop control strategies to achieve

maximum power and voltage control.

Note also that the final value of α is relative to the system phase reference, re-

gardless if the VSC is operating under a PQ or PV control mode.

2.3 Handling of the VSC power limits

The handling of VSC’s power limits is performed by considering either of the fol-

lowing two approaches: i) a switching approach, which is applied at the end of

each iteration of the solution process, or ii) a complementarity constraints ap-

proach, where mismatch constraints of power limits are directly introduced in the

power flow formulation. In both cases, the dimension of the problem formulation

remains unaltered during the solution process, and Vdc, Idc, ma and α prevail as

state variables of the PV plant along with additional state variables added by the

selected limit checking approach.
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2.3.1 Switching approach

Our proposal in this approach is to extend the set of equations representing the PV

plant with mismatch equations associated with the limit violation of active and

reactive powers. The number of mismatch equations is one (resp. two) for the PQ

(resp. PV ) control mode of operation. Furthermore, one (resp. two) additional

state variable is (resp. state variables are) added to avoid oversizing the total

number of nonlinear equations associated with the power flow formulation. The

limit checking is performed at the end of each iteration once the maximum absolute

value of the mismatch equations is lower than 1× 10−3.

2.3.1.1 Active power limits

In both control modes, the VSC is operating within limits if ηVdcIdc ≤ Pnom.

Hence, (2.22) must be added to the set of equations representing the steady-state

operation of the PV plant, and Pnomsv is an extra state variable of the problem.

In addition, for both operating control modes (2.18) is rewritten as (2.23), where

ξs will have a non-null value if there exists a limit violation. While the VSC is

operating within limits, Pnomsv is a state variable, and ξs is maintained at its null

initial value. If the limit violation takes place, Pnomsv is fixed at Pnom, and ξs

replaces Pnomsv as a state variable. Note that in this case the values of Vdc and Idc

must satisfy ηVdcIdc = Pnom, which implies that the VSC is not longer operating

under MPP mode:

∆h1 = Pnomsv − ηVdcIdc = 0, (2.22)

∆h2 = ∆g2 + ξs = 0. (2.23)

2.3.1.2 Reactive power limits

The amount of reactive power provided by the VSC depends on the values of

Pkm, which change during the iterative solution process, and the value of pf .

For the PQ control mode of operation, the value of pf is specified by the user,

which must be selected within the ranges defined in Section 2.2.6.1; if this value

is selected out of limits, however, the pf is automatically fixed at the value of

the limit. For the PV control mode, the limit value of reactive power that the

VSC can either absorb or inject to satisfy Qmin ≤ Qkm ≤ Qmax is given by

(2.24) or (2.25), respectively. Hence, the limits handling is performed by adding
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(2.26) to the set equations representing the PV plants steady-state operation. The

voltage magnitude control is achieved while Qkm is within limits such that Qvio is

considered as a state variable. Note that if there is no limit violation, Qvio = Qkm

at the end of the solution process. Otherwise, Qvio is fixed at the violated limit,

and Vref becomes the new state variable such that the voltage magnitude at the

POI is not longer controlled:

Qmin = Pkm tan
(
cos−1 (−pfmin)

)
(2.24)

Qmax = Pkm tan
(
cos−1 (pfmin)

)
(2.25)

∆h3 = Qvio −Qkm = 0. (2.26)

2.3.2 Complementarity conditions approach

In general, a complementarity condition is expressed as ymin ≤ y ≤ ymax⊥ CL(y) =

0 [Rosehart et al., 2006] and states an equilibrium between the control law CL(y)

of the VSC and the rating limits ymin and ymax of its variable y. This complemen-

tarity condition is transformed into the set of nonlinear equality constraints given

by (2.27)-(2.29), which is directly included in the power flow formulation. In this

case, za and zb are a new pair of state variables of the problem that relaxes (2.27),

which avoids the resultant set of equations associated with the VSC operation

being oversized. Note that (2.27) is not considered in the formulation if there is

not a control law equation:

CL(y)− za + zb = 0 (2.27)√
(y − ymin)2 + z2a −

[
(y − ymin) + za

]
= 0 (2.28)√

(ymax − y)2 + z2b −
[

(ymax − y) + zb
]

= 0. (2.29)

On the other hand, (2.28) and (2.29) represent the FB merit function [Fischer,

1992], which can be improved with the following function:√[
(y − ymin)− za

]2
+ 4µ2 −

[
(y − ymin)− za

]
= 0 (2.30)√[

(ymax − y)− zb
]2

+ 4µ2 −
[

(ymax − y)− zb
]

= 0 (2.31)

presented in [Facchinei et al., 1999]. This function is smooth (continuously differ-

entiable) for every µ = 0.
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2.3.2.1 Active power limits

The set of nonlinear equations used to satisfy ηVdcIdc ≤ Pnom is (2.32), which was

rewritten from (2.18), and (2.33) for both control modes of operation. When the

PV generator oversteps its limit, the state variable ξc takes a value different from

zero, steering the VSC operation point out of the MPP:

∆Φ1 = ∆g2 + ξc = 0 (2.32)

∆Φ2 =

√
ξ2c + (Pnom − ηVdcIdc)2 − [ξc + (Pnom − ηVdcIdc)] = 0. (2.33)

2.3.2.2 Reactive power limits

When the VSC is operating in the PQ control mode, the reactive power limits

are handled as explained for the switching approach. On the other hand, the set

of equations (2.34)-(2.36) is used in the PV control mode to assure that Qmin ≤
Qkm ≤ Qmax when a voltage magnitude control is performed based on the voltage

droop control strategy. Note that in this approach (2.21) is rewritten as (2.34):

∆Φ3 = ∆g5 − va + vb = 0 (2.34)

∆Φ4 =

√
(Qkm −Qmin)2 + v2a −

[
(Qkm −Qmin) + va

]
= 0 (2.35)

∆Φ5 =

√
(Qmax −Qkm)2 + v2b −

[
(Qmax −Qkm) + vb

]
= 0. (2.36)

2.4 VSC’s Capability

The maximum amount of active and reactive power that the VSC can inject into

the system is limited by its maximum current capacity. Hence, the VSC’s mag-

nitud of complex power is given in terms of its AC voltage Vk and the maximun

current Imax [Stijn, 2010] by

|Smax
km | = |Vk||Imax| =

√
P 2
km +Q2

km (2.37)

where |Smax
km | is the VSC’s maximun magnitud of complex power. The inverter

operating space in the PQ plane is given by the semicircle

(P,Q) : 0 ≤ Pkm ≤ Plim,

∣∣∣∣Qkm ≤
√

(VkImax)2 − P 2
km

∣∣∣∣ (2.38)
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shown in Fig. 2.4. Note that PQ plane contour is given by Plim = VkImax =

Smax
km . Furthermore, the VSC’s current Ish should be within the inverter’s thermal

capability: Ish ≤ Imax [Zhang, 2004].

Figure 2.4: VSC’s capability curve.

2.4.1 Basic mismatch equations of the PV plant using VSC’s

capability

Based on what was mentioned in the last section, a new formulation approach is the

VSC operating in the PQ plane space in terms of the maximum current capability.

Hence, and similar to section 2.2.5, the set of basic equations representing a PV

plants is described as:

∆u1 = Iph − I0
[
exp

(
Vdc + IdcRs

Vt

)
− 1

]
− Vdc + IdcRs

Rsh

− Idc = 0 (2.39)

∆u2 = Idc + ξs − Vdc
[
I0
Vt

exp

(
Vdc + IdcRs

Vt

)
+

1

Rsh

]
/[

I0Rs

Vt
exp

(
Vdc + IdcRs

Vt

)
+

Rs

Rsh

+ 1

]
= 0 (2.40)

∆u3 = ηPdc − Pkm = 0 (2.41)

∆u4 = Ish −
√
V 2
k + V 2

m − 2VkVm cos (α− θm)√
R2

T +X2
T

= 0 (2.42)

∆u5 =

√
ξ2s + (Plim − Pkm)2 − [ξs + (Plim − Pkm)] = 0. (2.43)

Note that the new equation (2.42) corresponds to the current Ish through the VSC,

as shown in Fig. 2.2. Since the active and the reactive power limits are handled

by using the complementarity approach, (2.39)-(2.43) are the set of mismatch

equations asociated with the state variables Idc, Vdc, α, Ish and ξs. Finally, the

values of state variables ma and Plim will depend not only of the control strategy
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but also the control mode at which the VSC is operating. The same line of

reasoning applies to the way in which the inverter reactive power flow mismatch

equation is formulated and to the inverter reactive power limits.

2.5 PV-VSC Control strategy, control operating

modes and handling of power limits

The specified control strategies for the PV-VSC power plant are divided into two

main groups, Active Power Priority (APP) and Reactive Power Priority (RPP).

On the other hand, the specified VSC’s control modes associated with each control

strategy depend on how the reactive power is dispatched, while the power limits

ensure the safe operation of the converter.

2.5.1 Active Power Priority

In this control strategy the amount of reactive power injected into the grid depends

of the active power available. The reactive power is limited by VkImax and Pkm at

that moment. The control modes associated to this strategy are described below.

2.5.1.1 APP PQ control mode

In this control mode the VSC injects an active power Pkm according to the weather

conditions of the PV Generator and to the system’s operating conditions, as given

by (2.10). For a given active power output Pkm1, the set of reactive powers that

can be injected or absorbed by the VSC is given by the vertical segment shown

in Fig. 2.5 a). Note also that the reactive power capability in this segment is

limited by the inverter rating |Smax
km | = |Vk||Imax|, which will change according to

the active power output. In this context, the entire inverter rating can be utilized

to supply or absorb reactive power when no active power is produced.

Based on the mentioned above, the reactive power support defined by the line

segment is mathematically represented by

∆g6 = Qkm − χ
√

(VkImax)2 − P 2
km = 0 (2.44)
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where the parameter χ can take a fixed value within the range given by −1 ≤
χ ≤ 1. Furthermore, the constraint Plim = VkImax ensures that the VSC will not

be overload by its maximun current, while ma is the state variable associated to

(2.44). Lastly, the physical interpretation of this combination of control strategy

and control mode is that the reactive power to be injected or absorbed by the VSC

is a fixed weighted value χ times the root square of the difference of the squares

of the apparent power and active power of the VSC.

2.5.1.2 APP PQ control mode-fixed power factor

In this case, the PV inverter is required to operate at a fixed value of power factor

pf . Hence, for a given active power output Pkm, the reactive power Qkm must

be adjusted along the corresponding line segment to achieve the specified pf . In

order to achieve that adjustment, the weighting factor χ is now a state variable

χs. The geometric representation of this control mode is schematically shown in

Fig. 2.5 b). On the other hand, the combination of these control strategy and

control mode is mathematically represented by the following set of equations,

∆u7 = Qmk − Pmk tan(acos(pf))− ρa + ρb = 0 (2.45)

∆u8 = Qkm − χs

√
(VkImax)2 − P 2

km = 0 (2.46)

∆u9 =

√[
(χs − χmin)− ρa

]2
+ 4µ2 −

[
(χs − χmin)− ρa

]
= 0 (2.47)

∆u10 =

√[
(χmax − χs)− ρb

]2
+ 4µ2 −

[
(χmax − χs)− ρb

]
= 0 (2.48)

In this case, the state variable associated with (2.45) is ma. On the other hand,

the state variable χs represents the reactive power adjustment during the solution

process to achieve an inverter operation at the required pf . This state variable is

limited by the complementarity constraints (2.47) and (2.48) at the limitis −1 ≤
χs ≤ 1. In this context, Fig 2.5 b) clearly shows that for a value of Pkm1 the

maximum pf is obtained when the state variable χs equals 1: its maximum value.

On the other hand, if for the same value of active power the inverter pf1 is reduced

to a value of pf2, the state variable χs must be adjusted to a value of 0.5. Note

also that the inverter operates in a unitary pf for a value of Pkm2 , which means

that no reactive power is provided by the inverter and χs is null. Lastly, the active

power limit is given by Plim = VkImax.
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a) b)

Figure 2.5: Active Power Priority. Geometric representation of control modes
PQ and PQ (pf)

2.5.1.3 APP PV control mode

This kind of control mode represents the participation of PV plant units in an-

cillary services such as the control of voltage magnitude. In this control mode,

an active power Pkm is injected into the network, and the voltage magnitude Vm

at the POI is controlled at a constant value Vref by the VSC. This control is

mathematically formulated by the following set of equations,

∆u11 = Vm − Vref +KpQkm = 0 (2.49)

∆u12 =

√[
(Qkm −Qmin)− va

]2
+ 4µ2 −

[
(Qkm −Qmin)− va

]
= 0(2.50)

∆u13 =

√[
(Qmax −Qkm)− vb

]2
+ 4µ2 −

[
(Qmax −Qkm)− vb

]
= 0(2.51)

For this control mode ma is the state variable associated with (2.49). Furthermore,

the reactive power that the VSC can either absorb or inject is constrained to

Qmin ≤ Qkm ≤ Qmax. These limits are given by Qmin = −
√

(VkImax)2 − P 2
km and

Qmax =
√

(VkImax)2 − P 2
km and ensure to not overload the VSC. This behavior

is represented by the constraints (2.50) and (2.51). On the other hand, Plim =

VkImax.
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2.5.2 Reactive Power Priority

For this control strategy, the production of reactive power is prioritized over the

production of active power, which implies a curtailment of active power if there is

not sufficient capacity in the VSC to inject the required reactive power [Ding et al.,

2016]. For this control strategy the following two control modes are proposed.

2.5.2.1 RPP PQ control mode

The aim of the present control mode is to inject a fixed amount of reactive power

that is defined as a fixed percentage χ of Smax
km :

∆u14 = Qkm − χVkImax (2.52)

If for a given active power output Pkm there is not enough room of reactive power

capability to acomplish that requirement, the active power Pkm is curtailed to a

value Pcurt given by Plim = Pcurt = VkImax

√
1− χ. In this case, the parameter χ

can take a value within [-1,1] and ma is the state variable associated with (2.52).

2.5.2.2 RPP PV control mode

In this control mode, and similarly to Section 2.5.1.3, the voltage magnitude is

controlled at the POI based on the control law (2.49) but instead of constraining

the active and reactive power through equations (2.43) as well as (2.50) and (2.51)

these powers are constrained based on the parameter χ as follows:

Plim = Pcurt = VkImax

√
1− χ (2.53)

Qmin = −χVkImax (2.54)

Qmax = χVkImax (2.55)

Fig. 2.6 shows the law control of the VSC to curtail the active power Pkm into

Pcurt. When the output of active power is Pkm1 there is not enough reactive power

Qkm1 to accomplish with χSmax
km . Hence Pkm1 has to be curtailed to a value of

Pcurt where Qkm2 > Qkm1 . This curtailment means that the PV plant is not

operating at the MMP anymore because the VSC steers the MPP at Pdc1 toward

a new operating point at lower DC Power Pdc2 . Note that this new operating
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Figure 2.6: Rective Power Priority. Geometric representation of control modes
PQ and PV

point corresponds to the AC output power Pcurt. This reduction of active power

is performed only for Reactive Power Priority strategy through (2.40) and (2.43).

2.6 Mexican’s Grid Code

The Mexican Grid code [Comisión Reguladora de Enerǵıa, 2016] establishes the re-

queriments to provide ancillary services by grid-connected asynchronous resources,

like PV plants and wind-based generators. These requirements are classified ac-

cording to maximun active power capacity of the generator to be interconnected

to the Mexican national electrical system. In this context, Figs. 2.7 and 2.8

show the reactive power requirements as well as the voltage magnitude for the

interconnection of asynchronous resources type C and D, respectively.

The reactive power requeriments for Fig. 2.7 depends on the level of active power

Pmk and the value of Pmax. In this context, two zones in the ordinate axis are iden-

tified as Upper and Lower Zone, respectively. When the asynchronous resources

operates at Upper Zone, the active power Pmk must be kept within the range of

0.5Pmax ≤ Pmk ≤ Pmax. On the other hand, the maximun reactive power that
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can be injected into the grid is a function of Pmk and is given by Qmk = 0.33Pmk,

which implies a maximun leading and lagging power factor of pf = ±0.9496. Re-

garding the operation in the Lower Zone, the value of Pmk varies within the range

of 0 < Pmk < 0.5Pmax, while the maximun value of Qmk corresponds to 0.33
0.5

P 2
mk

Pmax
.

Note that when the Pmk tends to 0, the pf tends to 1. Fig. 2.8 is the projection

of Fig. 2.7 with the voltage magnitude Vm in the z axis. In this sense, the re-

quirements explained above must be taken into account to maintain the voltage

magnitude within limits given by 0.95 ≤ Vm ≤ 1.05. In order to accomplish the

reactive and voltage requirements of the Mexican’s grid code shown in these Figs.,

three different control modes are proposed and derived from basic principles in the

following subsections.
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Figure 2.7: Diagram Qmk
Pmk

, Pmk
Pmax

for asynchronous resources.

2.6.1 VSC Mexican’s Grid Code control modes

In order to accomplish the requeriments of the Mexican’s Grid Code (MGC ), three

main consideration need to be taken into account based on Fig 2.8, and the VSC’s

operating capability (2.37): i) it is necessary a curtailment of active power (Pmax)

to meet the reactive power reserve, ii) the reactive power injected into the grid

depends on the VSC’s active power output. In this case, the boundary between

two different regions of reactive power operation is defined by an active power
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Figure 2.8: Diagram Qmk
Pmk

, Pmk
Pmax

, Vm for asynchronous resources.

output of 0.5 Pmax. and iii) the voltage magnitude Vm must be within its limits.

The last two conditions are mathematically represented by

−0.33Pmk ≤ Qmk ≤ 0.33Pmk 0.5Pmax ≤ Pmk ≤ Pmax (2.56)

−0.33

0.5

P 2
mk

Pmax

≤ Qmk ≤
0.33

0.5

P 2
mk

Pmax

0 < Pmk < 0.5Pmax (2.57)

Vmin ≤ Vm ≤ Vmax (2.58)

where Pmax is defined as Pmax = 0.93VkImax, to accomplish the requeriments of

reactive power. On the other hand, the minimum and maximum voltage magni-

tudes are Vmin = 0.95 p.u. and Vmax = 1.05 p.u., respectively. For the proposed

approach, the inequality constraints (2.56) and (2.57) are merged into one single

equality function representing the injection of reactive power in one of the two

VSC’s operating regions:

Qmk = χ0.33Pmk

[
− Pmk

0.5Pmax

κ+ (1− κ)

]
(2.59)

where κ ∈ {0, 1}. This binary variable is calculated during the iterative process

and permits the switching between functions (2.56) and (2.57) according with the
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current value of Pmk. As shown in Fig. 2.7, when κ = 1 the VSC is operating in

its upper region, the opposite takes place when κ = 0. On the other hand, the

parameter χ controls the level of reactive power injected into the grid. Based on

what was mentioned above and the proposed equation (2.59) is that the VSC’s

grid code control modes are derived from basic principles. Note that, the basic

mistmach equations of the PV plant reported in Section 2.4.1 prevail for this new

proposal, together with (2.46) and its associated state variable χs.

2.6.1.1 MGC PQ control mode

In this control mode (2.59) is modified as (2.60) in order to introduce the comple-

mentarity control variables ιa and ιb. The state variable associated to this equation

is ma.

∆u15 = Qmk − (χ− ιa + ιb)0.33Pmk

[
− Pmk

0.5Pmax

κ+ (1− κ)

]
= 0 (2.60)

∆u16 =

√[
(Vm − Vmin)− ιa

]2
+ 4µ2 −

[
(Vm − Vmin)− ιa

]
= 0 (2.61)

∆u17 =

√[
(Vmax − Vm)− ιb

]2
+ 4µ2 −

[
(Vmax − Vm)− ιb

]
= 0 (2.62)

Equations (2.61) and (2.62) represent the complementarity constraints to handle

the voltage magnitud limits as well as their corresponding state variables denoted

by ιa and ιa, respectively. Finally, Plim = Pmax.

2.6.1.2 MGC PQ control mode-fixed power factor

For this control mode, the reactive power support depends on the value of pf

according to Fig 2.8. This dependency represented by expressing (2.60) as (2.63),

where the parameter χ is replaced with the state variable χc. The state variable

ma is associated with (2.64). On the other hand, the complementarity constraints

(2.65)-(2.66) and the state variables %a and %b maintain the pf within limits.

∆u18 = Qmk − (χc − ιa + ιb)0.33Pmk

[
− Pmk

0.5Pmax

κ+ (1− κ)

]
= 0 (2.63)

∆u19 = Qmk − Pmk tan(acos(pf))− %a + %b = 0 (2.64)

∆u20 =

√[
(χc − χmin)− %a

]2
+ 4µ2 −

[
(χc − χmin)− %a

]
= 0 (2.65)

∆u21 =

√[
(χmax − χc)− %b

]2
+ 4µ2 −

[
(χmax − χc)− %b

]
= 0 (2.66)
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Lastly, constraints (2.61) and (2.62) are also considered in this control mode, while

the active power limit is calculated as Plim = Pmax.

2.6.1.3 MGC PV control mode

Based on Sections 2.5.1.3 and 2.5.2.2, this operating mode controls the voltage

magnitud Vm at the POI at a specified value Vref . This control mode is mathe-

matically composed of equations (2.46), (2.49), (2.50) and (2.51), while the active

and reactive power limits are calculated by

Plim = Pmax (2.67)

Qmin = 0.33Pmk

[
Pmk

0.5Pmax

κ+ (1− κ)

]
(2.68)

Qmax = 0.33Pmk

[
− Pmk

0.5Pmax

κ+ (1− κ)

]
(2.69)

Lastly, note that the voltage reference must be selected according to Fig 2.8:

0.95 ≤ Vref ≤ 1.05 p.u.
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2.7 Generalized power flow formulation

The explicit inclusion of the PV plant model in the power flow problem is accom-

plished by grouping together the set of nodal active and reactive power mismatch

equations, ∆P and ∆Q, and the equations describing the PV plant operation:

∆g, is the set of basic equations of the PV plant, ∆h and ∆Φ represent the mis-

match equations of the switching and complementarity limit checking approach

respectively. Finally ∆u represents the mismatch equations for VSC’s control

strategies and control modes under Mexican’s grid code. In this context, the gen-

eralized power flow problem is formulated by the set of equations given by (2.70).

The PV plant equations are selected according to:

i) The VSC’s control modes and the approach used for handling its power

limits, as reported in Tables 2.1 and 2.2 where the abbreviations WLC,

LCSA and LCCA denote without limit checking, limit checking by using

the switching approach and limit checking by using the complementarity

condition approach, respectively.

ii) The VSC’s control strategies and their associated control modes are reported

in Tables 2.3 and 2.4.

iii) The VSC’s control modes under the Mexican’s grid code are reported in

Table 2.5

f(x) = [∆P ∆Q ∆g ∆h ∆Φ,∆u]T = 0. (2.70)

The use of augmented equations for the power flow problem lends itself to a suitable

formulation to solve the nodal voltages of the network, xnt, and the PV plant state

variables, xpvp, simultaneously. In this context, the Newton-Raphson method is

used to obtain an approximate solution to the nonlinear problem f(x) = 0, where

x = [xnt xpvp]
T , by solving for ∆xi in the i iteration solving the linear problem

J i∆xi = −f(xi), where J is known as the Jacobian matrix. The method starts

from an initial guess x0 and updates the solution for all state variables at each

iteration i, i.e. xi+1 = xi + ∆xi, until a specified mismatch tolerance is satisfied:

max
∣∣f(xi+1)

∣∣ ≤ TOL.
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Table 2.1: PV plant equations under a PQ operation mode

Approach State variables Equations

WLC Idc, Vdc, ma, α (2.17), (2.18) (2.19), (2.20)

LCSA Idc, Vdc, ma, α (2.17), (2.23) (2.19), (2.20)

Pnomsv or ξs (2.22)

LCCA Idc, Vdc, ma, α (2.17), (2.32) (2.19), (2.20)

ξc (2.33)

Table 2.2: PV plant equations under a PV operation mode

Approach State variables Equations

WLC Idc, Vdc, ma, α (2.17), (2.18) (2.19), (2.21)

Idc, Vdc, ma, α (2.17), (2.23) (2.19), (2.21)

LCSA Pnomsv or ξs (2.22)

Qvio or Vref (2.26)

LCCA Idc, Vdc, ma, α (2.17), (2.32), (2.19), (2.34)

ξc, va , vb (2.33), (2.35), (2.36)

Table 2.3: PV plant equations under Active power priority control strategy

Control Mode State variables Equations

PQ Idc, Vdc, α, Ish, (2.39), (2.40) (2.41), (2.42),

ξs,ma (2.43), (2.44)

PQ (pf) Idc, Vdc, α, Ish, ξs, (2.39), (2.40) (2.41), (2.42) (2.43),

ma, χs, ρa, ρb (2.45), (2.46), (2.47), (2.48)

PV Idc, Vdc, α, Ish, ξs, (2.39), (2.40) (2.41), (2.42), (2.43),

ma, va, vb (2.49), (2.50), (2.51)

Table 2.4: PV plant equations under Reactive power priority control strategy

Control Mode State variables Equations

PQ Idc, Vdc, α, Ish, (2.39), (2.40) (2.41), (2.42),

ξs,ma (2.43), (2.52)

PV Idc, Vdc, α, Ish, ξs, (2.39), (2.40) (2.41), (2.42), (2.43),

ma, va, vb (2.49), (2.50), (2.51)

Table 2.5: PV plant equations under the Mexican’s grid code

Control Mode State variables Equations

PQ Idc, Vdc, α, Ish, (2.39), (2.40) (2.41), (2.42),

ξs, χs,ma, ιa, ιb (2.43), (2.46), (2.60), (2.61), (2.62)

PQ (pf) Idc, Vdc, α, Ish, ξs, (2.39), (2.40) (2.41), (2.42) (2.43),

χs, ιa, ιb, χc,ma, (2.46), (2.61), (2.62), (2.63) (2.64),

%a, %b (2.65), (2.66)

PV Idc, Vdc, α, Ish, ξs, (2.39), (2.40) (2.41), (2.42), (2.43),

χs,ma, va, vb (2.46), (2.49), (2.50), (2.51)

Finally, Fig. 2.9 is associated with the PV plant model when the switching ap-

proach is used for checking limits of the PV plant’s state variables. Note that
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when the limit checking is performed by the complementarity approach, the PV

model is directly defined by the information reported in the third row of Tables

2.1 and 2.2 for the PQ and PV operating control modes, respectively.

Figure 2.9: Block diagram of the PV plant model with LCSA
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2.7.1 State variable initialization

The generalized unified power flow problem arrives at the solution with local

quadratic convergence if proper initial conditions are given for the set of state

variables. The flat initialization of nodal voltages is commonly used in conven-

tional power flow studies [Acha et al., 2004], while the amplitude modulation ratio

ma is initialized at 1, and the VSC’s phase angle α is set at 0◦. On the other

hand, the initialization of Vdc and Idc is not a trivial task such that one way of

defining their initial values consists of using the open circuit voltage Voc and short

circuit current Isc, respectively, which are provided by manufacturer’s datasheets

at STC. Although these values provide a good estimate, this can be improved by

selecting initial values of Vdc and Idc closer to the MPP. This is achieved by first

expressing Idc as an explicit function of Vdc, or vice versa. This explicit function

can be derived from (2.1) by using the Lambert W function [Lim et al., 2015],

which results in

Idc =
Rsh (Iph + I0)− Vdc

Rs +Rsh

− Vt
Rs

W

{
RsRshI0

Vt (Rs +Rsh)

× exp

(
Rsh

(
Rs (Iph + I0) + Vdc

)
Vt (Rs +Rsh)

)}
, (2.71)

where W {·} refers to the Lambert W function, which cannot be expressed in terms

of elementary functions. Therefore, the series expansion employed to approximate

W {·} is the one given in [Batzelis et al., 2014]. Based on (2.71), the dyad of Idc

and Vdc that provides the maximum value of Pdc can be obtained by computing a

set of values for Idc by varying Vdc from 0 to Voc. The dyad {Idc, Vdc} associated

with the maximum computed value of Pdc is then selected as an initial value for

the state variables Idc and Vdc, respectively.

2.8 Summary

This chapter proposes the paramater extraction of PV panel model in order to

incorporate the equations representing the operation of a PV generator, together

with those associated with the control laws of the VSC. The operational limits

of the VSC are taking into account considering two novel approaches: switching

approach and complementarity approach. Moreover a second formulation of the

PV plant model is developed from basic principles, where the capability curve of

the VSC is incorporated to the model. In this context, is proposed a practical
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PV plant model to meet the requirements set by the Mexican’s grid code for

the interconection of PV plants. Lastly, the simultaneous solution of the state

variables associated with the PV plant model together with the rest of the state

variables of the electric power system is formulated in the context of the power

flow problem.





Chapter 3

Case studies

3.1 Introduction

The developed power flow program, including the PV plant model with their

respective control modes and operational limits described in Chapter 2, has been

applied to the solution of two electric networks considering varying degrees of

operational complexity. This Chapter presents the corresponding computational

results to demonstrate the reliability of the proposed approach and the developed

computer program.

3.2 Case studies

The performance of the proposed approach is evaluated by using the IEEE-14 bus

test system and a real Mexican 71-bus power system. The proposed PV plant

model and power flow algorithm were implemented in the MATLABR© platform,

and the power flow studies were performed with a mismatch tolerance of 10−12 by

considering either the switching or complementarity approach. For this purpose,

the 330W Kyocera KU330-8BCA photovoltaic panel has been selected with its

datasheet given in [Kyocera, 2014]. The panel’s resistor values are Rsh = 652.51Ω

and Rs = 280.84mΩ. In both IEEE-14 and real Mexican 71-bus power system the

reactive power limits were not considered for the conventional generators.

35
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3.2.1 IEEE-14 test system

3.2.1.1 Base case

In this case, the conventional generator embedded at bus 6 is replaced by four

parallel-connected PV power plants, Bus6-U1 to Bus6-U4, with their PV gener-

ators composed of an array of multiple panels as reported in Table 3.1, and the

resistors values are Rsh = 10.354Ω and Rs = 4.45mΩ. The parameters for each

VSC are the same, with a nominal active power of Pnom = 12.50 MW, a droop

control parameter of Kp = 2 × 10−3, an efficiency of η = 98% and power factor

limits of 0.95 ≤ pf ≤ 1. The transformer reactance for all PV units is XT = 0.9

per-unit (p.u.). All power plants are operating at the PV control mode to set

the voltage magnitude at the POI node at Vref = 1.08 p.u. Similarly, these units

operate under the same temperature of 28◦C but at different levels of irradiance

as shown in Table 3.2. The power flow study converged to the same solution in

four and six iterations by using the switching and complementarity approaches,

respectively, as shown in Fig. 3.1. Since no operating limit of the PV units was

violated, the switching approach was not activated. On the other hand, the com-

plementarity approach is always activated during the iterative process, whereby

this approach always takes more iterations to obtain convergence when no limit

violations have occurred during the iterative process. Lastly, the final values of

the state variables associated with each PV unit are given in Table 3.2. Since each

unit is operating under different levels of irradiance, the resulting Pdc = VdcIdc

achieved at the MPP is also different for each unit.

Table 3.1: PV generator parameters

STC Conditions (Tn = 25◦C, Gn = 1000W/m2)

System Parameter

Pmpp Impp Vmpp Npp Nss

IEEE-14 test system 12MW 12.3kA 0.97kV 1515 24

BCSPS 6.2MW 6.3kA 0.97kV 783 24

Table 3.2 also shows the final values of ηPdc, Qkm and lagging pf for each single

PV plant unit. Clearly, unit Bus6-U2 is operating closer to its STC: Pdc
∼= Pmpp.

On the other hand, Bus6-U4 operates with the lowest irradiance, which results

in the lowest ηPdc = 0.1090 p.u. Note also that all PV units generate the same

amount of reactive power to achieve the specified control of voltage magnitude:

Qkm = 0.0225 p.u. The reason for this performance is because the voltage droop
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controller has the same value of Kp for each PV unit. Lastly, the power factor at

which each unit is operating is computed from (2.20).

3.2.1.2 Violation of VSCs’ limits

In order to assess the performance of the proposed approach when violations exist

in the VSCs’ operation limits, the case study previously reported was repeated

but with the levels of irradiance reported in Table 3.2, a temperature of 32◦C and

a control voltage magnitude at Vref = 1.1 p.u. The same power flow solution was

obtained by using any of the two proposed approaches for limit checking, with the

state variable values of each PV plant reported in the last four columns of Table

3.2. From the analysis of these results, the non-null value of ξ indicates that units

Bus6-U1 and Bus6-U2 violated their active power limits, i.e. they are no longer

operating under MPP, whereby their active powers are fixed at Pnom. On the other

hand, units Bus6-U3 and Bus6-U4 operate under the MPP mode with values of

ηPdc < Pnom.

All PV plants have also violated their corresponding maximum reactive power

limit such that all units operate at the PQ control mode at a fixed pf of 0.95, with

their reactive power generation fixed at the violated limit. This limit is calculated

for each PV unit by either using (2.25) for the switching approach or the merit

function (2.36) for the complementarity approach. Since this limit’s value depends

on the active power supplied by the corresponding PV plant, units Bus6-U1 and

Bus6-U2 supply the same reactive power generation because they have also been

fixed at their maximum active power Pnom. In this case, the voltage magnitude’s

final value at node 6 was 1.093 p.u. instead of the target value of Vref = 1.1 p.u.

Unlike the case study where no limit violations took place, the solution was ob-

tained in seven iterations by using the complementarity approach, while two more

iterations were required when the limit checking was carried out by the switching

approach. Furthermore, the switching approach was applied by considering trun-

cated adjustments in the state variables during the solution of (2.70) [Acha et al.,

2004]; otherwise, the iterative process diverges. The convergence profile of the

proposed generalized power flow for both limit handling approaches is shown in

Fig. 3.1, where the discontinuity observed in the convergence trajectory associated

with the switching approach is due to limits violation conditions.
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Figure 3.1: Convergence profile for both limit handling approaches.

3.2.1.3 Comparison of efficiency representation

The last simulation where the VSCs violated some of their operating limits has

been repeated, but by considering the Jantsch model for representing the effi-

ciency of converters [Monteiro et al., 2016]. The results are shown in the last four

columns of Table 3.2. A comparison of these power flow results with respect to

those obtained when using a constant value of efficiency clearly shows that both

approaches give similar results. This is because of the output power at the VSCs’

AC terminals.

Figure 3.2: Collection grid topologies.
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3.2.1.4 Collection grid topologies

The capability of the proposed approach to simulate different AC collection grid

topologies is reported in this section. For this purpose, the simulation reported

in Section 3.2.1.2 when violations of the VSC’s operation limits take place has

been newly repeated, but it considers the radial, ring and star collection grid

topologies [Cabrera-Tobar et al., 2016]. In the former topology, the four PV units

are connected to one feeder in one continuous string, as shown in Fig. 3.2 a). The

ring topology derives from the radial topology by adding another feeder on the

other side of the string, as shown in Fig. 3.2 b). Lastly, the star 1) topology is

shown in Fig. 3.2 c) where each PV unit is connected to the main collector. In

all these topologies, each PV unit is operating in the PV control mode to set the

voltage magnitude at its corresponding medium voltage bus at Vref = 1.1 p.u.

All lines composing the topologies have the same impedance of Zl = 0.01335 +

j0.04211 p.u., while the same station transformer connecting nodes MV and HV

has been considered for all topologies with a reactance of XST = 0.25202 p.u. The

results obtained for the state variables of each generator are reported in Table 3.3

according to the type of AC collection grid topology considered in the power flow

study. Each PV plant unit operates at lagging pf . The analysis of these results is

similar to the one described in Section 3.2.1.2.
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3.2.1.5 Distributed PV generation

In this study, five PV plants of different power capabilities have been embedded

in five different nodes of the system as reported in Table 3.4. The parameters and

control mode of operation associated with each PV plant, as well as the power

flow solution, are also reported in this Table. This solution indicates that units

Bus7-U3 and Bus11-U4 violated their active power and reactive power limits,

respectively. On the other hand, the rest of PV units remain operating within

their power limits.

Table 3.4: Parameters and state variables for PV Plants

Parameters PV plant units

and Bus 5 Bus 6 Bus 7 Bus 11 Bus 14

state variables Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

T (◦C) 21◦ 30◦ 35◦ 24◦ 26◦

G (W/m2) 600 980 1200 700 800

Pnom (MW) 15.5 48.5 7.5 30.5 8.5

XT (p.u.) 0.3871 0.1237 0.800 0.1967 0.7059

Rs (mΩ) 3.55 1.11 7.62 1.78 6.66

Rsh (Ω) 8.22 2.58 17.74 4.14 15.53

Control mode PQ PV PQ PV PQ

Vdc (p.u.) 1.8609 1.8735 2.0411 1.8661 1.8703

Idc (p.u.) 0.0478 0.2500 0.0375 0.1115 0.0340

α (degree) -2.8651 -1.6227 -3.7106 -2.9863 -4.9238

ma 0.9134 0.9415 0.8538 0.9561 0.9277

ξs = ξc 0 0 0.0975 0 0

Pkm (p.u.) 0.0872 0.4591 0.0750 0.2040 0.0624

Qkm (p.u.) 0.0177 0.1270 0 0.0671 0.0182

Vm (p.u.) 1.0349 1.0800 1.0686 1.0811 1.0513

pf 0.9800 0.9996 1.0000 0.9500 0.9600

η 0.9801 0.9801 0.9800 0.9802 0.9802

3.2.2 71-bus electric power system

This electric power system shown in Fig. 3.5, referred to as Equivalent PS, is

part of a real power system, and consists of 71 buses, 44 transmission lines, 44

two-winding and 3 three-winding transformers [Romero, 2014]. The generation

portfolio is composed of steam plants, gas turbines and internal combustion gen-

erators. In 2016, solar energy represented 3.1% of the overall region capacity with

32 MW, but it is expected that this capacity will increase to 300 MW by 2031
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[PRODESEN 2017, 2017]. This exponential growth is basically defined by its daily

solar irradiance of 8.5 kWh/m2, which results in several requests for integrating

solar PV plants from private utilities. Based on the mentioned above, 15 PV

plants have been embedded in the system at 115 kV nodes B50, B53 and B66,

considering five parallel-connected power plants at each node, with the parameters

of each single VSC similar to those reported in Section 3.2.1. The difference is

that the nominal power is now Pnom = 6.50 MW. Furthermore, the set of Kyocera

photovoltaic panels composing the PV generator, as well as the generator’s char-

acteristics, are given in Table 3.1, where the following values of resistances have

been adopted: Rsh = 20.033Ω and Rs = 8.61mΩ. Table 3.5 shows the weather

conditions for each PV plant. Based on this information, two power flow studies

have been performed, with and without the handling of limits, by considering that

the set of PV plants connected at node B66 are operating in the PQ control mode.

Similarly, the rest of the renewable generators are considered to be operating in

the PV control mode to control the voltage magnitude at nodes B50 and B53 at

1.02 p.u. and 1.04 p.u., respectively. Regarding the set of generators embedded

at node B66, units B66-U4 and B66-U5 operate at unity power factor, while units

B66-U1, B66-U2 and B66-U3 operate at lagging power factors of 0.95, 0.98 and

0.96, respectively.

Table 3.5: Weather conditions of PV plants

PV plants at Bus 66 PV plants at Bus 53 PV plants at Bus 50

G T G T G T

B66 W/m2 ◦C B53 W/m2 ◦C B50 W/m2 ◦C

U1 920 34 U1 960 36 U1 975 36

U2 935 34 U2 920 34 U2 980 36

U3 970 35 U3 970 36 U3 1140 38

U4 1130 37 U4 1100 38 U4 970 35

U5 980 35 U5 1090 38 U5 1150 38

When no power limits were considered in the power flow study, the specified con-

trol actions were achieved. On the other hand, when limits were checked only

the voltage magnitude at node B53 was controlled. In this case, the five units

embedded at this node were able to perform the control action, but units B53-U4

and B53-U5 violated their corresponding active power limit Pnom. In contrast, all

generators embedded at node B50 violated their maximum reactive power limit,

and units B50-U3 and B50-U5 also violated their active power limits. Lastly, unit

B66-U4 operating in PQ control mode has also violated its active power limit.
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Figure 3.3: ma and pf for each unit.
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Figure 3.4: Active and reactive power generation by PV units.

Figure 3.3 (a) shows the value of ma for each VSC unit for both case studies. Note

that the value of ma became lower when the active power limit was violated; this is

because the PV plant is no longer operating in the MPP. In addition, there was an

increment in the voltage value at the DC side of the VSC. For the units that only

violated the reactive power limit (B50-U1,U2 and U4), ma had a slight change.

When power limits were not considered, the units B50-U1 to B50-U5 worked at



Chapter 3. Study Cases 45

L21

L22

L29 L30

L27

L28

L2
L1

L3

L40

L39

L12

L6 L7

L4

L5

L11

L13

L31

L37

L35

L34

L33

L32

L41

L42

L43 L44

L25 L24

L26

L38

L36L20

L23

L19

L18

L15L14

L16
L17

L10

L8

L9

T37

T40 T31

T29

T35

T36

T46

T45

T10

T16

T17

T39

T38

T43

T44

T48T47

T49

T33

T34

T41

T42

T32T26T25T22T21

T24

T23

T14

T13

T12

T11

T20

T19

T18

T30

T27 T28

T15

T7

T6

T8

T9

T5

T4

T3

T1

T2

D5

D4

D3

TE4

TE5

TE1

TE2

TE3

TG6

TG5

TG4

TG3

TG2

TG1

TG7

D2

D1

C1

C8

C3

C2

C9

C7C6C4

C5

C11

C15

C17

C14

C20

C22

C21
C10|

C16

C19

C13

C18

C12

C23

SH11

SH8

SH6

SH9
SH1

SH7

SH2 SH4 SH5

SH3

SH14

SH13 SH16
SH12

SH10

SH15

B7
13.8 kV

B52
115 kV

B8
13.8 kV

B9
13.8 kV

B43
34.5 kV

B37
13.8 kV

B36
13.8 kV

B40
34.5 kV

B38
34.5 kV

B49
115 kV

B53
115 kV

B1
115 kV

B55
115 kV

B30
13.8 kV

B58
115 kV

B33
13.8 kV

B19
13.8 kV

B67
115 kV

B2
115 kV

B65
115 kV

B29
13.8 kV

B44
115 kV

B54
115 kVB66

115 kV
B3

115 kV

B56
115 kV

B57
115 kV

B61
115 kV

B60
115 kV

B64
115 kV

B46
115 kV

B4
115 kV

B68
115 kV

B45
115 kV

B47
115 kV

B48
115 kV

B59
115 kV

B50
115 kV

B51
115 kV

B63
115 kV

B62
115 kV

B24
13.8 kV

B18
13.8 kV

B17
13.8 kV

B16
13.8 kV

B15
13.8 kV

B31
13.8 kV

B22
13.8 kV

B32
13.8 kV

B28
13.8 kV

B27
13.8 kV

B23
13.8 kV

B25
13.8 kV

B26
13.8 kV

B34
13.8 kV

B35
13.8 kV

B12
13.8 kV

B11
13.8 kV

B10
13.8 kV

B13
13.8 kV

B14
13.8 kV

B5
13.8 kV

B6
13.8 kV

B41
34.5 kV

B42
34.5 kV

B39
34.5 kV

B71
230 kV B69

230 kV

B70
230 kV

B20
4.2 kV

B21
4.2 kV

Figure 3.5: Equivalent portion of a real power system.
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a lower pf than allowed for the VSC, as shown in Fig. 3.3 (b). On the other

hand, when these limits were considered the pf was fixed at the maximum value

allowed for the VSC, and a slight change in the pf of units B53-U1 to B53-U5 is

accomplished.

Figure 3.4 (a) shows the AC power ηPdc for each unit, where it is observed that

B66-U4, B53-U4, B53-U5, B50-U3 and B50-U5 were fixed at Pnom = 0.065 p.u.

Similarly, Fig. 3.4 (b) shows the reactive power of all PV units involved in the

study. When the power limits were not considered, units B50-U1 to B50-U5 were

dispatched at the same value, and the voltage magnitude was controlled at the

target value. On the contrary, when limits were checked, the Qkm produced by

these units was imposed according to the generation of active power at a fixed pf .

In this case, the uncontrolled voltage at bus 50 was VB50 = 1.0132 p.u.

3.2.3 Comparison to other proposals

The case studies reported in references [Ahmed and Mohsin, 2011] and [Kamh and

Iravani, 2012] have been reproduced in this section to compare our proposal with

respect to the models where PV solar parks are modeled by equivalent generators.

In accordance to these references, it is considered that the solar park is composed

of one single PV plant. Table 3.6 reports the values of state variables associated

with the PV plant embedded at node 3 of the 5-bus test system. The proposal

reported in [Ahmed and Mohsin, 2011] is modeled and validated using DIgSILENT.

A comparison of these results clearly shows that the solution obtained by our

proposal is similar to the one reported in [Ahmed and Mohsin, 2011]. Due to the

value of α in [Ahmed and Mohsin, 2011] is obtained before the power flow analysis

and its variation is assumed linear when the power flow study is performed, the

final value of this this state variable is slightly different with respect to the one

given by our proposal.

On the other hand, the model in [Kamh and Iravani, 2012] is implemented in

MATLABR© and validated against PSCAD/EMTDC. A similar conclusion is reached

after comparing the results obtained by our proposed approach with respect to

those reported in [Kamh and Iravani, 2012], which are shown in Table 3.7. Note

that the values of the modulation index reported in Table 3.7 of [Kamh and Ira-

vani, 2012] correspond to the voltage magnitudes at the AC inverter’s terminal.

This was verified by using the set of equations (10)-(15) given in this reference.

Note that in Tables 3.6 and 3.7 the PV plants operate at lagging pf .
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Table 3.6: Results for the 5-bus test system

α ma Vk pf Pkm Qkm

Model [Ahmed and Mohsin, 2011]
2.882 0.8426 1.032 0.9942 0.48 0.052

Proposed approach
3.1223 0.8400 1.0240 0.9942 0.48 0.0519

Table 3.7: Results for the 12-bus test system

Vm ma Vk pf Pmk Qmk

Model [Kamh and Iravani, 2012]
Unit 1 0.9071 0.9163 0.8997 0.9 0.5345 0.2588
Unit 2 0.9074 0.9166 0.9000 0.9 0.5346 0.2589
Unit 3 0.9072 0.9164 0.8998 0.9 0.5345 0.2588

Proposed approach
Unit 1 0.9071 0.9107 0.8997 0.9 0.5345 0.2583
Unit 2 0.9074 0.9110 0.9000 0.9 0.5345 0.2583
Unit 3 0.9072 0.9108 0.8998 0.9 0.5345 0.2583

3.3 Case studies considering the VSC’s Capability

3.3.1 IEEE-14 test system

In this study, a multiple collection configuration [Cabrera-Tobar et al., 2016] is

connected at buses 6, 10, 11 and 14, respectively. The conventional generator

embedded at buses 6 is replaced by 4 PV plants, which are connected in a start

2) configuration as shown in Fig 3.6 for the four units 1 to 4 with the POI at

bus 6. On the other hand, 4 and 2 PV plants are connected at buses 10 and

1,1 respectively, considering a start 1) collection topology, which is shown in Fig.

3.2 c). Lastly, 2 PV plants are also connected at bus 14 considering a star 2)

configuration. The ideal transformers connecting the PV plants to buses 6 and

10 have a reactance values of 0.48 p.u. and 0.8 p.u., respectively; while the other

transformers embedded at buses 11 and 14 have a reactance of 0.7059 p.u. The

temperature and irradiance are different for all PV plants involved in this study,

as shown in Table 3.8. The abbrevations APP and RPP denote Active Power

Priority and Reactive Power Priority. The following parameters are also reported

in this Table: Rs, Rsh, Npp, Nss, Imax and the control mode of each PV plant. Note

that for this case study all control strategies and their corresponding control modes

detailed in Section 2.5 are analyzed. The parameter of the droop control is given

by Kp = 2 × 10−3; while the parameter corresponding to the complementarity

merit function is µ = 1× 10−6. The mismatch tolerance was set on 10−6. It need

to take into account that the mismatch equations not only, involve active and
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reactive power but also, DC voltage and current, and complementarity variables.

This mainly justifies the use of this value of tolerance. Lastly, the power flow

results associated with values of powers and state variables of each PV plant are

reported in Table 3.8.

Figure 3.6: Star 2) topology.

From the set of data mentioned above PV plants at bus 6 are operating under the

control strategy APP with a PV control mode to set the voltage magnitude at the

POI node at Vref = 1.03 p.u.. In this case, all power plants participate to achieve

the control of voltage magnitude at its reference value by absorbing the same

amount of reactive power: Qkm = −0.0120 p.u. The reason for this performance

is because the voltage droop controller has the same value of Kp for each PV unit.

The current through each VSC is maintained within limits, i.e. Ish ≤ Imax, as

reported in Table 3.8; while all converters are operating at a leadding pf of nearly

0.98.

The four PV plants connected at bus 10 operate in a control strategy APP, where

Units 1 and 3 are operating under a PQ control mode while Units 2 and 4 in a

control mode PQ-fixed power factor (PQ (pf)). The weighting factor χ for units

Unit 1 and 3 is set at 0.5 and 0.0, respectively, which means that Unit 3 does

not injects reactive power to the grid. On the other hand, Unit 1 injects 0.0290

and operates to a pf of 0.911. Regarding other two PV plants, the requirement of

operation for Units 2 and 4 is set at a lagging pf = 0.95. Due to the low level of

solar irradiance at the geographical zone at which Unit 2 is located, its generation

of active power is lower than the one generated by Unit 4 that is located in an area

with high solar irradiance. Unit 2 is able to maintain its operation to the specified

pf , however, which does not ocurr with Unit 4. In this case, the weighting factor
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χs of Unit 4 is fixed at its upper limit 1. Furthermore, the final value of pf is

0.9739 instead of the target value 0.95. Note also that the VSC’s current Ish is

equal to Imax, which means that the full VSC’s capability is used.

The units connected at bus 11 are working under a RPP control strategy. Unit 1

operates in a PQ control mode, with χ = 0.7. Because the irradiance in this area

is good enough the active power must be curtailed in order to use the 70% of the

VSC’s capability to injected reactive power into the grid. Note that the VSC’s

current Ish is equal to Imax, which means that the converter is operating to its full

capability. The second Unit works in a PV control mode considering χ = 0.8 for

the reactive power limits, i.e. (2.54) and (2.55), and Vref = 1.07. Similarly to the

control action performed in Unit 1, the active power is curtailed but in this case

the amount of both reactive power limits Qmin and Qmax is 80% of the Smax
km . The

results show that Unit 2 achieves the voltage magnitude control at the system’s

POI.

Finally, two Units operating in a control strategy APP and PV control mode

are connected at bus 14. The voltage reference Vref is set at 1.03 p.u. for both

Units. Note that the solar irradiance received by both units is high; therefore, the

operating interval of the VSC’s reactive power is low. This constrained reactive

power operating range provokes that both Units violate their lower power limit

such that the voltage magnitude at their POIs is now Vm = 1.0373, instead of

Vm = 1.03, at the end of the solution process. Note that this result validates

the implementation of the proposed approach because the converter is unable to

absorb more reactive power to decrease the voltage magnitude; hence, the voltage

magnitude at the POIs is higher than the one specified. This also causes that

both PV plants units operate at full capacity: Ish = Imax. Lastly, the amount of

reactive power Qkm injected into the grid for both Units is different because there

is no voltage control at the POI.
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3.3.2 71-bus electric power system

For this case study, the interconnection of the PV plants must accomplish, not

only with the Mexican Grid Code, but also with the VSC’s capability current Ish.

In this context, the performance of the three proposed control modes is evaluated

under the following assumptions:

i) The collection configuration used to interconnect several PV plants to any

system’s node has a start 1) topology, as schematically shown in Fig. 3.2.

ii) A set of four PV plants is connected at nodes 50, 53 and 60, respectively.

Each PV plant’s converter has a maximum current capacity of Imax = 0.065.

iii) Since all PV units must satisfy the Mexican’s grid code requirements, no

control strategy of operation is defined. A control mode of operation has to

be specified, however, for each PV plant. In this context, all units embedded

at node 50 operate under a PV control mode to set the voltage magnitude

at a fixed value of Vref = 1.02 p.u.. A PQ (pf), control mode is selected

for each unit connected at bus 53 with power factors of lagging 0.95, 0.95,

0.96 and 0.96 for units 1, 2, 3 and 4, respectively. Lastly, all units connected

at bus 66 operate under a PQ control mode. In this case, the weighting

parameter χ for units 1, 2, 3 and 4 is 0.5, 1.0, 0.7 and 0.6, respectively.

iv) Lastly, the levels of solar irradiance and temperature at each geographical

area where each set of PV plants is located are reported in Table 3.9. Due

to each set of PV plants is located in a large size area, the units composing

each power plant are subjected to different solar irradiance and temperature.

Table 3.9: Weather conditions of PV plants Base case

PV plants at Bus 50 PV plants at Bus 53 PV plants at Bus 66

G T G T G T

B50 W/m2 ◦C B53 W/m2 ◦C B66 W/m2 ◦C

U1 890 32 U1 1350 32 U1 860 32

U2 870 30 U2 980 28 U2 1250 30

U3 950 33 U3 940 31 U3 850 33

U4 920 35 U4 1040 29 U4 930 35
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3.3.2.1 Base case study

A power flow study is performed considering all parameters and assumptions men-

tioned above. These results show that the control of voltage magnitude at their

corresponding POIs was achieved by the PV plant units connected at bus 50, while

maintaining their pfs above 0.9496, which is the limit established in the Mexican

grid code. On other hand, the converters’ current Ish is lower than Imax. These

results are presented in Table 3.10.

For the PV plants connected at bus 53, the control mode corresponds to the PQ

(pf). In this case, Unit 1, Unit 2, and Unit 4 are not able to maintain their

operation at the specified power factor. This is mainly due to the value of voltage

magnitude at the POIs are higher than the limit imposed by the grid code: 1.05

p.u. In this context, the voltage magnitudes Vm are fixed at 1.05 p.u., and the pf

is relaxed to values above those specified in order to absorb more reactive power.

Nevertheless, Unit 3 maintains its operating status at a pf = 0.96 with Vm nearly

close to 1.05 p.u. Note that converters of units 1 and 4 are operating with currents

close to Imax, which means the VSCs are operating almost at full capacity. In this

context, Unit 1 is under the mayor irradiance level producing such amount of active

power that must be curtailed in order to accomplish the reserve of reactive power

established in the grid code. All these results are reported in Table 3.10 . Finally,

PV plants connected at bus 66 are working under PQ control mode. Similarly

to Unit 1 at Bus 53, Unit 2 is also under a high irradiance. The parameter χ is

equal to 1.0 and Pkm = Pmax, which means that a reduction of active power was

made in order to have enough reactive power to achieve the requirements of the

grid code. In this sense, Ish = Imax for this unit and the value of pf is the highest

permited. The rest of units work under normal operation, with currents through

their VSCs close to 0.05 p.u.. Table 3.10 also shows the value of κ, which indicates

the operating zone of each PV plants, i.e. Upper or Lower Zone according to Fig.

2.7.

3.3.2.2 Reduction of solar irradiance in 45%

In this case study, the power flow simulation reported in the last section is newly

repeated but considering that the solar irradiance captured by each PV plant is

reduced in 45%, which means that these plants will produce less active power. In

this context, and unlike the base case, the PV plants connected at bus 50 cannot be

able to control the voltage at their POIs so that the voltage magnitudes are about
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Vm = 1.038, as shown in Table 3.10. The physical explanation of this behavior is

that the PV plants are operating in the Lower Zone of the Mexican’s grid code

curve, shown in Fig. 2.7, because the reduction in the active power output. In this

operating zone, the interval of adjustment of reactive power to achieve a specified

voltage magnitude control is significantly reduced, which produces the violation of

converters’ limits. On the other hand, the value of pf is slightly greater than 0.95

for for all converters, except the one associated with Unit 3 that is fixed at the pf ′s

limit. The PV plants at bus 53 operating under a PQ (pf) control mode maintain

their pf at their respective preselected values. The voltage profile for these units

is about Vm = 1.037 p.u.. Lastly, Units 1, 2 and 4 are operating in their Upper

Zone, unlike Unit 3. All PV plants embedded at bus 66 are operating within limits,

despite Units 1, 3 and 4 operate at their Lower Zone and with slightly different

pf among each other. Note also that Unit 4 remains operating at its Upper Zone

but with a different active power output with respect to the one obtained in the

base case study. All these results are shown in Table 3.10.

3.3.2.3 Reduction of solar irradiance in 60%

In this case study all PV plants are operating in Lower Zone of the corresponding

Mexican’s grid code curve, except Unit 1 that is connected at bus 53. Similarly to

the previous simulation, PV plants at bus 50 cannot control the voltage magnitude

at their corresponding POIs. In this sense, the voltage magnitude at all POIs is

1.006 p.u. and the converters are operating with a pf about 0.97. Furthermore,

the current flowing through these converters is around 0.02 p.u. that corresponds

to the 30% of Imax. Regarding the PV plants connected at bus 53, Unit 1 is the

only one that maintains its operation at a pf of 0.95, the rest of units are operating

at a pf about 0.97. Since Unit 1 is operating in its Upper Zone, the current flowing

through its converter is higher than those flowing through the other VSCs. Lastly,

the PV plants connected at Bus 66 are operating within limits.
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3.3.2.4 Comparision of Power Injected by the PV Plants and their

impact on the system

This section presents a comparison of the results reported in the previous subsec-

tions where different levels of solar irradiance were considered. Figure 3.7 shows

the active power Pmk injected for each PV plant at Buses 50, 53 and 66 for the

three levels of irradiance describe above. The ordinate axis represent the real power

injected in MW for each PV plant at its POI. On the other hand, the abscissa axis

is associated with PV the set of units composing a PV power plant. Note that

this set is repeated three times in each Figure because the three different levels of

solar irradiance. The circle marker represents the active power injection of each

PV plant when subjected to the base irradiance, the triangle and square marker

are associated with the reduction of irradiance in 45% and 60%, respectively. As

expected, the active power output of each PV plant is a direct function of the solar

irradiance at the geographical area in which the plant is located.

Regarding the PV units connected at bus 50, for the three scenarios of solar

irradiance it is Unit 3 that injects more active power than the rest units composing

the solar park. A similar observation applies for the solar parks connected at buses

53 and 66, respectively. In the former (latter) Unit 1 (2) is the one that injects

more active power into the grid. Note also that for all solar irradiation scenarios,

the generation pattern followed by the PV units making up a solar park is similar.

Figure 3.8 shows the reactive power Qmk injected MVARs into the grid for the

three different scenarios of solar irradiance. Note that unlike the generation of

active power, the generation pattern of reactive power changes with the level of

solar irradiance. This is due to a change in active power generation has a direct

effect on the zone of the Mexican’s grid code curve in which the converters are

operating, which affects converters’ control mode of operation. By way of example,

the results associated with the base case for the solar park connected at bus 50

clearly show that the maximum injection of reactive power is given by units 2, 3

and 3 for the scenarios of full irradiance, a reduction of 45% of irradiance and a

60% of reduction in the irradiance, respectively. The same type of observation also

applies for the other solar parks. From this results it is also possible to deduce

that the generation pattern of reactive power units composing a solar park does

not change between different scenarios of solar irradiance if each unit remains

operating in the same zone of the Mexican’s grid code curve.
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Figure 3.7: Active Power Pmk injected for Case Base, and reduction of 45%
and 60% of solar irradiance.

Even though the individual injections of active (Pmk) and reactive (Qmk) power

were analyzed, it is important to evaluate the impact of the PV plants in the sys-

tem’s operation. In order to achieve this objective, the total active and reactive

power injection of the PV plants is compared with respect to the power injected

by the Slack bus. Figure 3.9 shows the existing relationships between the power

generated by the solar parks and slack generator. As expected, this results clearly

show how the latter compensates the variables of power generation of the solar

parks because the changes in solar irradiance. Furthermore, these results also show

that for the given specifications of the control mode of operation, the patterns of

active and reactive power generation are opposite each other. Note that the inter-

val of adjustment of reactive power increases with the reduction in the generation

of active power. This indicates that the full capability of VSCs can be used to

provide ancillary services associated with the control of voltage magnitude profiles

when there is no solar irradiance.



Chapter 3. Study Cases 57

Figure 3.8: Reactive Power Qmk injected for Case Base, and reduction of 45%
and 60% of solar irradiance.

a)

b)

Figure 3.9: A comparison of active and reactive power generated by solar
parks and slack bus.
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3.4 Summary

In this chapter the PV plant, the control strategies and control modes were evalu-

ated in two power systems. These simulations present the operation of the model

and the control laws that govern the VSC under different scenarios of solar irradi-

ance. On the other hand, the model has also been applied in a real-life system. In

this sense, the PV plant model accomplishes with the criteria established in the

Mexican’s grid code. All these numerical simulations have been demostrated the

suitability and applicability of the proposed approach.



Chapter 4

General conclusions and

suggestions for future research

work

4.1 General conclusions

A detailed grid-connected PV power plant model that considers both operation and

control mode constraints has been proposed in this thesis for power flow analysis.

In contrast to the existing methods, the proposed model offers:

• The directly incorporated in a Newton-based power flow program where the

state variables of the PV plant are combined with the nodal voltages of the

entire network for a unified iterative solution.

• The complementarity condition approach was used to directly introduce the

set of PV plant constraints in the formulation of the power flow problem.

This is rather attractive because the check of limits is simultaneously and

automatically performed for all variables during the iterative power flow

solution process.

• A switching approach was also proposed for checking limits, where the di-

mension of the power flow Jacobian matrix remains unaltered during the

iterative solution process.

59
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• The PV plant model was adequated to handle two control strategies, namely

Active Power Priority and Reactive Power Priority, which take into account

the VSC’s capability curve.

• Three main control modes were developed to accomplish with the require-

ments of interconnection describe in the Mexican’s grid code.

• Since reliability towards the convergence is of the utmost concern when us-

ing the Newton method, guidelines for the suitable initialization of the PV

plant state variables have been provided. Lastly, the effectiveness of the pro-

posed model and solution method has been fully validated by comparing the

numerical results with respect to the ones reported in [Ahmed and Mohsin,

2011] and [Kamh and Iravani, 2012] .

4.2 Suggestions for future research work

Departing from the PV plant models and power flow solution approach proposed

in this work, new proposals for future research work are detailed below

• To include the reactive power limits in the synchronous generators in an

unified frame. Analyze the interaction between the high penetration of PV

plants and the synchronous generators in the power system.

• The control strategies referred to as Active and Reacive Power Priorities

can be reformulated in order to directly apply current control strategies. In

this sense, the active and reactive power can be independently controlled

by decomposing Ish into id and iq. This suggestion offers more flexibility

to handle not only the active and reactive power injected, but also their

corresponding operational limits.

• To extend the power flow analysis to an optimal power flow considering the

PV plant under active and reactive power priority strategies. In this context,

the PV plant can be can be dispatched to accomplish an optimal solution,

while satisfying the Mexican grid code requirements.

• In order to have more information of the collection grid topologies, it is rec-

ommended to realize extensive simulations under different control strategies,

control modes and weather contions. These simulations will permit to know

which is the topology that offers the better performance.
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• To implement efficient computer solutions in order to extend the power flow

studies to real time applications.

• To develop a PV plant model for dynamic power flow studies. Since dynamic

studies need a close initilization, this work can be useful for this purpose.

The dynamic PV plant model can be integrated with a battery storage in

order to regulate frequency.
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