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Abstract

In recent years, there has been significant interest in utilization of PhotoVoltaic (PV) solar
systems of single- and double-digit MW power ratings, at sub-transmission and distribution volt-
age levels of the power system, under the umbrella of Distributed Generation (DG). Despite this
interest, however, inadequate investigation has been dedicated to the connection of PV systems to
distribution networks, and there is little experience regarding the operation of such PV systems.
The study reported in this thesis attempts to address this gap.

This thesis proposes a control strategy and provides stability analysis for a typiczﬂ single-
stage, three-phase, PV system that is connected to a (residential/commercial) distribution net-
work. The control is based on an inner current-control loop and an outer DC-link voltage reg-
ulator. The current-control strategy decouples the dynamics of the PV system from those of
the network and the loads. The DC-link voltage control scheme enables the control and maxi-
mization of the output real power of the PV system. Further, a feed-forward control strategy is
employed for the DC-link voltage regulation scheme, to enhance the stability of the PV system.
The feed-forward compensation scheme makes the PV system dynamics independent of the non-
linear characteristic of the PV panels. This, in turn, permits the design and optimization of the
PV system controllers for a wide range of operating conditions.

In this thesis, a mathematical model and a control design methodology are presented for the
PV system, and it is shown that, under proposed control, the PV system fulfills the operational
requirements for a grid-connected PV system. The effectiveness of the proposed control strategy
and the most important transients of the PV system are evaluated through simulation studies
conducted on a detailed switched model of the PV system, in the PSCAD/EMTDC software
environment.

Based on the developed mathematical model, a modal/sensitivity analysis is conducted in this
thesis on a linearized model of the overall system, i.e. the PV system, the distribution network,
and the local loads, to characterize the dynamic properties, to evaluate the robustness of the con-
trollers, and to identify the nature of interactions betwéen the PV system and the network/loads.
The modal analysis confirms that, under the proposed control strategy, dynamics of the PV Sys—
tem are decoupled from those of the distribution network/loads. This, alternatively, means that,

if its controllers are designed based on the proposed structure and methodology, the PV system
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does not destabilize the distribution network. It is also shown that the PV system dynamics are
not influenced by those of the network. Thus, the PV system maintains its stability and dynamic
properties despite major variations in the line length, line X/R ratio, load type, and load distance
from the PV system. ¢

Keywords- Distributed Generation (DG), PhotoVoltaic (PV) solar power, Voltage-Sourced
Converter (VSC), power electronics, control, modal analysis, eigenvalue analysis, participation

factor, feed-forward, distribution power network, modeling.
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Nomenclature

v; : VSC AC-side terminal voltage

vs : VSC filtered voltage, the PCC voltage

v; : Load voltage

v, : Substation bus (Grid) voltage

vae : DC-link (PV matrix) voltage

i : VSC AC-side current

ig1 : Distribution line current between PCC and load
ig» : Distribution line current between load and substation
i; : Load current

ipy : PV matrix current

P, : PV matrix power

P; : Real power exchanged at the PCC

Q; : Reactive power exchanged at the PCC

N : Interface transformer turns ratio

L : Inductance of VSC interface reactor

R : Resistance of VSC interface reactor

L : Line inductance between PCC and load

L, : Line inductance between load and substation
R, : Line Resistance between PCC and load

R, : Line Resistance between load and substation
C : DC-link capacitance

Cy : Shunt capacitance at the PCC

C; : Power-factor correction capacitance

Xii



w : dg-frame angular speed
wo :Nominal frequency of grid (e.g. 377 rad/s)
p : dg-frame reference angle
S : Insolation level
Re{} : Real part of
Im{} : Imaginary part of
. Superscript denoting small-signal perturbation of a variable
“0” : Subscript denoting steady-state value of a variable
" Superscript denoting the peak value of a three-phase variable
“T” : Superscript denoting matrix transposition
s : Complex frequency, o + jw

* : sign for convolution between two terms

In this thesis, a Laplace-domain variable is signified by a capitalized first

letter. For example, £{w} = Q, £{vs4} = V4, etc.
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Chapter 1

Introduction

1.1 Statement of the Problem and Thesis Objectives

In a PhotoVoltaic (PV) system, the conversion of solar energy to electricity is
facilitated by means of an array of PV panels and a power-electronic converter
system. This, in view of nonlinear characteristics of the PV panels and power
conditioning unit, coexistent with a multi-loop control structure, raises concern
about the dynamic behavior and impact on the distribution network of a PV sys-
tem. Moreover, to most utility companies, grid-connected PV systems— and for
that matter most of other Distributed Generation (DG) systems~ are black boxes
whose models are unknown and dynamic properties unidentified. Thus, ade-
quately accurate models must be developed to enable impact studies and help the
system transients be characterized. Such models must provide the capability of
being augmented with those of the distribution networks, to allow comprehen-
sive analytical and simulation studies. This, however, is not a straightforward
task since manufacturers do not divulge design parameters or dynamic properties
of their products, for proprietary reasons. Therefore, the only viable option seems

to be that of the development of models that are based on the experts’ understand-
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ing of a typical PV system; such models might not exactly represent real-world
PV systems, but will capture the essence of generally-accepted behavior of such
systems. This is the overall objective of the work presented in this thesis. Specific

objectives of this investigation are:

¢ to formulate a mathematical model as well as a simulation model for a typ-

ical PV system connected to a distribution power network;

e to propose a control design methodology for the PV system, such that the
functionality of the PV system based on the developed model agrees with
that generally understood and accepted for a typical, real-world, grid-connected,

PV system;

e to characterize the most important transients and the behavior of the PV

system in response to various disturbances; and

e to investigate stability and to identify dynamic properties of the PV system,
especially, in view of the connection to a distribution power network and

proximity to regional loads.

1.2 Background

In recent years, lack of adequate transmission capacity, limitation in construct-
ing new transmission lines, and electricity market deregulation have been the
main driving forces behind the concept of Distributed Generation (DG) whereby
small-scale generators can be permitted at the distribution level and close to the
end users [1]. Many DG systems employ renewable resources for electricity

generation and therefore help the mitigation of adverse environmental impacts
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of the fossil-fuel-based centralized generation. Among renewable DG systems,
PV solar systems have attracted considerable attention and investment in sev-
eral countries; and despite its relatively high cost and low efficiency, significant
progress and penetration of the PV energy is forecasted. In fact, in each of the
years 2001 and 2002, the world PV production grew by 40% per annum, bring-
ing total world PV production in 2002 to an estimated 560 MW [4]. Appreciable
progress in increasing the efficiency and reducing the cost of PV energy has been
made over the past few decades. Thus, commercially available PV modules now
have 20% efficiency as compared to 17% in the last decade, and the PV modules
price has dropped to below $4 per peak Watt. Since, the energy source in a PV
system is pollution-free, most abundantly available, and operable for a relatively
long time without wearing out, many commercial and industrial buildings now
have PV arrays that supply a substantial proportion of their energy needs, and
megawatt-sized PV power stations are connected to the electricity grid and are in
operation. Such an aggressive growth of the distributed PV generation may entail
undesirable consequences for the existing power system, in terms of harmonics,
voltage profile, stability, etc. Therefore thorough investigations are required in
terms of modeling, control, and performance of the PV systems.

Thus far, PV systems of single- or double-digit MW capacities have been con-
nected to the power system at sub-transmission voltage levels. However, there ex-
ists little experience on the interconnection of such PV systems with distribution
networks, where load and/or other local generators are also present. Research on
the PV systems in the context of DG is still in beginning stage. Presently, DG PV
systems are mainly composed of single-phase, rooftop installations, with capac-

ities limited to few hundred Watts, which are unlikely to make an impression on
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the distribution network and the loads. Such PV systems are not even permitted
to cause a reverse power flow. This is however not true for large-scale PV sys-
tems which have considerably higher capacities and more sophisticated control.
Thus, it is imperative to analyze larger-scale, three-phase, PV systems employed
as DG units, in terms of their control, dynamic characteristics, and performance.

There exists a vast body of the technical literature that deals with different
aspects of PV systems including energy production and economics [5]- [7]. The
most widely-addressed engineering issue regarding a PV system is the so-called
Maximum Power-Point Tracking (MPPT). Reference [8] reviews 19 different
MPPT methods introduced since 1968. The scope of the reported literature en-
compasses both large-scale and DG PV systems. Another widely-addressed topic
is that of power converter configurations and aggregation schemes for PV sys-
tems. References [9]- [12] provide comprehensive reviews on different single-
phase and three-phase converter circuits for PV applications. Recently, with the
consideration of PV systems as DG units, the literature has also reported the inte-
gration of islanding detection schemes into single-phase PV systems [13]- [16].
In addition, a fair amount of the technical literature has dealt with the integration
of PV systems into distribution networks. Majority of this body of the litera-
ture has focussed on single-phase PV systems, with an emphasis on harmonic
interferences with the distribution networks [17]- [19] and on the power qual-
ity [20]- [22]. However, only a few previous works have investigated the control
and stability aspects of PV systems.

Dynamic stability of single-phase, DG, PV systems is investigated in a num-
ber of works [23]- [24]. The work in [23] has conducted an eigenvalue analy-

sis for a two-stage configuration with the model of the DC cable between the
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two stages considered. However, the distribution line and loads are not mod-
eled. Reference [24] has studied the impact of grid impedance variation on the
closed-loop stability of a single-phase PV system. Moreover, a control design
methodology to ensure the provision of adequate damping has been presented.
A number of works have studied dynamic models, stability, and/or control of
three-phase, single-stage, PV systems [27]- [30]. Reference [27] has elegantly
developed a reduced-order model for a PV system which can be conveniently
incorporated into power system time-domain simulations. However, the control
approach proposed in [27] is a voltage-mode control strategy, which is prone to
protection complication when the PV system is faulted. Moreover, no controller
design methodology has been presented in [27]. A number of literatures, [28]-
[30], have adopted the current-mode control strategy. Reference [28] identifies
the control loops and the transfer-functions of a PV system. However, it re-
ports no analysis of the stability or interactions, especially with regards to the
line/loads. The work presented in [29] has adopted a similar analysis approach as
in [28], investigating the impact of grid impedance on the closed-loop stability.
However, the interaction between the PV system and the distribution network has
not been studied. In [30] the behavior of a three-phase, single-stage, PV system
has been studied. However, the emphasis is on the MPPT strategy, rather than on

the control or stability of the PV system.

1.3 Methodology and Software Used

The research carried out in this investigation proposes a new control strategy for

a single-stage, three-phase, PV system which is connected to a power distribu-



tion network. The proposed control strategy is based on a modified version of
the conventional current-mode control and is used to (i) regulate the PV system
power-factor (at unity, for example) and (ii) to control the PV system DC-link
voltage and, therefore, its real-power output. In addition to protecting the PV
system against external faults, the modified current-control strategy virtually de-
couples the PV system from the distribution network and the loads, as analyti-
cally shown in this thesis. On the other hand, the DC-link voltage control scheme
ensures a stable operation of the PV system, guarantees safe operation of the
power-conditioning unit of the PV system, and permits the incorporation of an
MPPT scheme. This thesis also proposes a feed-forward compensation strategy
for the DC-link voltage control loop, to eliminate the impact of nonlinearities of
the PV panels on the closed-loop stability of the PV system. Thus, the proposed
feed-forward compensation permits the design of the DC-link voltage controller
irrespective of the PV system operating point, and also renders the closed-loop
eigenvalues of the PV system insensitive to the DC-link voltage level and the so-
lar irradiation. The effectiveness and robustness of the proposed control sﬁateéy
against changes in the operating conditions, distribution network parameters, and
load types/parameters are demonstrated through a comprehensive modal analysis
as well as nonlinear, time-domain, simulation studies.

The modal analysis is conducted on a linearized mathematical model of the
overall system, i.e. the system including the PV system, the power distribution
network, and the loads, implemented in the MATLAB software environment. The
simulation studies are, however, performed on a detailed, large-signal, circuit-
based model of the overall system in the PSCAD/EMTDC software environment
[31]. Thus, in the absence of an experimental set-up, the PSCAD model- to
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which we refer to as the “detailed switched model” in this thesis— serves as an
effective, reliable means of further evaluation of the proposed control strategy
and the transient behavior of the overall system.

PSCAD is an effective, popular simulation tool for simulation of complex
power systems which may have a fair degree of complexity in the control, switch-
ing, etc. PSCAD provides large-signal, electromagnetic transients, time-domain
instantaneous responses, and various analysis tools. Therefore, it provides an
economical substitution for hardware implementations where the power/voltage
ratings are significant. The PSCAD is, however, not capable of identifying and
quantifying the cause and nature of control instabilities and dynamic interac-
tions among different system components. Such information can be obtained

only through analytical methods, e.g. eigenvalue analysis.

1.4 Thesis Outline

The thesis consists of six chapters:

e in Chapter 2, first, 2 mathematical model of the PV system connected to a
stiff grid is developed both in space-phasor and dg-frame domains. Based on
the developed model, the DC-link voltage control and the AC-side current-
control schemes are designed. Moreover, a feed-forward compensation strat-
egy is proposed for the DC-link voltage control. Furthermore, a few case

studies are carried out to validate the model.

e Chapter 3 augments the model developed in Chapter 2 with that of a dis-
tribution network. Chapter 3 also considers an asynchronous machine load

connected to the distribution network. The mathematical model of the dis-
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tribution network and the load are also presented in detail. Moreover, the
performance of the PV system is evaluated and the most important tran-

sients are identified through simulation studies.

¢ Chapter 4 deals with the small-signal stability and eigenvalue analyses of the
overall system, consisting of the PV system, the distribution network, and
the load. In this Chapter, the nonlinear equations of the system are linearized
around an equilibrium point, and the responses obtained from the linearized
model are compared with those obtained from detailed switched model of
the system to verify the linearized model. Then, an eigenvalue analysis is
carried out on the linearized model to characterize the dynamics of the PV
system, to identify the nature of interactions between the PV system and
the network/loads, and to determine the robustness of the PV system control

against variations of the parameters.

¢ In Chapter 5, performance of the PV system is studied in the presence of
different kinds of loads to demonstrate if the proposed PV system maintains
its stability and dynamic properties irrespective of load types. Chapter 5

quantifies the stability of the PV system in terms of eigenvalues.

e Chapter 6 concludes the thesis; and provides suggestions for future research.

1.5 Contributions

The main contributions of this thesis are:

e a new control strategy for a single-stage, three-phase, PV system is pro-

posed. The proposed control strategy is based on a modified version of the
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conventional current-mode control and is used to (i) regulate the PV system
power factor and (ii) to control the converter DC-link voltage and, therefore,
the PV system real power, through a voltage control scheme. In addition to
protecting the PV system against faults, the modified current-control strat-
egy virtually decouples the PV system from the distribution network and the
load.

Based on the developed dynamic model and control strategy, important tran-
sients are identified through simulation in PSCAD/EMTDC environment
when the proposed PV system is interfaced with a distribution network and

aload is connected to the distribution network.

A feed-forward compensation strategy for DC-link voltage control loop has
been proposed to eliminate the nonlinear characteristic of the PV panel.
Thus, the proposed feed-forward compensation permits the design of the

DC-link voltage controller irrespective of the PV system operating point.

A linearized model of the PV system in conjunction with the distribution
network and load is developed. An eigenvalue analysis on the linearized
model is carried out to identify the nature of interactions between the PV
system dynamics and those of networks/loads, and to determine the robust-

ness of the proposed control against variation of parameters.



Chapter 2

Modeling and Control of a PhotoVoltaic
(PV) Plant Interfaced with a Stiff Grid

2.1 Introduction

This chapter develops a mathematical model and identifies the controllers of a
PhotoVoltaic (PV) system that is interfaced with a stiff grid. Thus, the stiff grid is
modeled by an ideal, three-phase, voltage source. This enables the modeling and
analysis of the PV system independent of dynamic properties of the distribution
network and loads. Similarly, the controllers of the PV system are designed in this
chapter under the assumption that the PV system is not affected by the distribution
network to which it is connected. The developed model will be augmented with
that of a distribution network in Chapter 3, to constitute a mathematical model
for the overall system, and to enable the study of interactions between the PV
system and the distribution network. |

In this chapter, based on the PV system model, a controller is designed to
regulate the DC-link voltage of the Voltage-Sourced Converter (VSC) such that

the power out of the PV panel can be maximized in varying weather conditions.
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In this chapter, a feed-forward compensation mechanism is proposed for DC-link
voltage control loop. Fast and decoupled controller for d- and g- components
of the VSC AC-side currents are also derived. Finally, performance of the PV
system is evaluated by simulation case studies. Thus, a few case-studies are
performed to demonstrate the effectiveness of the feed-forward compensation of
the DC-link voltage control scheme.

This chapter is organized as follows: Section 2.2 introduces the structure of a
single-stage, three-phase, PV system. Sections 2.3 and 2.4 present the mathemat-
ical model and controllers of the PV system, respectively. Performance of the PV
system under the proposed control strategy is evaluated in Section 2.5. Section

2.6 concludes the chapter.

2.2 Structure of PV System

Fig. 2.1 shows a single-line schematic diagram of a typical PV system that is
interfaced with a stiff grid, represented by the voltage source v, at a Point of
Common Coupling (PCC). The main building blocks of the PV system are a ma-
trix of PV panels, a forced-commutated VSC, a three-phase, LC, interface filter,
and the interface transformer T,;. The matrix of PV panel is composed of paral-
lel combination of n, number of strings. Each string is composed of n; number
of series-connected PV cells. The numbers n, and n, are chosen such that the

PV matrix delivers an adequately large DC voltage and power. The PV matrix

is connected in parallel with the DC-side terminals of the VSC. The DC-link ca-

pacitance of the VSC is represented by C. Each AC-side terminal of the VSC is
interfaced with the corresponding phase of the low-voltage side of T, through
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2.3 PV System Model

A mathematical model is essential for the control design as well as analysis of
the PV system. In this section the mathematical model of the uncontrolled PV
system is formulated. The overall model consists of three sets of equations which
describe the PV matrix, the DC-link voltage dynamics and the AC-side current
dynamics of the PV system. The model of the uncontrolled PV system along with

those of the controllers constitute a model for the closed-loop PV system.

2.3.1 Space-Phasor Representation of the PV System

The PV matrix is described by the following equations [32]:

. v
ipy = Nplpn — Nyl [cxp (kT?A;dE) - 1] (2.1)
C: S

where ¢ is the unit charge, & is Boltzman’s constant, A is the p-n junction ideality
factor, and T is the cell temperature. I, is the cell reverse saturation current,

which varies with temperature according to the following equation:

T.)) (qEq[1 1
=] (7 7 22

where T, is the cell reference temperature, I,, is the reverse saturation current
at T,, and Eg is the band-gap energy of the cell. The photovoltaic current, I,

depends on the insolation level and the cell temperature as:
I, =0.01 [, + K (T - TP]S (2.3)

where /., is the cell short-circuit current at the reference temperature and radia-

tion, Ky is a temperature coefficient, and S is the insolation level in kW/ m?. The

13



power delivered by the PV matrix is calculated by multiplying both the sides of
(2.1) by vg,:

Ppy =nplppvye — npligvae [exp( X ;c 1 Y:—:) - 1] 2.4)
Based on (2.4), it is evident that the power delivered by the PV matrix is a func-
tion of 1,, which depends on the insolation level, S. Fig. 2.2 illustrates the power
versus voltage characteristic of the PV matrix for different insolation levels. Fig.
2.2 shows that for a given insolation level, Py, is zero at vz = 0, but increases
as v, is increased. However, this trend continues only up to a certain value of
V4. at which P, peaks; beyond this point, P,, decreases with the increase of v4..
Thus, Pp, can be maximized by control of v,, based on a Maximum Power Point
Tracking (MPPT) strategy [32].
In the PV system of Fig. 2.1, the VSC is a 6-pulse converter employing In-
sulated Gate Bipolar Transistor (IGBT) switches, adopting the Sinusoidal Pulse-

Width Modulation (SPWM) strategy. The output voltage of the VSC, v, is re-

gl esst T @)
< —8=05 g : : ~
\EO'S:---S=0.1 .............. .................... ..................... ........... - . .-
=04 : : : :

0
g 1.2H
= 0.8
::5 0.4

0

0.2 0.5 0.8 1.1 14
Vdc(kv)

Figure 2.2: Current versus voltage and power versus voltage characteristics of a PV matrix
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lated to v, as:

T, = e 2.5)

2

where v, and 7 are the space-phasors, [33], corresponding to the VSC terminal
voltages and the PWM modulating signals.
Dynamics of the DC-link voltage are governed by the principle of power bal-

ance, as [34]:

cav,
5 d;’ = Py~ Py (2.6)

where P, denotes the power drawn by the VSC DC-side (see Fig. 2.1). Ignoring

the VSC power loss, P, is assumed to be equal to P, i.e. the real power exiting
the VSC AC-side terminals. P, in turn is the summation of the real power deliv-
ered at the PCC, i.e. P;, and the (real) power absorbed by the R — L branch of the

interface filter. Therefore,

Py = P,

3 (=) 3. (== 3 di—

S

gevz +2ReRzzl+2Re Ldtl 2.7)
Ps Pr ps

where * denotes the complex-conjugate operator. Substituting for P, from (2.7)

in (2.6), one finds

v 3 I
9 de = va — =Re {75—1-:} + -3"RC {R_l)?)} + 2lie {L'd—l——l;)} . (28)

2 gt 2 2 dt

. -~

N "

Pg Pg

Py
Equation (2.8) represents the dynamics of the DC-link voltage in a space-phasor
form. The VSC AC-side current dynamics are described by the following space-
phasor equation:
—)
di N

7=_Ri + Vv — Vg (29)



Substituting for V, from (2.5) in (2.9), one deduces:

dz - vV
L— =-Ri -;—Cm’ -V, (2.10)

Equation (2.10) is used for the design of the VSC current controller.

2.3.2 DQ-Frame Representation of the PV system

For the purposes of analysis and control, the space-phasor variables of the PV
system model are projected on a dg-frame. Transformation of the variables from
the space-phasor form to the dg-frame form results in equivalent DC variables,
which simplify the analysis and control design tasks. Moreover, a dg-frame-
based control can be implemented more conveniently compared to the case where

the control signals are time-varying. The transformation is defined as:

— .
f=Ua+ jfpe” (2.11)

where? represents a space-phasor, f; and f; are the space-phasor dg-frame com-
ponents, and p is the reference angle of the dg-frame. Another useful quantity is

the derivative of a space-phasor, that is:

df _d|(fa+ify)e”]

dr dt
. __...(‘Z:d + j dfq) JP+J.d_(fd+qu)er
((Zd Ny J )e,,, + jo(fa+ ify) € 2.12)
where w is the dg-frame angular speed, as
63:_ (2.13)
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Based on (2.11), P; in (2.7) can be expressed as:

P, = %Re [(vsa + ivsq) ] |(ia + sz) e}, (2.14)
7, ?

which can further be simplified to

3, . . |
Ps = 5 (vsdld + vsqlq) (215)
Similarly, the dg-frame equivalent of Py in (2.7) is deduced as:
3. (2 . .
Pp = SR (5 +1}) (2.16)
In addition, based on (2.11) and (2.12), P, in (2.7) is simplified to
3.(.diy . di
P; == _ —_ 2.1
L 2L(ld ar + 14 dt) (2.17)

Substituting in (2.8) for P;, Pg, and P;, respectively from (2.15), (2.16), and

(2.17) one finds:
Cdvy, 3, .\ 310 o 3 (. dig . di
3= Pp =3 (Vsdld + vsqzq) L (zfi + zg) -5L (ld_‘_-{t- + lqg;{)- (2.18)

Equation (2.18) is employed in designing a voltage regulator to maintain the DC-

link voltage, v4c, at a desired level, such that the power out of the PV matrix can
be maximized.
A similar procedure as the one adopted to derive (2.18) yields the following

dg-frame equivalents for (2.10):

di . ) Vv
L—d7d = Lwiy — Rig + md% — Vsa (2.19)
dl.q — . . de g 2
L-Z;- = —Lwiy — Rig + qu — Vg (2.20)

Equations (2.18), (2.19), and (2.20) constitute a state-space model for the VSC,
in which "¢21 » ids iq are the state variables, my and m, are the control inputs, and

Vsd» Vsq» and S are the exogenous inputs.
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2.4 PV System Control

The main control task pertinent to the PV system of Fig. 2.1 is to regulate the
DC-link voltage, to maximize the power extracted from the PV matrix. As shown

in Fig. 2.1, the control involves the following three coordinated tasks:

e the VSC PWM and control schemes are synchronized to the PCC voltage
through a Phase-Locked Loop (PLL) [35]. This ensures that the three-phase
AC signals are transformed into dg-frame counterparts, and the controllers

process the DC equivalents of the original sinusoidally-varying signals;

o the error between (the square of) the DC-link voltage, i.e. vﬁc, and its cor-

responding reference value, v2 is processed by a compensator, k,(s),

deref?
whose output is augmented by a feed-forward signal to generate the current
command ig.s. The feed-forward compensation counteracts the destabiliz-
ing, nonlinear, characteristic of the PV matrix and enhances the PV system
stability. Vgcrer is usually obtained from an MPPT scheme and is permitted

to vary from a lower limit to an upper limit (not shown in Fig. 2.1), to ensure

proper and safe operation of the VSC; and

e the command g is delivered to a dg-frame, current-control scheme that
forces iy to track iy..r. The control of iy enables the control of P, and P,,.
igres 18 limited by a saturation block (not shown in Fig. 2.1) to protect the
VSC against overload and faults. The current-control scheme also forces
iy to track ig.r. As discussed in Section 2.4:1, Q; is proportional to i,.
Therefore, to ensure that the PV system exhibits a unity power-factor to the

network, ig.s is set to zero, to make Qs = 0. This also maintains the mag-
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nitude of the VSC line current at a minimum, for a given real power flow.
In subsequent sections, the foregoing three control schemes are discussed in

detail.

2.4.1 Phase-Locked Loop (PLL)

As discussed in Section 2.3.2, the AC variables of the PV system are projected
on a dq frame the rotational speed of which is w. In a steady state, the AC
variables are sinusoidal functions of the grid frequency wy. Thus, their dg-frame
components become time-invariant (in the steady-state) if the dg—frame angular
speed w becomes equal to wy. This is achieved by means of a PLL. mechanism
[35]. A block diagram of the PLL adopted in this research is presented in Fig.
2.3. As Fig. 2.3 shows, V; is resolved into its d— and g—axis components, based
on (2.11). Then, vy, is processed by the compensator H(s), and w is determined.
In a steady state, vy, is forced to zero while w becomes equal to wo. Therefore,

H(s) must include at least one integrator.

Space- Vsd
V phasor/ |
—p V
s dq sq: H (S) @ > J‘ —> p
L

Figure 2.3: Block diagram of the Phase-Locked Loop (PLL)

Let H(s) be a PI compensator cascaded with a ﬁrst-w, low-pass, transfer-

function, as

‘ /i%
e ‘ } ( 5+
)\ o He Q = H(s)Vy <
et _Bist+p - b
e BRI AP S

19



where 8, and 3, are the proportional and integral gains of the PI part, respectively,
whereas 3 is the pole of the low-pass function of the compensator. Let the two

state variables &; and &, are defined as

X; = £ (2.22)
52 + B3s
Xe = sX, (2.23)
then, the PLL is described by the state-space model
d Vsd
2% = ApuXpu + By | (2.24)
Vsq
w = EppXpn (2.25)
p=F pllXpll (2.26)
where
-8 0 0
A= 1 00 (2.27)
Bt B2 O
01
Bu=|0 0 (2.28)
00




Ew=|p1 2 0] 2.29)
Fpy = [ 001 ] (2.30)

T
Xpu = [ Xg X7 p] . (2.31)

Equations (2.24) through (2.26) introduce the PLL as a dynamic syStem whose
inputs are vy and vy, the state variables are £, &;, and p and the outputs are w
and p. Regulation of v, at zero also has the implication that the expression for

the PV system real-power output, i.e. (2.15), is simplified to

Ps = %vsdid. (2.32)

Hence, P; is proportional to, and can be controlled by, i;. Similarly, the dg-frame

expression for the reactive power assumes the form:

Qs = %Im {V)s?)}

_ %Im \[(Vsd + fsq) efpl‘[(id + jff) e-ip]:
7 P
3 . .
= E(vsqtsd — Vsaisq)- (2.33)

which can be further simplified to:
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3
Qs = —Evsdzq. (2.34)

Equation (2.34) indicates that Q, can be controlled by i, to adjust the power-factor
that the PV system exhibits to the distribution network.

2.4.2 VSC Current Control

Equations (2.32) and (2.34) show the dependence of P; and Q; on iy and i,
respectively. In this section, a current-control scheme is presented to ensure that
ig and i, rapidly track their respective reference commands, iy..; and igy.r. The
current-control strategy also protects the VSC against overload and faults if iz.f
and iy.s are limited. The current-control scheme is designed based on (2.19)
and (2.20) which describe the dynamics of the VSC AC-side current. In (2.19)
and (2.20), iy and i, are the state variables and also the outputs; m; and m, are the
control inputs, and vy, v, w, and v, are the disturbances. Due to the presence of
the factor Lw, dynamics of iz and i; are coupled and nonlinear. To decouple and

linearize the dynamics, my and m, are determined based on the control laws [36]:

2
mg=— (ud - Lwig + vsd) (2.35)
Vdc
2
my=— (uq + Lwiy + vsq) (2.36)
Vdce

where u; and u, are two new control inputs. Substituting for m, and m, in (2.19)

and (2.20), one obtains

di ,
L—c_l_té = —Riy + uy (2.37)
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L— = —Ri, + u,. (2.38)

Equations (2.37) and (2.38) represent two decoupled, first-order, systems in which
ig and i, can be controlled by u; and u,, respectively. Fig. 2.4 illustrates a block

diagram of the dg-frame current-control scheme. Fig. 2.4 shows that the con-

Figure 2.4: Block diagram of the dg-frame current control scheme

trol signal u, is the output of a compensator, k;(s), processing the error signal
eq = igref — iq. Similarly, u, is the output of another compensator, k,(s), that pro-
Cesses ey = igres — ig. It should be noted that, to produce m; and m,, the signals
2/v4e, wig, and wi, are employed as feed-forward terms to decouple the dynamics
of iy and i, from that of v,..

The PWM modulating signals are generated by the transformation of m,; and
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my into mg,, my, and m,, based on:

mg |1 cos(p) —sin(p) -
my | =| cos(p - -2-3”-) —sin(p — %) [ e ] (2.39)
| mc | | cos(o - ) —sin(p - %) | "

mg, mp, and m, are then compared with a triangular PWM carrier signal, and the
switching pulses are generated for the VSC valves.
Since the d- and g-axis control plants are identical, the compensators k;(s)

and k,(s) can be picked to be identical. Let the compensator be of a PI type as:

kpS + k;

ka(s) = ky(s) = (2.40)

where k, and k; are the proportional and integral gains, respectively. If k, and &;

are selected as

L
kp = ’IT, (2.41)
k; = -IE (2.42)
Ti

then, the closed-loop transfer-functions of the d- and g- axis current controllers

assume the first-order form

I 1 1
4 =2 =Gis) = (2.43)
Idref Iqref T:S + 1

where 7; is the time-constant, usually selected in the range of 0.5 to 5 ms, de-
pending on the desired speed of response. It is noted that the foregoing control
strategy renders the dynamic of iy and i, decoupled from those of w, v, vss and

vsq- Equation (2.43) can be expressed in a state-space form as:

i id _ TL‘ 0 Iq N ;l’- 0 idref (244)
dt| i, o L1l 0 L || igrs
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2.4.3 DC-Link Voltage Control and Feed-Forward Compensation

Equation (2.18) describes the dynamics of the DC-link voltage. In (2.18), the first
and second terms represent the PV matrix power and the PV system real-power,
respectively, whereas the third and fourth terms denote the power absorbed by the
inductance and resistance of the VSC interface reactor. As discussed in Section
2.4.1, the PLL ensures that v, is regulated at zero. Therefore, if the power of the

interface reactor is ignored, (2.18) can be approximated as:

cav, 3
Y ~ Ppy — Vsl
2 dr T g
3 .
~ Py, — é‘vsdldref- (2.45)

Equation (2.45) represents a control plant of which the input is ig..f, the output is
vg ~» and the disturbance input is vy,. It should be noted that, in deducing (2.45),
it is assumed that 7; is small in (2.44) and therefore i, can be substituted by ig.s.

Equation (2.45) indicates that the control of the DC-link voltage is a nonlinear
process. The reasons is mainly that P,, is a nonlinear function of v4 and ip,.
Thus, to mitigate the impact of the nonlinearity on the control, iz is determined
based on the following control law:

. P
ldref = Uy +Y 5o (2.46)
' T 5Vsd

N —

isf
where u, is a new control input and iss = Pp,/(3vs) is a feed-forward term with
¥ as a gain which can be unity or zero. y as a gain which can be unity or zero.

Substituting for iz from (2.46) in (2.45), one deduces:

cav;,

2 dt

3
=~ (1 - 7) va - ivsduv (247)
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Equation (2.47) indicates that if ¥ = 1, the impact of the PV matrix character-
istic on the DC-link voltage control is eliminated, and the effective control plant
becomes an integrator. Thus, the feed-forward compensation effectively coun-
teracts the dynamics of P,, and prevents them from manifesting themselves in
(2.47). The end result is that v, is controlled predominantly by the control vari-
able u,. Even though the product v,,u, also introduces a nonlinearity, its impact
is insignificant since v is practically a relatively constant variable.
The control signal u, is determined by a compensator as

ays +az

v= kv E, = v
v (s) s(s + a3)

(2.48)

where the error signal is E, = £{v>

dcre f""¢21c}' Equation (2.48) represents a PI com-

pensator cascaded with a first-order, low-pass, filter. @; and a; are the propor-
tional and integral gains of the PI part of the compensator, respectively, whereas
a3 is the pole of the low-pass function. |

Fig. 2.5 illustrates a block diagram of the DC-link voltage controi scheme.
As Fig. 2.5 indicates, if y = 1 the impact of P,, does not manifest itself in
iz. On the other hand, i; is related to u, through iz.r and the transfer function
(2.43). Consequently, the effective control plant from u, to vﬁc is composed of
an integrator cascaded with G(s). Substituting for u, from (2.48) in (2.46), one

obtains an expression for iz, s with the feed-forward compensation, as:

. el st 2 ) Py,
ldref = £ {M} * {vdcref - de} + 'y%de (2.49)

If the two state variables x; and x4 are defined as

- £{Vflcref - vzzic}
s(s + a3)

(2.50)
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X, = sX; 2.51)

then, the state-space model of DC-link voltage controller is expressed as:

alx 0 1 |[x] [o 0
Et- ’ = ’ + vgc + vczicref (252)
X4 0 —Q3 X4 ] -1 1
: 1| *3 Py,
ldref = [ a Qi [ +7v3 2 (2.53)
1 X4 f)_'vsd

DC-Link Vollage Controller

Figure 2.5: Block diagram of the voltage control scheme

2.5 Model Validation

In this section, simulation studies are conducted on a detailed switched model of
the PV system of Fig. 2.1. The simulations are conducted in the PSCAD/EMTDC

software environment. The PV system of Fig. 2.1 simulated to

e evaluate the performance of the PV system under the proposed control strat-

egy, and

e demonstrate the effectiveness of the feed-forward compensation of the DC-

link voltage controller
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2.5.1 Casel

This case study demonstrates the performance of the PV‘system of Fig. 2.1 and
the feed-forward scheme. Fig. 2.6 shows the response of v, and i; for differ-
ent insolation levels when vg,.r is changed step-wise from 1.0 kV to 1.1 kV.
Columns (a) and (b), respectively, demonstrate the responses of v, and i4. It can
be observed that, the DC-link voltage controller tracks the value set by Ve in
less than 10 ms. Moreover, the change in v, results in a change in iy, which
translates into a proportional change in the output real power of the PV system
(based on (2.32)). It is interesting to note that the increase of v, results in the
increase of the output power, except for the case S = 0.1. The reason is that for
S = 0.1, the DC-link voltage corresponding to the maximum power is about 1.0
kV. Consequently, any increase of v, beyond 1.0 kV results in an output power

drop.

2.5.2 Case?2

Fig. 2.7(a) shows that, initially, vsc = 1 kV (at S = 1), and the current of the PV
matrix, ipy, is 1.4 kA as shown in Fig. 2.7(b). The feed-forward compensation is
enabled. As shown in Fig. 2.7(c), the d-axis component of VSC AC-side current,
iz, is about 2.25 kA, which correspond to an (real) output power of about 1.34
MW, as illustrated in Fig. 2.7(d). At = 2.0 s, v4cres is changed stepwise to 1.22
kV. Consequently, vy tracks vcrs in less than 10 ms, as shown in Fig. 2.7(a).
Fig. 2.7(b) illustrates that i,, drops from 1.4 kA to 1.1 kA, in response to the step
change in v,.. Figs. 2.7(c) and (d) show that i; and P; settle at the values 2.25 kA
and 1.34 MW, respectively. At ¢ = 2.4 s, V4crs is changed stepwise from 1.22 kV

28



1.1

1.0

v4.(kV)
ia(kA)

1.1

1.0

"dc(kv)

1.1

1.0

va.(kV)

18 19 2 2.1
time (s)
(@

Figure 2.6: Response of vz and iy at different insolation levels when a 10% step change is imposed on Vycres

to 1.0 kV. Att = 2.5 s, the feed-forward compensation is disabled. Consequently
the PV system becomes oscillatory thereafter, as Fig. 2.7 shows. This case study
confirms the effectiveness of the feed-forward compensation, and that without
the feed-forward compensation, the stability of the PV system is dependent on

the operating point.
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Figure 2.7: Transient behaviors of P, i pv» and iy in response to step changes in vy.,.s, and de-activation of

the feed-forward compensation in the DC-link voltage controller

2.6 Conclusion

In this chapter, a mathematical model is developed for a PhotoVoltaic system
that is interfaced with a stiff grid. Based on the developed model, a control
methodology is identified for the PV system. The proposed control strategy is
based on an inner current-control scheme and an outer DC-link voltage control
scheme. Proper feed-forward compensation strategies are adopted to make the
current-control scheme independent of the rest of the system. Further, a feed-
forward compensation mechanism is also proposed for the DC-link voltage con-
trol loop to mitigate the impact of nonlinearity of the PV panels on the control
of the PV system. The developed model is validated through case studies in the
PSCAD/EMTDC software environment, and the effectiveness of the proposed

feed-forward control strategy is confirmed.
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Chapter 3

Performance of a PhotoVoltaic (PV) System

Interfaced with a Distribution Network

3.1 Introduction

In chapter 2, a mathematical model of a single-stage, three-phase, PV system was
developed. The model developed in Chapter 2 was that of a PV system interfaced
with a stiff grid. The model enabled the control design and optimization tasks,
independently of the grid model. This chapter augments the model of Chapter
2 with those of the distribution network, and the loads. Then the overall model
is used to identify some important transients of the overall system. The overall
model will also be used in Chapter 4 for stability analysis and the assessment of

the interactions between the PV system and the network.
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3.3 Distribution Network Model

The dynamics of distribution network in the space-phasor form can be explained

by the following sets of equations:

dll -
—
LIT——Rllgl—vl'F Vg
—_
dig2 rd
L, 7 ==Ryigp—-V +V,
Vg — =2
Cr—=1i-1ig

Ca'71 - - -
—— =l = lg— 1}

(3.1)

(3.2)

(3.3)

3.4)

As discussed in Section 2.4, the controllers of the PV system are designed based

~on the dg-frame mathematical model. In order to study the behavior of the PV

system in association with the distribution network, the equations describing the

dynamics of the distribution network must be expressed in dg-frame equivalents.

Hence, based on (2.11) and (2.12), the dg-frame equivalents of (3.1) through (3.4)

are expressed as:

digla Ry, i+ N
= ——i wi —Vsd — —V
dr Ll gld glq Ll sd id
diglg _ wi Rli + Nv
dt gld L glg L sq

= —“'ig2d + a)igzq + =V - Ez-vg cos 6

dt L, L,
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ding _ Rz 1 1

T = ~Wigy - L—zigzq + Z;—fz,q + Zz-ﬁg sinf (3.8)
‘-i;lv-? = -El}-id - Zigld + WYy (3.9
";’;‘1 - c_lf.zq - Z{‘-’;iglq — wvyg (3.10)

Ed;—;d = .C%igld - Ciliggd + WV, — Cllild (3.11)
%?=%QM—%@r%WM—é% (3.12)

Equations (3.5) through (3.12) describe the dynamics of the distribution network
in the dg-frame with ig14, ig1g, ig24, and igy,, as state variables, and vy, vy, Vig,
and v, as the state variables as well as the outputs. The PV system AC-side
current components, iy and i,, and the load current components, ij; and iy, act as

exogenous inputs for the distribution network.

3.4 Load Model

As discussed in Section 3.2, the asynchronous machine load, is connected to the
distribution line at a point between the PCC and the grid. To measure the relative
distance of the load with respect to the PV system, the factor df is introduced.
Thus, dy of value 0.5 corresponds to the case where the load is located in the
middle of the PCC and the grid.

A space-phasor model of a squirrel-cage asynchronous machine is [37]

ar
-
d;:ﬁ—Rﬂs (3.13)
—
dAa, — v
dt = _err (3.14)
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. —_ —
where R; and R, represent the stator and rotor resistances, respectively. A and A,
represent the space phasors corresponding to the stator and rotor flux linkages,

respectively. Ignoring the magnetic saturation, one can write

2 =Ly [(1 o)L+ ef"rT,’] (3.15)
=L, [(1 o)+ e-f"rTS’] (3.16)

where L,, is the magnetizing inductance, and 6, is the rotor angle. o, o, is,

—_
and i, denote the stator leakage factor, the rotor leakage factor, the stator cur-
rent space-phasor, and the rotor current space-phasor, respectively. The machine
electrical torque is formulated as

T, = %Lmlm {TZ (T,’ef"r) } (3.17)

The machine equations can be transformed into a state-space representation if the

following changes of variables are introduced:

h=(+0,)i +e (3.18)
- 0
b=0+0,)ei, + i. (3.19)

Expressing?s) and?,) in terms of _1-1) and 72), based on (3.18) and (3.19), and sub-

stituting for them in (3.13) to (3.17), one deduces

—
di 1+0) - 1 >
Lyp— =7V, - R 3.20
& T Troyirog— 1 Y Groyarey i G20
di, - 1
%) . : rd
L,—2% = jL.w, R
mar R ey o -1

(1+0y) -
Aropdroy- i 3.21)
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Moreover, the expression for the machine toque assumes the form:

3

Te=§'

L,Im {Tf}}’} . (3.22)

Assuming a two-mass representation of the mechanical system, one can write

J,d;:’ = —D,w, - K6, — 6,) + %L,,,Im {ZZ} (3.23)
T,

J,,,-dd% = Dt + K6 — ) = T, (3.24)

46,

Lo, (3.25)

idqt’ﬂ = Wp, (3.26)

where J, (J,,) is the machine (mechanical load) moment of inertia, w, (wy,) is
the machine (mechanical load) angular speed, 6, (6,,) is the machine (mechan-
ical load) rotor angle, and D, (D,,) is the machine (mechanical load) damping
coefficient. K is the drive-train spring constant, and T, is thé mechanical load
torque.

Equations (3.20), (3.21), and (3.23)-(3.26) constitute a state-space model for
load subsystem. It should be noted that if 7, is set to a negative value, the
asynchronous machine acts as a generator rather than a load. For example, an
asynchronous generator can represent a constant-speed wind turbine-generator
unit interfaced with the distribution network. dg-frame equivalents of state-space

model of the asynchronous machine are:

dig _ 1 +oy) Rsi + wi
d (+o)(+0y)—-1L, 47 %l
1 R 1

L _ 27
tOrondro)-1L, 2 L, (G-27)
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diy (+0) R,

@ T Uro)Qro) 1L,
1 R, 1 328)
‘iro)aron-1L, 2 T, ©.
dirg _ 1 R. _ (1 +0y) R
dt (+o)(l+o)-1L, " A+o)(+0y)-1L, %
+ ((1) - (1),-) i2q (329)
dqu 1 R,- ,‘ (1 + 0-3) &l
d (+o)(l+o)-1L, "9 U+0)(+0)-1L, 4
—(w—wy) iy (3.30)
do, _ 3Lniyy, ; 3Lnig
dt 20 [(+ony(+oy-11%2" 2J[(1+0',)(1+0's)—1]2q
D 1
—7(1),- - 7Tm (331)

The load current, i.e the stator current, i, is expressed in terms of i; and i, as

- (1+o,) - 1 -
Nt ro)(ro) 1"  Oroyl+og-12 (3.32)
71) can then be expressed in the dg-frame as:
: (1+0,) 1 :
3.33
W ATy A to)-TY Tronlrog-1% (3-33)
. (d+oy) . 1 :
_ _ 3.34
M Aro)(lro) 14" Qro)(+0)-14 (3-34)

Equations (3.27)-(3.31) and (3.33)-(3.34) constitute the state-space model of the
distribution network, in dg-frame. iy4, i14, i24, and iy, are the state variables, and

i14 and iy, are the outputs of the load subsystem.
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3.5 PV System Transients

To evaluate the dynamic behavior of the PV system, in conjunction with the
distribution network, the PV system of Fig.3.1 is simulated using a detailed
switched model of the overall system. The simulation studies are conducted in

the PSCAD/EMTDC environment to evaluate:

e the start-up transient of the PV system,;

e the performance of the DC-link voltage regulation scheme under normal and

faulty conditions;

o the ability of the PV system in operating at unity power factor and introduc-

ing a low level of harmonic currents to the distribution network;
e the robustness of the PV system against faults; and

e the need for and the effectiveness of the feed-forward compensation scheme

in maintaining the stability of the PV system.

The system parameters are presented in Appendix A.

3.5.1 PV System Start-Up and Normal Operation

Fig. B.4 shows the system response to the start-up process followed by a steady-
state condition. Initially, the system is connected to the distribution network
while the PV system is disabled for a period of 0.2 s. The DC-link capacitor,
C, is therefore pre-charged via anti-parallel diodes of the VSC valves, and v,
reaches about 1.34 kV as shown in Fig. B.4(a). At¢ = 0.2 s, the VSC and con-

trollers are activated. Consequently, v4. smoothly settles at 1.0 kV set by vycrey,
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and the PV matrix current, i.e. iy, rises to about 1.4 kA, as illustrated in Figs.
B.4(a) and B.4(b), respectively. The rise in iy, results in a sharp rise in i; through
the feed-forward mechanism of the DC-link voltage controller of the PV system,
as shown in Fig. B.4(c). Fig. B.4(d) shows that P;, i.e. power that the PV sys-
tem real-power output increases from zero to about 1.36 MW, subsequent to the

system start-up transient.

1.34

14(kA)

0 014 02 03 04 0 0.1 02 03 04
time (s) time (s)

Figure 3.2: PV system transient response during the start-up process

Fig. 3.3(a) illustrates the effectiveness of the Phase-Locked Loop (PLL)
mechanism in synchronizing the dg-frame to the PCC voltage. As Fig. 3.3(a)
shows, subsequent to the start-up, v and vy, stabilize and vy, settles at zero in
less than 0.2 s. Thus, vy, settles at a value of about 0.4 kV, i.e. the peak value of
the PCC line-to-neutral voltage. Fig. 3.3(b) and 3.3(c), respectively illustrate the
waveforms of i; and Qy, during the start-up process, and that they are both regu-
lated at zero, irrespective of the transient and steady-state excursions of iz and P;,

Fig. B.4. This confirms that the d and g-axis current controllers are decoupled.
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in Fig. 3.5(b). Hence, the PCC phase voltage and the corresponding VSC line
current are cophasal, Fig. 3.5(c). At¢ = 2.0 s, vgcrer is changed stepwise to 1.13
kV. Consequently, v, also reduces to and settles at 1.13 ¥V, Fig. 3.5(a) and
P rises to about 1.5 MW. However, O, remains unchanged, as shown in Fig.
3.5(b). The increase in P; results in a corresponding increase in the line current
amplitude; however, the line current phase relative to the PCC voltage remains
zero, as shown in Fig. 3.5(c).

Att =2.1 5, Q; is changed to about 500 kVAr while v4.r is kept constant at
1.13 kV. Therefore, the line current rapidly lags the PCC voltage and its ampli-
tude slightly increases, Fig. 3.5(c). The change in Q,, however, does not impact
P as shown in Fig. 3.5(b). Atz = 2.15 s, Q; is brought back to zero and the PV
system again exhibits a unity power-factor to the distribution network.

It is interesting to note that the changes of Q; momentarily disturb v,;. whereas
they do not affect P;. The reason is that a change of Q; results in a correspond-
ing change in the amplitude of the VSC line current which, in turn, results in a
transient exchange of power with the line reactor of the VSC. Thus, the reactor
absorbs power when the current amplitude increases, and vice-versa. However,
since P; is regulated and does not change, the transient reactor power must be
necessarily exchanged with the VSC DC-side and DC-link capacitor. Conse-
quently, v, gets disturbed.

3.5.4 Line-to-Ground Fault

To demonstrate the robustness of the PV system against external fault, a case
study has been investigated in which phase (c) of the high-voltage side of T}

is bolted to the ground for a duration of about three 60-Hz cycles. Fig. 3.6
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Fig. 3.10(a) illustrates the spectrum of the VSC AC-side terminal voltage up
to the 55 harmonic. It is observed that v, includes dominant 49*, 51%, and 53"
harmonic components, in addition to its fundamental component. The reason is
adoption of a SPWM strategy of which the carrier frequency is 51 times the power
line frequency. However, due to the VSC filter, the high-order harmonics are
filtered, such that the VSC line current and the current injected into the network

have insignificant harmonic distortions, as illustrated in Fig. 3.10(b) and 3.10(c).

0.4
so3
Zo0.2

T 01

harmonic order

Figure 3.10: Harmonic spectra of v;, i, and ig;

3.6 Conclusion

In this chapter, the application of the PV system as a distributed generator is
demonstrated. The case studies illustrated the need for the feed-forward com-
pensation strategy in maintaining the stability of the PV system under various
adverse conditions. Moreover, the case studies revealed the nonlinear character-

istic of the PV system when the feed-forward compensation is not in service. It
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was further shown that the instability caused in the absence of the feed-forward
compensation not only impacts the PV system locally, but also affects the loads
connected to the distribution network. Through the case studies it was shown
that the decoupled current control is achieved, the PV system is able to maintain
the unity power-factor, and the (real) power delivered to the distribution network
can be maximized by DC-link voltage control. Moreover in this chapter, the PV
system stability under a fault was also examined. Finally, the harmonic spectrum

of the current injected into the distribution network was analyzed.
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Chapter 4

Modal Analysis of the PhotoVoltaic (PV)
System Interfaced with a Distribution

Network

4.1 Introduction

Chapter 3 provided a mathematical model of the PhotoVoltaic (PV) system inter-
faced with a distribution network. Chapter 3 further discussed the performance
of the PV system subjected to disturbances in the DC-link voltage level, the inso-
lation level, etc. Moreover, behavior of the system was studied in the presence as
well as in the absence of the feed-forward compensation of the DC-link voltage
controller. The approach taken in Chapter 3 was a simulation-based one which
attempted to provide a better understanding of the PV system and its dynamic
properties. However, Chapter 3 did not provide a systematic analytical approach.
In this chapter, a small-signal analysis of the PV system of Fig. 2.1 is conducted
to characterize the dynamic properties of the PV system, and to characterize the

dynamic interactions between the PV system and the distribution network/load.
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To evaluate the stability of the PV system under the proposed control strategy,
and to investigate the potential for interactions between the PV system and the
distribution network/load, an eigenvalue analysis is carried out. The analysis is
based on a linearized state-space model of the overall system. The parameters of

the linearized model are functions of the steady-state operating point.

4.2 Small-Signal Model

4.2.1 Linearization

The models of the PV system, the distribution network, and the load developed in
Chapter 2 and Chapter 3 are nonlinear. Nonlinear equations are suitable for large-
signal analysis and simulation studies. Simulation studies provide an insight into
the behavior of the PV system in response to disturbances. However, they are not
very useful in providing information about the system stability, and robustness
against parameters uncertainties. Furthermore, it can not readily be understood
from the nonlinear equations as to how each dynamic mode is influenced by dif-
ferent parameters, e.g. the insolation level, length of distribution line, X/R ratio,
etc. Therefore, the nonlinear equations are linearized about a system steady-state
operating point, to provide a linear model. Of course, the derived linear model is
valid only for small perturbations of the system around the operating point.

For the purposes of modeling and analysis, the system of Fig. 3.1 is catego-
rized into three subsystems: the PV subsystem (X.), distribution network sub-
system (X,), and load subsystem (X;). Eigenvalue analysis is performed on the
linearized model of the overall system which includes the foregoing three subsys-

tems. The three subsystems are governed by the following nonlinear equations.
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e PV subsystem

where

X, = f(X,u)

vA “— \'/\ L= I % I B
[l w~

CL ny oty Uy ’p/ % ‘)‘.? f T

X, = [ ig Vﬁc X3 X4 iq X6 X7 P

S T
uC = [ vsd qu \_}\/‘zic’:—f) lqref S ]
\\_

e Distribution Network subsystem

where

Xn = f(X,,, u,)

T
X” = [ igld iglq ig2d ing Vsd Vsq Vid vlq]

T
un=[id iq w p iy ilq]

e Load subsystem

where

X, =fX,u)

T
X, = [ la lig i2a Ig wr]

T
ul=[vld Vg w T,,,]
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The derivation of the nonlinear equations is discussed in Chapters 2 and 3. As
an example, let us go through the linearization process for a general nonlinear

system described by,
x =f(x,u) 4.10)

Let X, be the initial state vector and ug, the input vector corresponding to the
equilibrium point about which the small-signal performance is to be investigated
for the aforementioned nonlinear system described by equation (4.10). Since xq

and u, satisfy equation (4.10), one can deduce

Xo = f(xp,up) =0 (4.11)

If the system is subjected to a small disturbance, there will be perturbation in

state variables, so the final perturbed state is

X=Xo+X

u=u+u (4.12)

Substituting the new value of x and u from (4.12) in (4.10), one obtains

= f[(xo + X), (up + )] (4.13)

As the perturbations are assumed to be small, the nonlinear function f(x, u) can

be expressed in terms of Taylor’s series expansion. With terms involving second
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or higher orders of X, w neglected. When Taylor’s series is applied on the function,

f (x, w), it becomes

% = X+ % = fi[(Xo + X), (1o + W)]

of; aﬁ Ofi— Ofi~
= fi(Xo, W) + —X; + ... + —Xx, + — e+ —u,
Ji (o, 1) p 1x1 (9x,, 6u1u1 + Buru
4.14)
Since X;0 = f; (Xo, Up), one deduces
-  Ofi_ ofi— Ofi— ofi—
;= = —X, + — -t = 4.
X 6x1xl +. +aan +8u1u1 + +6u,u 4.15)
with i=1,2,.....,n one can have
=AX+Bu 4.16)
o o
ax; " Ox,
A=] .. .. .. 4.17)
[543 Ofn
| dx; T Ox, |
on o
ou, " Ou,
B=| .. .. .. (4.18)
s O
| Qu; " Ouy |

All of the partial derivatives in the matrices A, B are evaluated at the equilibrium
point xo. Following the procedures from (4.10) to (4.16) linearization of PV

subsystem, distribution network subsystem and load subsystem are carried out.
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4.2.2 Linearized Model of the PV Subsystem

As discussed in Chapter 2, the mathematical model of the PV system is repre-
sented by a set of nonlinear equations. Appendix C presents a detailed procedure
of linearizing these equations based on (4.10) to (4.16). Equations (C.23), (C.28),
(C.16), C.17, (C.24), (C.29), (C.30) and (C.31) from Appendix C represent the
linearized equations in state variables X;, X,, Xs, X4, Xs, &, &, p.

The linearized form for the photovoltaic system can be written in the following

form,
dx . i“’dcre f
- \%
L= AK B | 7 Co| Ty (4.19)
Vsq ~
S
iy N
_ |=D.X. (4.20)
g
o =EX. 4.21)
p=F.X. (4.22)

Equations (4.19) through (4.22) constitute a linearized state-space model for the
PV subsystem. For the PV subsystem, ¥;; and ¥, are the inputs obtained from the
distribution network subsystem, whilst 7, 'fq, @ and p are the outputs delivered to
the distribution network subsystem. There is no direct coupling between the PV

subsystem and the load subsystem.
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4.2.3 Linearized Model of the Distribution Network Subsystem

Dynamics of distribution network in dg-frame are described by (3.5) to (3.12)
in Chapter 3. The linearized equations of distribution network subsystem are
presented in Appendix D. Equations (D.1) through (D.8) can be represented in

state-space form as:

dX N i [
"= AKX, +B,| * |+ Coo+ Hp+D,| (4.23)
di ; i
y _
“1-EX, (4.24)
e
Vo _
-F,X, (4.25)
where
- _ . . . T
X, = [ lgld lglq igad lg2g Vsd Vsq Vid f;,q] (4.26)

Equations (4.23) to (4.25)-constitute a linear state-space model of the distribution
network subsystem. ids 74, @, and p-are the inputs obtained from the PV sub-
system, whereas i1s and ij; are the inputs obtained from the load subsystem. ¥
and ¥, are the outputs delivered to the load subsystem; and ¥, and ¥, are the
outputs delivered to the PV subsystem. It should be noted that 5 represents the
perturbation of the phase angle of v, relative to that of the grid voltage vgapc.
The steady-state value of p, is determined based on the real- and reactive-power

flow in the system.
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4.2.4 Linearized Model of the Load subsystem

In Section 3.4 the mathematical model of a squirrel-cage asynchronous machine
was presented. Appendix E contains the linearized expressions of equations de-
scribing the dynamics of the asynchronous machined load. The state-space rep-

resentation of (E.1) through (E.5) is:

dg - Vi . -
—--Xl = A[Xl + Bl + Cla) + Dle (4.27)
dt Plg
i »
“1=EX (4.28)
e
where
. L T
X = [ ld lig d lyg G)r] (4.29)

Equations, (4.27)-(4.29), represent the linearized model of the load. Mechanical
torque, T, is the free control input for the asynchronous machine. However, the
control input as well as other matrices; X;, A;, B, C;, Dy, E; have different entries
and dimensions depending on the type of load. Two other types of loads are
discussed in the next chapter. In the linearized model of asynchronous load, ¥,
and ¥, are the inputs obtained from the distribution network subsystem, and @ is_
the input obtained from the PV subsystem. On the other hand, i;; and i), are the

outputs delivered to the distribution network subsystem.
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4.3 Linearized Model of Overall System

The linearized model of overall system is derived by combining three subsystems
discussed in subsections 4.2.2 to 4.2.4. The final linearized model is achieved
by substituting the output(s) of a subsystem in the relevant input(s) of another

subsystem. The process yields

~ Ac Ban 08xm
dxsys o~ ~
dt = (BnDc + CnEc + HnFc) An DnEl Xsys + BsysUsys (430)
_ CE, BE, X,
where,
. o T
US.YS = [ i"’dcref \) iqref i ] (431)
& oT of oT |
Xoys = [ X, X X ] (4.32)

An output of interest can be expressed as
y = Cgs X5 (4.33)

Equation (4.30) has 21 state variables, if the load is an asynchronous machine.
Each eigenvalue corresponds to one of the system modes. The PV subsystem
of Fig. 2.1 has 8 modes, the distribution network subsystem also has 8 modes,
and load subsystem has m modes. Thus, depending on the type of load, the
number of eigenmodes of the load subsystem varies. Based on the first theorem
of Lyapunov, the stability of the system is determined by the eigenvalues of the

system as follows [39]:
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o If the real parts of all eigenvalues are negative, the system is asymptotically

stable around the equilibrium point;

o If at least one of the eigenvalues has a positive real part, the system is unsta-

ble; and

o If at least one eigenvalue has a zero real part, the system stability around the

equilibrium point can not be judged.

To determine the contribution of each variable in a mode and to evaluate the
sensitivity of the mode to system parameters, a particigation factor analysis [39]-
[40] is also conducted in this chapter.

4.4 Model Verification

The linearized model of (4.30) is implemented in MATLAB software environ-
ment with the parameters specified in Tables A.1-A.3. The results obtained from
MATLAB are compared with those of the detailed switched model of the sys-
tem implemented in PSCAD/EMTDC environment to evaluate the accuracy of
the linearized model. The accuracy of the linearized model is evaluated for both
conditions of disabled and enabled feed-forward compensation in the DC-link

voltage control loop.

4.4.1 Case 1: Step change in DC-link voltage

Initially, the system of Fig. 4.1 is in a steady state, and the reference commands
Vdcref and ig..r are set to 1.0 kV and zero, respectively. In addition, the feed-

forward compensation of the DC-link voltage controller is enabled. The load is

58



connected to the middle of the distribution line, i.e. df = 0.5. The machine is
used as a generator with a mechanical torque of —0.71 pu. Att=2.0s, a 10% step
change is imposed on v,.. Fig. 4.1 illustrates the response of the DC-link voltage
to the disturbance at insolation levels of S =0.1, 0.5, and 1.0. The columns
(a) and (b) of Fig. 4.1 illustrate the responses obtained from the linearized model
and the switched model, respectively. It can be observed that the linearized model

closely agrees with the detailed switched model.

2 1.05
N
) : : 0.95 i A
18 1.9 2 21 22 23 18 18 2 21 22 23
time (s) time (s)
(a) ®)

Figure 4.1: Step response of the DC-link voltage obtained from (a) linearized model, and (b) switched model

Fig. 4.2 illustrates the responses of iy and P; to the aforementioned distur-
bance, only for the unity insolation level. Similar to Fig. 4.1, column (a) includes
the response based on the linearized model, whereas column (b) illustrates that
obtained from the switched model. Fig. 4.2 shows that subsequent to the dis-
turbance, i, increases from 2.22 to 2.31 kA, corresponding to a change in the
real power P, from 1.35 to 1.41 MW. Fig. 4.2 also confirms the close agreement

between the .linearized model and the switched model.
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18 19 2 21 22 23 18 19 2 21 22 23
time (s) time (s)

(a) (b)
Figure 4.2: Response of iy and P, to a step change in DC-link voltage (a) linearized model, and (b) switched mo«
44.2 Case 2: Effectiveness of Feed-Forward Compensation

This case was already discussed in Section 3.5. Here, the oscillations caused by
deactivation of the feed-forward compensation at v4..s =1.015 kV, are examined

from a modal analysis perspective.

1.28— - v 1.28— v
: : : : ; j 2 Cycles j
@ : ; : |
1.1 SRR TE'] 10 1 WO W S .
= . : : S h :
31-015 $ 1.015 [P S N P 20 1Y T Ty Mo W e
N N
08 .......... .......... 0.8 ........... ............ .......
2 2.1 22 23 2 2124 2.252
time (s) time (s)

Figure 4.3: Step response of DC-link voltage;(a) with feed-forward compensation, and

(b) without feed-forward compensation

Fig. 4.3(a) illustrates the response of v, to the disturbance when the feed-
forward compensation is in service. Fig. 4.3(b) illustrates the response of vy,

when the feed-forward compensation is disabled. Fig. 4.3(b) shows that sub-
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sequent to the disturbance, the response becomes oscillatory with a frequency
of about 15.6 Hz. On the other hand calculation of the system eigenvalues for
this case, based on equation (4.30), reveals the existence of a pair of complex-
conjugate eigenvalues at 8.5 + 100.1j for this case. The imaginary part of the
eigenvalues corresponds to a 15.9 Hz oscillatory mode, which is in a close agree-

ment with the response obtained from switched model, Fig. 4.3(b).

4.5 Eigenvalue and Sensitivity Analyses

To identify the potential interactions between the PV system and the distribution
network/loads, to identify the nature of interactions, and to determine the robust-
ness of the PV system controllers against variation of parameters, an eigenvalue
analysis is carried out on the linearized model of (4.30). The system parameters
are reported in Tables A.1-A.6. The analysis indicates that, under the proposed
control strategy, the PV system dynamics possess more or less the same proper-
ties irrespective of the parameters variation. Table 4.1 illustrates the results which
are discussed hereafter.

Table 4.1 reports the eigenvalues of the overall system, i.e. the solution of
|Agys — Al| = 0 (i=1, 2, ....,8+8+m), under the condition that the feed-forward
compensation is enabled. The eigenvalues are calculated for y = 1, [, = 15
km, X/R = 0.6, and df = 0.5. In addition, the DC-link voltage is 1.1 kV. Ta-
ble 4.1 shows the eight eigenvalues of the PV subsystem, of which the first five
correspond to the VSC whereas the other three are due to the PLL. Out of the
eight eigenvalues of the distribution network subsystem, only the dominant one

is reported here. Similarly, the eigenvalue corresponding to the load is also the
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Table 4.1: Overall System Eigenvalues and States Participation Factors; ¥ = 1, I, = 15 km, X/R
0.6,d; =0.5.

Eigenvalues of A, and Their Associated Subsystems
A= A = A3 = A4 = As = Ag = Azg= | dopo= [ An=
-1350; | -672; | -228; | -55; -2000; | - 219+ | -143 + | =29 =
132.5; | 1Ll | 8437j; | 0.4j;
PV PV PV PV PV PV PV Network | Load
X1 0.760 | 0.163 | 0.110 | 0007 |0 0.007 | 0.007 | 0.007 %0
X 0.020 |0.620 (209 |0044 |0 0022 |0.033 | =0 s
é X.3 0.00L |0.042 | 0479 | 1420 |O 001l | 0006 | =~0 ~0
:é o 0.087 | L.770 | 0.698 | 0.027 |0 0004 |00I1 |~0 |=%0
> X.s 0 0 0 0 1 0 0 0 0
z X6 0.002 | 0003 |0230 |=0 0 0920 | 1910 | 0.002 ~0
X:7 =0 =0 0.153 | =0 0 3220 | 1073 [ =0 ~0
Xes 0.001 | =0 0353 | =0 0 3.090 | 2.890 [ 0.001 0.012
X1 0329 [0.033 |0010 [=0 0 0.001 | 0.002 | 0.006 0
X2 ~0 x =0 x 0 =0 ~0 0.393 =0
.§ X 0.034 0003 |0001 |=0 0 x ~0 0.003 =0
z hon %0 ~0 =0 ~0 0 0.002 | 0.004 |0.0913 |=~0
?_ X5 0.007 |=~0 =0 =0 0 x ~0 0.014 ~0
Z X6 0.001 | =0 =0 ~0 0 0.001 | 0.001 | 0.456 %0
X ~0 ~0 =0 ~0 0 ~ =0 0.001 ~
X8 ~0 =0 %0 ~0 0 0.001 | 0.002 |0.032 %0
% X ~ ~0 0.006 | ~0 0 0.033 | 0045 | = 0.004
S Xn =0 %0 x ~0 0 0.001 | 0.001 | 0.001 0.005
:?3 %5 |=0 |[~0 [oo003 |~0 o 0064 | 00521 | = 0.500
Xu ~0 = 0.001 | =0 0 0.005 |0.003 |=~0 0.504

dominant one. Table 4.1 also shows the state-variables of the overall system as
well as a measure of the participation of each state-variable in the eigenmodes
corresponding to the eigenvalues.

The participation of a state-variable %, in a mode corresponding to the eigen-

mode A; is calculated from:
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pri=vul (434

where u] and v] signify the r** elements of the vectors u; and v;, respectively [38].

T

u; and v; are, in turn, the eigenvectors of Ay, and A,

respectively, correspond-
ing to the eigenvalue A;. In general, p,; = a + jb is a complex number. However,
here the relativé participation of a state-variable in a mode is of prime interest and,
therefore, ||pi|l = Va? + b? is reported in Table 4.1 rather than p,;. In addition,
the values are rounded off to the thousandth place and any relative participation
smaller than 0.001 is denoted by “~ 0” in the table.

Table 4.1 indicates that while the state-variables of the PV system actively
participate in the eigenmodes corresponding to A4, to Ag, participation of the net-
work and load state variables in those eigenmodes is insignificant. The only
exception is the network state-variable, X,,;, which participates relatively actively
in the eigenmode corresponding to A;. Thus, it can be concluded that the PV sub-
system eigenvalues and the corresponding eigenmodes are weak functions of the
network and load parameters. Therefore, if the eigenmodes of the PV subsystem
are stable by proper design of the controllers, they do not become unstable as a
result of variations in the network and load parameters. The participation of X,
in the eigenmode corresponding to 1; cannot pose any instability complications,
since this mode is very far from the imaginary axis of s-plane. It should be noted
that p,; also represents the sensitivity of the eigenvalue 4; to the element a,, of
the system matrix A,y [41]. Table 4.1 further confirms that the eigenvalues of

the PV subsystem, i.e. 1; to A3, are insensitive to those elements of Ay, that cor-

respond to the network and load subsystems, i.e. a,, with r = 9,10, .....,16 + m.
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Similar analyses are carried out also for an R-L load and a rectifier load, which
are discussed in the next chapter.

Participation-factor analysis is conducted also for the case where the system
becomes oscillatory in the absence of the feed-forward compensation. This case
was discussed in more detail in Section 2.5.2. Table 4.2 indicates the participation
of the state variables corresponding to the eigenvalue in the eigenmode A3 =
8.5+ 100.1;. Table 4.2 shows that the participation of state variables X5, X3 and
X3 is quite significant as compared to the others. In other words, they exhibit the
largest contribution to the oscillatory mode of the system at the corresponding

operating point. The linearized model suggest that the foregoing state variables

are tightly related to the DC-link voltage controller.

Table 4.2: Participation of State-Variables in the Oscillatory Eigenmode, Az = 8.5 + 100.1/

States | Participation [ States | Participation || States | Participation || States | Participation
X.. 0.007 X 0.01 X 0.006 X8 =0
X2 0.6 X4 0.002 X4 =0 X 0.0015
X 0.5 X3 0.004 X.s =0 Xn ~
X.4 0.15 X 0.029 X6 ~0 X5 0.005
X.s 0 X =0 X ~0 X ~

The movement of the eigenvalue Ag can be explained with reference to the
matrix, A.,(4.19). The diagonal element ay; of A, is equal to —875 when the
feed-forward compensation is in service at vy = 1.1 kV. However, elimina-
tion of the feed-forward compensation makes ay; equal to 223 at v4=1.015 kV.
The absence of feed-forward compensation combined with a change of the volt-

age level has a major impact on the value of a;;. Equation (C.28), Appendix
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C, formulates the value of a5;, in the presence and absence of the feed-forward
compensation, respectively, as:

im0 p Lig ipvoLido
(ax)y- = _F_ - 4.35
2T Cvao C Cvati CvsaovacoTi (%3

i pv0 M '
= Y 4.
(a22 )‘y=0 Cvdco I ( 36)

: , , L imoLi
where the parameter y is defined in Appendix C. The quantity, z72 — Z22=2_,

considerably larger than 'ci% — £. Hence, when y = 1 a; takes a negative value
and results in an eigenmode in the left half plane, far from the origin. However,

this is not the case when the feed-forward compensation is disabled, i.e. ¥ = 0.

Ipvo
v

a2 becomes equal to & ”

— £ which is a function of v,co.

Dominant eigenmodes, A3 = —228 and A4 = —55, are resulted in the PV sub-
system for the case when the feed-forward compensation is active. State variables
corresponding to the DC-link voltage controller have the highest contribution in
the aforementioned dominant eigenmodes as presented in Table 4.1. Table 4.1
conveys the information that, in the dominant mode A3, the participation of PLL
state variables are quite significant as compared to the eigenmode A4. The rea-
son is that presence of feed-forward compensation tends to decouple the voltage
control loop from the rest of the system. However, the decoupling is no longer
maintained in the absence of feed-forward compensation and a complex conju-
gate eigenmode, A3 = 8.5 + 100.1; is resulted with significant participation of
state variables that correspond to the DC-link voltage control loop and the PLL .
Variations of A3, A4, and Ag with respect to v, are plotted in Fig. 4.4.

Fig. 4.4(a) plots the variation of the real part of the PV system dominant

eigenmode as a function of v, when feed-forward compensation is disabled.
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Fig. 4.4(c) shows that with the increase in v;, the dominant eigenmode moves
to the left of the s-plane. A positive real part is resulted if v, is reduced to about
1.015 kV. The dominant eigenmodes are also plotted for the case when the feed-
forward compensation of the DC-link voltage regulator is active. Figs. 4.4(b) and
(c) illustrate that vaco has insignificant impact on dominant eigenmodes. Hence,
the proposed control strategy with feed-forward compensation in the DC-link
voltage regulator serves the best purpose for maintaining the stability under vari-

ous operating conditions.

Figure 4.4: Patterns of variation for the PV system eigenvalues as a function of DC-link voltage

both in the presence and absence of feed-forward compensation

Figs. 4.5 to 4.8 illustrate the patterns of variation of the real-part of the system
eigenvalues, as a function of various parameters. Thus, only the eigenvalues with
noticeable variations are considered; the other eigenvalues are found to be almost
fixed at their original locations. Fig. 4.5 illustrates the eigenvalue variations as

a function of the load distance from the PV system, i.e. ds. Thus, a value very
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close to zero (unity) dy corresponds to the case where the load is at the PV system
(substation) terminals.

Fig. 4.5 shows that (only) one of the eigenvalues of the network subsystem
gets closer to the imaginary axis of the s-plane, as the distance between the load
and the PV system increases. Nonetheless, the corresponding mode remains sta-

ble and fast.
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-143}

au(s™")
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-200 . ........ ......... ........ ........ ........ .................
: : : : : : waiile= Induction Machine Load
1 L L

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 4.5: Eigenvalue location for a network mode as a function of the load distance from the substation

Fig. 4.6 illustrates the movements of a network eigenvalue and a PV sys-
tem eigenvalue as functions of the line length /,, ranging from 5 to 40 km. As
Fig. 4.6 indicates, as the line length increases the network eigenmode becomes
more stable whereas the PV system eigenvalue moves slightly to the right. This
mode of the PV system is very far from the imaginary axis of the s-plane, and its
movement to the right cannot cause any instability issues. The change of the PV
system eigenvalue is less than 10% as Fig. 4.6 shows.

Fig. 4.7 shows the loci of a network eigenvalue and a PV system eigenvalue,
as a function of the line X/R ratio. Fig. 4.7 illustrates that one of the modes
become more stable as the X/R ratio increases, whereas the other one exhibits
an opposite pattern. As understood from Table 4.1, when the feed-forward com-

pensation is activated none of the corresponding eigenmodes is a dominant one.
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Figure 4.6: Eigenvalues variation as a function of the line length

Nevertheless, both of modes remain stable and very fast. irrespective of the line

X/R.
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Figure 4.7: Eigenvalues loci as a function of line X/R ratio

The impact of the solar insolation level, S, on the eigenvalues of the PV sys-
tem is illustrated in Fig. 4.8. Here, (only) two of the PV system modes move as
the insolation level changes. In this case, the two modes exhibit opposite patterns
of variation as S increases. The modes remain stable and very fast, regardless
of the insolation level. There exists no noticeable movement in the eigenvalues
of the network and load subsystems due to the insolation level variations, and

therefore they are not plotted here.
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Figure 4.8: Pattern of variation for PV system eigenvalues as a function of insolation level

4.6 Conclusion

This chapter presented a modal/sensitivity analysis on a linearized model that in-
cludes the PV subsystem, the distribution network subsystem, and the load sub-
system. The modal analysis facilitates characterization of dynamic properties of
the PV subsystem, to evaluate the robustness of the controllers, and to identify the
interactions between the PV system and the network/loads. The results confirm
that, under the proposed control strategy, the dynamics of the PV system are de-
coupled from those of the distribution network. This, in turn, alternatively means

that the PV subsystem does not destabilize the distribution network subsystem.
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Chapter 5

Impact of Other Types of Loads on System

Dynamics

5.1 Introduction

Chapter 4 introduced a modal analysis for the PV system interfaced with a distri-
bution network which supplied a squirrel-cage induction machine as the load.
The results of the modal analysis confirmed that, under the proposed control
strategy, dynamics of the PV system are decoupled from those of the distribu-
tion network/load. It was further demonstrated that the PV system dynamics are
not influenced by the network or the load. This chapter re-evaluates the stability
of the PV system as when different types of loads are in the proximity of the PV
system. The loads of consideration are: (i) a series R—L load, and (ii) a controlled

rectifier load.
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5.2 Linearized Model of the Series R-L Load

Fig. 5.1 illustrates the schematic diagram of a three-phase, series, R — L load.
To derive a state-space model for the load, the inductor current, which is also
the load current, is taken as the state variable. Thus, one can write the equations

describing dynamics of the R-L load in the dg-frame as:
diy Ry, 1

-d—t = —Elld + wilq + Evld 5.1

dilq R[ . . 1

= = —Eth - Wiy + Evlq. (3.2)
The linearized form of (5.1) and (5.2) is written as:

AC R-L Load

. L R
Via !'au (YYYL JW—
Vib !'b »m - M 4
Vie ey, ML M

Figure 5.1: Schematic diagram of R-L load

d'i[d R[n; ~ 1 ~ . ~
— = ——L—lud + Woljg + Evld + l1g0@ (5.3)
di[q ~ Rla-_' 1 ~ . ~
—dt = —-Wplig — ——Ll llq + Evlq — lidow (54)

Equations (5.3) and (5.4) can re-written in the compact state-space form:

d - Via . .
-d-;X[ =AlX;+ B + Cio + DU, (5.5)

Vig
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~

_EX, (5.6)

lid
] Iq

- . T
X = [ i ilq ] . (5.7)

where

Equations (5.5) and (5.6) constitute a linearized model of the series R— L load.
In (5.5), there is no free control input as in (2.10), where induction machine,
the load. This, in turn, means that D; is a null matrix. In (5.5), ¥4 and ¥, are
the inputs obtained from the distribution network subsystem, and @ is the input
obtained from the PV subsystem. 7;; and 71,,, which are also state-variables of the
series R-L load subsystem, are the outputs delivered to the distribution network
subsystem. The linearized series R — L load subsystem is incorporated in (4.30)

to complement the linearized model of the overall system.

5.3 Linearized Model of the Bridge Rectifier Load

Fig. 5.2 illustrates the schematic diagram of a thyristor-controlled rectifier sup-
plying a series, R — L, DC load. If the inductor current is picked as the state

variable, then

L di rec
rec™ ;.

dt = —Ryecirec + Vrec (5.8)

where v, is the rectifier DC-side voltage. It is now assumed that the rectifier
operates in the continuous mode, i.e. i, S 0, and L,, is so large that i, is es-

sentially ripple-free. Thus, v,,. can be approximated by its averaged component,
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Figure 5.2: Schematic diagram of rectifier load
as
Vrec = Vyee = —“” ’ﬁcosar
3V3
== \/(Re{V}})2 + (Im{V])2cosa (5.9)
T

where a is the firing angle, and V; is the magnitude of 3. Substituting for v,

from (5.9) in (5.8), one finds

Lrecd_;r':f' = '—Rrecirec + 2’7[‘/5 \/(Rem})z + (Imm})zcosa . (510)

An expression for the load current can be derived using the principle of power

balance. Thus

%Rem—;*} = irecm
= im3 V3 \/(Rem})z + (Im{V}})? cosa (5.11)

n

-

Vi
The fundamental component of the phase current of a bridge rectifier is delayed

by the angle o with respect to the corresponding phase voltage [42]. Therefore,
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if i; is approximated by its fundamental component, one can write

- =V
i = i=e (5.12)
Vi

where 7, is the magnitude of the space-phasor equivalent of the load (fundamental)
current; V) /v, is the unit vector collinear with V). Substitution of 71) from (5.12)

in (5.11), and simplification of the resultant in view of Vjvj* =72, yields

0= 3;/—51 (5.13)

Substituting for?l from (5.13) in (5.12), one deduces
-0 2 \/§ Vi o ja

ll = (——) l lrec

2 3 .
== ‘/_ Vi e (5.14)

\/(Rer*})2 + (Im(#)?

Equations (5.10) and (5.14) constitute a state-space model of the controlled rec-

tifier load in the space-phasor form. Their linearized counterpart can be repre-

sented in the dg-frame as:

direc Ryec 3 3
= rec vt —— 1
o Lmz + - drcos (5.135)
2vV3
T
ilq = y irec Sin a (5-17)
V4

Equations (5.15)-(5.17) can be re-written in the form (5.5)-(5.6), for the com-
pletion of the overall system model. It should be noted though that the matrices
A;, B;, C;, Dy, and E are different than their counterparts for the series, R — L,

load of Section 5.2.
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5.4 Eigenvalue Analyses

Figs. 5.3 to 5.6 demonstrate the variation of the real-part of the system eigenval-
ues, as a function of various parameters of the series R — L load and the rectifier
load. The figures include only those eigenvalues that vary noticeably as compared
to the others. Parameters for the series R — L load and rectifier load are provided
in Tables A.2 and A.3, respectively. Figs. 5.3(a) and 5.3(b), respectively, illus-
trate the variation of dominant eigenmode as a function of the load distance from

the PV system, i.e. dy, for series R — L load and rectifier load.
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Figure 5.3: Patterns of variation for the PV system eigenvalues as a function of insolation level

Figs. 5.4(a) and 5.4(b), respectively, plot the variation patterns of the domi-
nant eigenmodes as a function of the line length /., ranging from 5 to 40 km, for
the series R — L load and the rectifier load. The figures indicate that the eigenval-
ues of the distribution network subsystem and the PV subsystem are the ones that
are mostly influenced by line length. the eigenvalues’ real-parts indicate that the
network eigenmodes becomes more stable as the length increases whereas the
PV subsystem eigenmodes move slightly to the right similar to the case where

induction machine was used as the load. With the variation of the line X/R ratio,
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the loci of the distribution network and load subsystem eigenmodes are illustrated
in Figs. 5.5(a) and 5.5(b), for the R — L load and the rectifier load, respectively.
The impact of the insolation level, S, on the eigenvalues of the PV system is il-
lustrated in Fig. 5.6. The figure shows that the modes of the distribution network

and those of the load remain stable irrespective of variations of the insolation

level.
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Figure 5.4: Eigenvalues variation as a function of the line length

Figure 5.5: Eigenvalues loci as a function of line X/R ratio
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Figure 5.6: Pattern of variation for PV system eigenvalues as a function of insolation level

5.5 Conclusion

This chapter re-evaluated the stability of a PV system that is connected to a dis-
tribution network, when two different types of loads are supplied by the network.
The results obtained from these two loads are in close agreement with those ob-
tained for the induction machine load. Thus, it can be concluded that the PV sys-
tem with feed-forward compensation in the DC-link voltage controller maintains
its stability and dynamic properties in spite of major variation in the line length,
line X/R ratio, solar insolation level, load distance, and, more importantly, the
load type.

Although it can be argued that only three types of loads are modeled in this
thesis. It should be noted that practical loads in utility systems are often consid-
ered as a weighted composition of these three types. Therefore, the results can

be relied upon for a real world scenario.
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Chapter 6

Summary, Conclusions, and Future Work

6.1 Summary and Conclusions

In this thesis:

e a detailed mathematical model for a single-stage, three-phase PhotoVoltaic

(PV) system is decoupled;

¢ a novel control strategy is proposed which adopts an inner current-control
loop and an outer DC-link voltage control loop. The current control mech-
anism renders the PV system protected against faults and overloads. The

DC-link voltage control enables the output power control/maximization;

e a feed-forward compensation mechanism is proposed for the DC-link volt-
age control loop to mitigate the impact of nonlinear characteristic of the
PV matrix, to permit the design and optimization of the DC-link voltage
controller for a wide range of operating condition. The effectiveness of the
feed-forward compensation is verified through digital time-domain simula-

tions carried out on a detailed switched model of the overall system;
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e performance of the developed PV system as a Distributed Generation (DG)

is evaluated and most important transients of the PV system are identified;

e a comprehensive modal/sensitivity analysis is conducted for the first time on
a linearized model of the overall system i.e. the (PV system, the distribution
network , and the load), to evaluate the robustness of the controllers, and to

identify potential interactions between the PV system and the network/loads.
The conclusions of the thesis are as follows:

e the feed-forward compensation strategy of the DC-link voltage control loop
is very effective in maintaining the stability of the PV system. In the absence
of the feed-forward compensation, it is difficult to design a controller that

guarantees stability in different power levels;

¢ the current-control strategy is an effective means of protecting PV system
against short-circuit faults and overloads. More importantly, it virtually de-

couples the dynamics of the PV system and those of distribution network;

e under proposed control strategy, there is a weak dynamic coupling between
the PV system and the distribution network. Thus, an otherwise stable PV
system does not destabilize the distribution network or itself when it is con-

nected to a distribution network;

¢ the proposed control strategy enables the control/maximization of the PV
system output power. It also enables the operation of the PV system at

different power factor including the unity power-factor;

e the modal analysis indicates that, under proposed control strategy, the load

type has no appreciable impact on dynamic properties of the PV system and
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those of the overall system; and

¢ the modal analysis further confirmed that the PV system dynamics are not
influenced by the distribution line length, the line X/R ratio, and the distance

between the loads and the PV system.
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6.2 Recommended Future Work

The following topics are suggested for future research in this area:

e the islanding behavior of the PV system under proposed control strategy is
worth investigating in a future research. Thus, the adoption and incorpora-
tion of a suitable islanding detection scheme may be necessary in a practical

system;

e a more detailed analysis and examination of the PV system behavior under
faults is suggested. The result would be of interest to distribution system

planners and utility companies; and

o the developed model can be augmented with a Maximum Power-Point Track-
ing (MPPT) strategy, and the model analysis repeated to investigate the im-

pact of MPPT scheme on the PV system dynamics.
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Appendix A
System Parameters

The Parameters of the PV system, distribution line, induction machine, series

R — L load, and rectifier load are presented in Tables A.1-A.6.

Table A.1: PV System Parameters

Parameter Value Comments
Trl nominal power 1.7 MVA
T'rl voltage ratio 6.6/0.48 kV Y/Delta
Trl leakage inductance 0.1 pu
on-state resistance of valves 3 mQ
interface inductance, L 100 uH
interface resistance, R 3.0 mQ
filter capacitance, Cy 300 uF
switching frequency 3060 Hz 51x 60 Hz
DC-link capacitance, C 5000 uF
# of PV cells per string, n; 1500
# of PV strings, n, 176
ideality factor, A 1.92
temperature coefficient, ky 0.0017A/K
cell short circuit current, /., 8.03 A atT, =300K
reverse saturation current, I, || 1.2 x 107 A
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Table A.2: Controller Parameters

Parameter Value Comments

kp (for 7; = 0.5ms ) 02Q
k; (forr; = 0.5 ms) 0.6 Qs™!

B 307.3 1/Vs?

B 2029 1/Vs®

B 600 s~!

a; -0.77 As~Y/v?

az -328.2 As™/V?

a3 909 s~

Table A.3: Distribution Line Parameters

Parameter Value Comments
grid voltage 6.6 kVrms -1
line inductance, L, + L, || 0.105 mH per km
X/R ratio 0.6
line resistance basedon L & X/R
line length, /, 15 km
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Table A.4: Induction Machine Parametrs

Parameter Value Comments
nominal power 373 kVA
nominal voltage 6.6 kVrms -1
nominal frequency 60 Hz
rotor/stator turns ratio 1.0
stator resistance, R; 0.0184 pu
rotor resistance, R, 0.0132 pu
magnetizing inductance, L, 3.8 pu
stator leakage factor, o 0.0223
rotor leakage factor, o, 0.0223
inertia constant, H 2.1s
mechanical damping, D 0.135 pu
Table A.5: R — L Load Parametrs
Parameter Value Comments
nominal power || 373 kVA
nominal voltage || 6.6 kVrms [-1
Inductance, L, 95 mH
Resistance, R 111 Q
Power Factor 0.95

Table A.6: Rectifier Load Parameters

Parameter Value Comments
nominal power 373 kVA
nominal voltage 6.6 kVrms -1
DC Inductance, L,.. 20H
DC Resistance, R, 212 Q
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Appendix C
Linearized Equations of the PV Subsystem

the closed-loop transfer functions of d- and g-axis current controllers are,

L 1
Idref - s+ 1

(C.1)

I, 1

(C2)
Equations (C.1) and (C.2) can be written in time-domain form as follows,
diy 1., 1,
—d—; = —;_;ld + ;ildref (C.3)

If a small perturbation around steady-state is assumed, then the final perturbed

state is
d(id0+?d) G +7 1 . +7 ) | (C.5)
—————————— e — + — re re *
7 = igo+ 1) Ti(ld 0 T ldref
g = U0+ g+ —grefo + lgrey) C6)
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\ !

)
L5i’t;) (a
(oo- o)
Equalizing the perturbed form on the left hand side and right hand side of
equations (C.5) and (C.6) one deduces,

dig 1, 51,
dt = T,'l T'ldref (C.7)

<. 1
= - —;—iz Tilqref (C.8)
)// ipvvdc

Ndres = £l (90} * (Vi = VEe) + rE— (C.9)
2Vsd

- Assuming a small perturbation around the steady-state, i4..fo, One obtains,

. ~ - ~ 2 -
ldref0 + ldref = £ : {kv (S)} * {(VdcrefO + vdcref) - (vdco + vdc)z}

(ipvo +, ipv) (deO + i.')dc)

+Y % Woto + 752) '(C.IO)
Equation C.10 can further be simplified to Cago t Uod)‘ L 30,
e o ?
idrefo + laref = £ {k, (S)'} * {(VdcrefO + i"dcref)z — (Vaco + ‘"’dc,)z} ' a1
+72(i;w i ?p'v) o * gd*.c) (1 _ Yu ) Voso - 3mt([C.ll) B
| 3vsao Vsdo 195,

Neglecting second and higher-order terms of V4. and ¥4.,as well as the product
7pv\7dc, and equalizing the perturbed states of the both sides of Equation (C.10),

one deduces

~ -1 ~ ~ ivavdc
arer = £ {hy ()} * {2VdcrefoPacres — 2VacoVac) + ¥
5Vsd0
vdc()? ~ 2i v()vdcof) d
+y——(y—= > - (C.12)
sVsdo . 3V
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Deﬁning i = zvdcrefof’dcrefa iy = Vsd, and X = 2vdcofldc Equation (C12) is

re-written as,

- _ . Iyv0X2 2icoipy  2ipw0Vdco .
larey == £ {hy (8)} % {0 — Ta} + y3 = 2+ y—5—(C.13)
Vs5d0Vdco 3vsdo 32
substituting for k,(s) = f—&%’:)- in (C.13), one finds
~ o fas+a . . Ipv0 X2 2Vacolpy
=g AT R, Gy - 5) +
tref {S(S + 0'3)} (@~ %) 73Vsdovazco 3vsa0
20,0V
2074 fia. (C.14)
320
Let us define
X3 = (01 _XZ) (C.15)
3T s(s + a3) )
and
dx;
— =X C.16
e (C.16)
then
dis
SN J 17
7 Q3X4 — X7 + U) (C.17)
Moreover, (C.14) can be rewritten as:
- i 2V400~ 2050V
e = Q1T+ 0T + Yo%y + Yy, 4y B2, (C18)
“ " 3VsdoVaco 3vsdo 3v2,

~

~ \\\
To find an expression for ip,, (2\\1) is perturbed around the steady-state point.

Thus,

0+ v = Mplier(S 0 + §) = nplys {[exp (kTLA (Ve + vdc))] - 1} (C.19)
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The exponential term of (C.19) can be expanded using Taylor’s series expansion.

Thus, neglecting second and higher order term (C.19) is simplified to

N A (k—;’-dec) (C.20)
Introducing u =é;plrs(g7) and multiplying both sides of (C.20) by 2v4 one
obtains,
i = LurS = 5 :;COXZ , w'\(C.Zl)
<

Substituting for 7,y in (C.18), iz assumes the form: y *&J By

- i ‘ 2i0V.

: ~ ~ p0 . H . pvOVdcO .

ldref = @1%4 + 02X3 + 7y By —y—3% @ Y iiy. (C.22)
3VsdoVdco 3vsao 32,

Substituting for 74y in (C.7) and defining %; = izand ity = S it becomes ( { 0°’°° )
3%

: , 3. du‘?
dx1 1. ) 7] 1 1 g
=——X +y—% - Xo + —@aX3 + —a 1 Xy H—1il2
dt T; 3v sdr'dco‘r, 3Vsd5' i Ti Ti \
2,0V )
@ P (C.23)
3rivig

Similarly, introducing i, = %s and ies = ii3, (C.8) can be re-written as:

d3is 1 1
——Fs — —i C.24
7 Tixs r,-u3 (C.24)

A linearized dynamic model of the DC-link voltage, based on (2.18), is de-
\\

rived as: \,
a0+ 5 = o0 1)+ 00— 5 i 1) s+ 0
_% (qu + 'l'q) (Vqu + vsq) - % (ld() + ld) :Zt (ldO + ;d)
3L d 3R
.5 (lqo + 1q) pr (zqo + zq) - (ldO + zd)z
_§2£ (lqo + lq)2 (€.23)
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Introducing iis = ¥,, neglecting the second- and higher-order terms of i, 1,, and

neglecting the products i,,4., and V4, i,Vsg, (C.25) can be simplified as:

cdsn _ 3 3L diy_p.
2 dt = 2 sd0+1 @éogt dOA 1
LI <"é.RiJz 3 s — ki 9%
l — — — — ———
2aco 2 dc0lpv q0X5 5 sq0OX5 @\qé() dt
3 ,
—-iid()ﬁ4 - %iqoﬁs ! (C.26)

Equation (C.26) can be expressed in terms of X%, X», X3, %4, and X5 by substitution

of Ty, &1, and 22 from (C.21), (C.23) and (C.24). Thus,

C d.fz 3 3Lid0 i p0 H
—— = ——VoX + %1 — 3RigX| + — X — =X
> dr 2Vsd0 1 21? xl- laoX1 2Vdc0x2 5 2
i Lig 4 ipvoLigo 5 _ 3Lidoa’2x
2V4T; 2 y2vsdovdco‘r,- 2 27; 3 2T;
3 _  3Liy_ L . 3L_
—Evsq0x5 + 2:0 Xs — 3RigXs + Vacolscritz + i-;u3
1 1
- Lipovaco. 3. . 3. .
. -y :vz Uy — §1d0u4 - Elqous (C27)
¥ sd0

Multiplying the both sides of (C.27) by 2/C, one deduces:

3Lid0ar1 -

d¥ _ 3 o  3Liw. ORiw. o . Ko Lin
dt - C sd0*1 Cr; : C : Cvaico 2 C 2 yCvsd-r,- 2
_ - ivaLidO P 3Lid0a2x 3Lidoa'1
‘ycvsdovdco‘l' i 2 C Ti 3 Ct;
3 _ 3Lig_. O6Rio. 2violser.
_Evsqo.xs + C::xs - qu X5 + dcg scru2
2vic0lser 3 3 2Liy0v 3.
+ Vd? = iy — -C-idoﬁ3 —=igolis—y 2t 42 dc0ﬁ4 - ‘C‘lqOﬁS (C.28)
The PLL linearized equations assume the forms:

~

X4

—
C Ctiviy,

%
dx g
T:G = —ﬁ@+ Vg (= ils) (C.29)
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dx;

7 X6 (C.30)
5
-‘-5- = B1%s + B2 X7 (C3D)
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Appendix D

Linearized Equations of the Distribution

Network Subsystem

%‘i = -Iz—:Zgld + Wolgly + Evsd - LlI&M + ig1q0 (D.1)
dffth = —wolgla IZ—I'z'glq + %vsq - Lllf’lq ~ Wigido (D-2)
%‘.’.? = "%iﬂd + Wolgyy + Lizvld + évg sin 8of + a)tgzqo (D.3)
éZgTzq = —Wolgy — %7824 + E\"zlq + Lizﬁg cos 808 + Diga40 (D.4)
dZ:d = Cif;d - i—v;;gld + WoVsq + Vsgo® (D.5)
d;:q = cifiq - %'iglq — WoVsg — Vsao@ (D.6)
f‘% = cligld — cll;gu + wobyg — cllld + Vigo D.7)
%’- = l?glq - l;g2q woVig — lz;"’ + Vigo® (D.8)

-
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Appendix E

Linearized Equations of the Load

Subsystem
dia _ (+0,) RI + wol
dt  (+o)(l+oy)—1L, 4740
L LI
d+o)(+o)—1L, 27T, T he
_dl_l i — (1 +0oy) Rs'lz
a M T 0oy +on-1L, 1
! R’I v
Q+o)(+o)-1L,47 1"
dira _ 1 R,~
dt (Q+o)(+09)—1L, "
(I+o0y) R, ~

T(+o)(+oy)—-1L, —log + (W0 — Wro) Izg + 2g0@r — i200@

dlzq 1 R,-;
d (+o)(+0y)—-1L, "
(1+0y) R, -~

“Qio)dtog—1L, %" (wo — Wr0) T2a + b2a0@r = a0
r s
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E4D



dé, — 3LmiZqO ’l- 3Lmiza0
dr . W+o)(+o)-10 " 270 +0) (A +00) - 1] g

SLmitgn - Lo -Pa - Ings)
A red+o)-T* Wironreg-1 17 7 &
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