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ABSTRACT

The amount of grid-connected photovoltaic energy generation has grown enourmously

since the beginning of the 21st century. Photovoltaic power plants are interfaced with

the utility grid by using three or single-phase inverters which convert the direct current

generated by the photovoltaic modules into three or single-phase alternating current.

The photovoltaic inverters have been observed to degrade power quality in the grid and

to suffer from reliability problems related to their control software. Therefore, the design

of these inverters has become a significant research topic in academia and in the power

electronic industry.

Control design of a photovoltaic inverter is often based on the small-signal models

characterizing its dynamic behavior. In this thesis, the existing small-signal models are

upgraded to include the effect of an upstream DC-DC converter and its control mode.

In addition, the models are upgraded to include the effect of a phase-locked-loop which

is often used as a synchronization method and the effect of the grid-voltage feedforward

which is often used to improve the transient performance.

The control mode of the upstream DC-DC converter is shown to have a significant

effect on the minimum DC-link capacitance which is required for stable operation due to

a RHP-pole in the inverter control dynamics. However, operating the DC-DC converter

under input-voltage control is shown to remove the RHP-pole and, consequently, the

constraint imposed on the size of the minimum DC-link capacitance.

The phase-locked-loop (PLL) is shown to make the q-component of the inverter’s

output impedance resemble a negative resistor. Based on the small-signal models, the

negative resistance is shown to appear at the frequencies below the crossover frequency of

the PLL. Therefore, a wide-bandwidth PLL causes easily instability due to the negative-

resistance behavior when the grid inductance is large.

The grid-voltage feedforward is shown to increase the magnitude of both the d and

q-components of the inverter’s output impedance. The PV inverter with grid-voltage

feedforward is shown to be more resistant against impedance-based interactions than an

inverter without the feedforward.
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SYMBOLS AND ABBREVIATIONS

ABBREVIATIONS

A/D Analog-to-digital converter

AC Alternating current

CC Constant current, current controller

CV Constant voltage

CSI Current-source inverter

D/A Digital-to-analog converter

DC Direct current

DC-DC DC to DC converter

DC-AC DC to AC converter

Dr. Tech. Doctor of Technology

DSP Digital signal processor

FRA Frequency-response analyzer

GW Gigawatt

M.Sc. Master of science

MPP Maximum power point

MPPT Maximum power point tracker

NPC Neutral-point-clamped

p.u. Percent unit

PC Personal computer

PI Proportional-integral controller

PLL Phase-locked-loop

PV Photovoltaic

PVG Photovoltaic generator

Prof. Professor

RHP Right-half of the complex plane

SAS Solar array simulator

sw Power electronic switch

TW Terawatt

U.S. United States of America

VC Voltage controller

VSI Voltage-source inverter

GREEK CHARACTERS

∆ Determinant of a transfer function

dα Alpha-component of the duty ratio

dβ Beta-component of the duty ratio
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∆ipv Current perturbation around a specific operating point

〈iLα〉 Alpha-component of the inductor current

〈iLβ〉 Beta-component of the inductor current

∆upv Voltage perturbation around a specific operating point

xα Alpha-component of a space-vector

xβ Beta-component of a space-vector

ωs Angular frequency of the grid

θc Phase angle of the control system reference frame

θg Phase angle of the grid reference frame

θ∆ Angle between two reference frames

Θ Steady-state angle difference

LATIN CHARACTERS

A Diode ideality factor

A Coefficient matrix A of the state-space representation,

Connection point for phase A inductor

B Coefficient matrix B of the state-space representation,

Connection point for phase B inductor

C Coefficient matrix C of the state-space representation,

Connection point for phase C inductor

C1 Capacitance of the DC-DC converter input capacitor

Cdc Capacitance of the DC-link capacitor

Cf Capacitance of the three-phase output filter

d Differential operator

d̂ Small-signal duty ratio of the DC-DC converter

d Duty ratio space-vector

d
s Duty ratio space-vector in synchronous frame

da Duty ratio of the upper switch in phase A

db Duty ratio of the upper switch in phas B

dc Duty ratio of the upper switch in phase C

dd Direct component of the duty ratio space-vector

d̂d Small-signal d-component of the duty ratio space-vector

dq Quadrature component of the duty ratio space-vector

d̂q Small-signal q-component of the duty ratio space-vector

d′ Complementary duty ratio of the DC-DC converter

D Coefficient matrix D of the state space representation,

diode of the DC-DC converter

Dd Steady-state d-component of the duty ratio

Dq Steady-state q-component of the duty ratio

D′ Steady-state complementary duty ratio
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G Transfer function matrix

Gcd,Gcq Current controller transfer functions

Gci Control-to-input transfer function

Gco Control-to-output transfer function

Gc,Gcv Voltage controllers

Gff-d,Gff-q Feedforward gains

GPWM Pulse-width-modulator gain

Gio Input-to-output transfer function

Hd,Hq Current sensing transfer functions

Hv,Hv-dc Voltage sensing gains

ii=a,b,c Current of phase a, b or c

I0 Dark saturation current

iC1 Capacitor C1 current

iC-dc DC-link capacitor current

id Current of the diode in the one-diode model

idc DC-DC converter output current, inverter input current

îdc Small-signal DC-DC converter output/inverter input current

Idc Steady-state inverter input current

iin Input current

〈isL〉 Inductor current space-vector in synchronous frame

îL1 Small-signal inductor L1 current

〈iL〉 Inductor current space-vector

iLa Inductor La current

〈iLa〉 Average inductor La current

iLb Inductor Lb current

〈iLb〉 Average inductor Lb current

iLc Inductor Lc current

〈iLc〉 Average inductor Lc current

〈iLd〉 Average d-component of the inductor current space-vector

îLd Small-signal d-component of the inductor current space-vector

ILd Steady-state d-component of the inductor current

〈iLq〉 Average q-component of the inductor current space-vector

îLq Small-signal q-component of the inductor current space-vector

ILq Steady-state q-component of the inductor current

IL1 Steady-state inductor L1 current

IMPP Current at the maximum power point

io Output current

〈io-d〉 Average d-component of the output current space-vector

îod Small-signal d-component of the output current space-vector

〈io-q〉 Average q-component of the output current space-vector
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îoq Small-signal q-component of the output current space-vector

iP Current flowing from the DC-link toward the inverter switches

〈iP〉 Average current flowing toward the inverter switches

iph Photocurrent

îpv Small-signal output current of the photovoltaic generator

ipv Output current of the photovoltaic generator

Ipv Steady-state output current of the photovoltaic generator

Isc Short-circuit current of the photovoltaic generator

j Imaginary part

K Scaling factor related to space-vector transformation

ki Scaling factor related to cloud enhancement

L Inductance of the inverter when all phases are symmetrical

L1 Inductance of the DC-DC converter

La Inductance of phase A of the inverter

Lb Inductance of phase B of the inverter

Lc Inductance of phase C of the inverter

Ld Ratio of the impedance d-components

Ldc DC-link voltage control loop gain

Lf Inductance of the three-phase filter

Lout-d Current control loop gain of the d-component

Lout-q Current control loop gain of the q-component

LPLL Control loop gain of the phase-locked-loop

Lq Ratio of the impedance q-components

n Neutral point

N Negative rail of the DC-link

P Positive rail of the DC-link

PMPP Power at the maximum-power point

ppv Instantaneous output power of the photovoltaic generator

R1 Equivalent resistance related to the DC-DC converter

R2 Equivalent resistance related to the inverter

rC1 Parasitic resistance of capacitor C1

rC-dc Parasitic resistance of the DC-link capacitor

rD Parasitic resistance of a diode

Rd Damping resistance

rL1 Parasitic resistance of inductor L1

rLa Parasitic resistance of inductor La

rLb Parasitic resistance of inductor Lb

rLc Parasitic resistance of inductor Lc

rpv Dynamic resistance of the photovoltaic generator

rs Series resistance in the one-diode model
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rsh Shunt resistance in the one-diode model

rsw Parasitic resistance of the DC-DC converter switch sw

s Laplace variable

û Column-vector containing input variables

U Input-variable vector in Laplace-domain

ua Voltage of phase A

〈ua〉 Average voltage of phase A

〈uAN〉 Average voltage between points A and N

ub Voltage of phase B

〈ub〉 Average voltage of phase B

〈uBN〉 Average voltage between points B and N

uc Voltage of phase C

〈uc〉 Average voltage of phase C

〈uCN〉 Average voltage between points C and N

ûC1 Small-signal voltage over the capacitor C1

uC1 Voltage over the capacitor C1

uC-dc DC-link capacitor voltage

ûC-dc Small-signal DC-link capacitor voltage

UC-dc Steady-state DC-link capacitor voltage

UC1 Steady-state voltage over the capacitor C1

ui=a,b,c Three-phase grid voltages

ud Voltage over a diode in the one-diode model

UD Diode threshold voltage

ûdc Small-signal DC-link voltage

〈udc〉 Average DC-link voltage

udc Instantaneous DC-link voltage

Udc Steady-state DC-link voltage

〈ug〉 Grid voltage space-vector

〈us
g〉 Grid voltage space-vector in synchronous frame

uin Input voltage

uref
i-d Reference of the output current d-component

〈uL〉 Inductor voltage space-vector

uLa Voltage over the inductor La

〈uLa〉 Average voltage over the inductor La

〈uLb〉 Average voltage over the inductor Lb

〈uLc〉 Average voltage over the inductor Lc

uL1 Voltage over the inductor L1

UMPP Voltage at the maximum power point

〈unN〉 Average common-mode voltage

uo Output voltage
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Uoc Open-circuit voltage of the photovoltaic generator

Uod Steady-state d-component of the grid voltage

ûod Small-signal d-component of the grid voltage

Uoq Steady-state q-component of the grid voltage

ûoq Small-signal q-component of the grid voltage

upv Voltage accross the photovoltaic generator terminals

Upv Steady-state voltage of the photovoltaic generator

Uth Diode threshold voltage

t Time

Toi Open-loop output-to-input transfer function

x Space-vector

x
s Space-vector in a synchronous reference frame

x0 Zero component of a space-vector

xa Variable related to phase A

xb Variable related to phase B

xc Variable related to phase C

xd Direct component of a space-vector

xq Quadrature component of a space-vector

ŷ Vector containing output variables

Y Output-variable vector in Laplace-domain

Yo Output admittance

Zin Input impedance

SUBSCRIPTS

c Closed-loop transfer function

d Transfer function related to d-components

dq Transfer function from d to q-component

f Variable related to the three-phase filter

inL Variable related to input terminal of a load system

inS Variable related to input terminal of a source system

inv Transfer function related to the inverter

L Variable related to load

off Current or voltage during off-time

o Open-loop transfer function

oL Variable related to output of a load system

oS Variable related to output of a source system

on Current or voltage during on-time

q Transfer function related to q-components

qd Transfer function from q to d-component

S Variable related to source
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SUPERSCRIPTS

∗ Complex conjugate of a space-vector

-1 Inverse of a matrix or a transfer function

c Variable in the control system reference frame

cc Transfer function which includes the effect of current control

CL DC-DC converter operates at closed loop

DC-DC Transfer function related to the DC-DC converter

DC-AC Transfer function related to the inverter

ff Transfer function includes the effect of feedfoward

g Variable in the grid reference frame

LP Transfer function includes the effect of low-pass filter

OL DC-DC converter operates at open loop

ref Reference value
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1 INTRODUCTION

This chapter provides essential background for the topics discussed in this thesis at gen-

eral level and discusses on the motivation of the research topics. A short introduction to

renewable energy is given, the special properties of a photovoltaic generator are shortly

discussed, and the basic power converter topologies used in grid-interfacing of photo-

voltaic electricity are reviewed. Short literature review on the current research topics

related to photovoltaic inverters is presented. The main scientific contributions of the

thesis are summarized, and the author’s contribution to the papers in which the ideas

presented in this thesis are published, is specified.

1.1 Climate change and renewable energy

The quality of life experienced today requires reliable and continuous supply of electrical

energy. The electrical energy is consumed in commodities such as, food production,

heating and transportation but also in products such as laptops and smart phones, just

to name a few. Irresponsible consumption of non-renewable primary energy has led to

unforeseen effects such as global warming and climate change that are argued to have a

negative effect on our life on Earth.

The global warming effect stands for the rise of the average global temperature which

has been observed to change the climate on our planet. According to worst-case scenarios,

this may lead to excessive droughts, rise of the sea-level and cause loss of vegetation (Bose,

2010). The average temperature has been increasing ever since the industrial revolution

in the 18th century when the wide utilization of fossil fuel reserves, such as oil, natural

gas and coal, started. Just a few decades ago there was still a disagreement among the

researchers whether the global warming is caused by our actions or not. However, at the

present there seems to be a common understanding that the burning of fossil fuels is the

main reason to the global warming.

The problem with the fossil fuels is not just the global warming effect but also their

limited reserves. The known coal reserves are estimated to last approximately from 130

to 200 years, oil reserves from 42 to 100 years and natural gas approximately 60 years.

The known uranium reserves used in nuclear reactors will run out just in 50 to 80 years

with the current consumption, i.e., in the lifetime of the current generation as discussed,

e.g., in Bose (2013) and Abbott (2010). In other words, we are depleting the resources
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Chapter 1. Introduction

which once seemed to be abundant on our planet.

Therefore, it should be of utmost importance to promote renewable energy technolo-

gies that do not use the fossil fuels. After all, oil for example is needed in various other

processes that are essential in energy production, such as in lubricants that are required

by generators.

Renewable energy sources include hydro, wind and solar energy in electrical and

thermal form. Although, solar thermal energy might prove to be the only source of

renewable energy that makes sense in the long run, as discussed in Abbott (2010), all

the renewable energy sources are important, especially, during the transition period from

fossil fuel-based economy to a sustainable one. The amount of total renewable energy

generation has doubled since the beginning of the century, i.e., between the years 2000

and 2012 as discussed in the report of U.S. Department of Energy (Gelman, 2012). The

amount of installed wind power grew by a factor of 16 and the installed amount of

solar power by a factor of as large as 49. Currently, approximately 23 percent of all

electrical energy worldwide is produced using renewable sources which is a positive sign.

Utilization of wind and solar energy has maintained a steady growth in the past few

years. The global leader in solar energy generation at the moment is Germany with a

total of 32.4 GW peak power. However, there are still a lot of technological and political

issues to be solved before the renewable energy sources can be fully exploited.

The most desirable feature of solar power is its natural abundance. For comparison,

most of the available suitable sites for hydro energy (dams, tidal energy, etc.) are already

occupied which effectively prevents its large-scale utilization in global energy production.

On the other hand, the whole worlds’s power demand today (approx. 15 TW) could

be met simply by covering an area of 100 km by 100 km with solar cells which have an

efficiency of 20 percent (Abbott, 2010). The irradiance arriving from the sun is clearly

a tremendous source of energy which should be exploited to meet the requirements of a

sustainable economy of the future.

1.2 Properties of a photovoltaic generator

Photovoltaic cell is a silicon-based device which converts irradiance directly into an elec-

trical current. The process is called photovoltaic effect and was first discovered by a

French physicist Alexandre-Edmond Becquerel in 1839. The output current of a modern

mono-crystalline PV cell is approximately 8 amperes. The output voltage of a PV cell is

less than one volt which is not high enough for most electronic loads and, especially, for

grid interfacing where several hundred volts is usually required. Therefore, the PV cells

are connected in series to form PV modules which have higher output voltages, typically

in the range of 30 to 40 volts. Moreover, the PV modules can be connected in series and

in parallel to form larger entities called PV generators.

2



1.2. Properties of a photovoltaic generator

Fig. 1.1: The one-diode model of a PV cell.

The PV cell is commonly modeled using the one-diode model as depicted in Fig. 1.1

(Lo Brano et al., 2010). A forward-biased diode with an ideality factor A is connected

in parallel with a current source iph which corresponds to the photocurrent generated by

the irradiance that reaches the surface of the cell. The diode models the recombination

of electrons inside the cell, while the resistances rs and rsh model the electrical losses.

The output current of the one-diode model ipv depends on the terminal voltage upv

of the cell and on the nonidealities according to (1.1) where I0 is the dark saturation

current of the diode and Uth is the thermal voltage of the diode, respectively.

ipv = iph − I0

[

exp

(
upv + rsipv

AUth

)

− 1

]

− upv + rsipv
rsh

(1.1)

The operation of a PV generator can be modeled using the one-diode model because it

is scalable to higher power and voltage levels. The PV generator produces a DC current

ipv which depends non-linearly on the voltage of the generator upv. The normalized UI-

curve of a real PV generator is depicted in Fig. 1.2. The current reaches its maximum

when the voltage is zero which is referred as the short-circuit current Isc. The maximum

output voltage of the PV generator occurs when the output current reaches zero which

is referred as the open-circuit voltage Uoc. Maximum power PMPP is generated between

these two operating points at the maximum power point (MPP) as discussed, e.g., in

(Wyatt and Chua, 1983). The current stays relatively constant at voltages below the

MPP. This region is referred as the constant current (CC) region. On the other hand,

the voltage stays relatively constant at voltages higher than the MPP and this region is

referred as the constant voltage (CV) region.

The output impedance of the PV generator can be approximated by using the dynamic

resistance rpv. The dynamic resistance can be derived based on the IU-curve as the

incremental resistance of the curve according to (1.2) as discussed, e.g., in (Nousiainen

et al., 2013). The dynamic resistance is different for each operating point and depends

also on the environmental variables, such as temperature and irradiance, which affect

the shape of the IU-curve. The value of the dynamic resistance is the largest in the CC

region and the smallest in the CV region. At the MPP, the dynamic resistance equals

the static resistance UMPP/IMPP. The minus sign in (1.2) is required since the current

3



Chapter 1. Introduction

Fig. 1.2: Electrical characteristics of a photovoltaic generator.

flowing out of the generator ipv is defined positive.

rpv = −∆upv

∆ipv
(1.2)

A maximum-power-point tracking algorithm (MPPT) is usually used to track the

MPP (Femia et al., 2005; Hohm and Ropp, 2000). The operating point of the PV

generator is kept at the MPP using a power electronic converter (Villalva et al., 2010).

The maximum voltage of the generator depends mainly on the ambient temperature and

irradiance has only a slight effect on it. On the other hand, the maximum current of the

generator depends directly on the irradiance. In usual operating conditions, the changes

in irradiance are much faster than the changes in temperature of the generator (Torres

Lobera and Valkealahti, 2013). Therefore, the voltage of the generator is more stable

than the current when the environmental variables are considered.

The problem with current control is the fact that a sudden change in the output

current of the PV generator due to irradiance change can saturate the controller which

causes the operating point to deviate toward the short-circuit operating point Isc (Xiao,

W. et al., 2007), away from the MPP. However, the voltage of the PV generator is mainly

affected by the ambient temperature and sudden temperature changes are rare in real

operating conditions which is the reason why the voltage control is usually preferred.
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1.3 Grid-interfacing of photovoltaic generators

Renewable energy sources are interfaced to the utility grid by using power electronic

converters. The power electronics allow low conversion losses and the possibility to

control critical electrical quantities such as the voltage of the PV generator (Azmi et al.,

2013; Blaabjerg, Chen and Kjaer, 2004). Without power electronics, the maximum energy

could not be extracted since the PV generator could not be operated at the MPP.

The output current of a PV generator is DC and has to be converted into AC to inter-

face with the utility grid. The conversion is done by using single or three-phase inverters.

Single-phase inverters generate ripple in the DC-link voltage at twice the fundamental

frequency of the grid voltage due to fluctuating power flow. The voltage ripple has to be

attenuated to an appropriate level to avoid additional power losses since the operating

voltage of the PV generator would oscillate around the MPP. Large DC-link capacitors

can be used to mitigate the ripple (Kjaer et al., 2002) or, alternatively, a power decoupling

circuit can be added which removes the ripple from the DC voltage (Krein et al., 2012).

However, additional components add the cost of the PV inverter. This is undesirable

since power electronic converters contribute increasingly to the total cost of a PV system

due to decreasing PV module prices. However, in case of three-phase inverters, the power

flow is nearly constant which allows using smaller DC-link capacitors. Moreover, using

a three-phase inverter avoids the problem of asymmetry in the phase currents since all

three phase currents have the same amplitude in a balanced grid. Therefore, three-phase

inverters are often preferred, especially, in high-power applications.

Different three-phase inverter topologies have been developed for PV applications:

The neutral-point-clamped (NPC) inverter provides lower harmonics at the switching

frequency due to three output voltage levels (Alepuz et al., 1999, 2006; Cavalcanti et al.,

2012). However, the control system is more complex since an additional voltage-balancing

control has to be used in the DC-link. Other topologies that have caught attention include

the current-source inverter (CSI), in which an inductor is used in the DC-link (Chen and

Smedley, 2008; Sahan et al., 2008), and the Z-source inverter (Huang et al., 2006). Both

of these topologies have an inherent voltage-boost capability which is beneficial in PV

applications. However, the CSI has six blocking diodes which add the costs. Moreover,

the Z-source inverter requires more passive components and a complex control system.

However, in this thesis the focus is on the voltage-source inverter (VSI) since it is the

most widely studied topology in the literature (Azmi et al., 2013; Miret et al., 2012).

The conversion from DC to AC can be done directly by using a single-stage inverter

as shown in Fig. 1.3 (Jain and Agarwal, 2007) or, alternatively, a two-stage inverter

shown in Fig. 1.4 which has an additional DC-DC stage (Carrasco et al., 2006; Ho

et al., 2013). Using a voltage-boosting DC-DC converter between the generator and the

inverter allows operating the voltage of the PV generator over a wider range, whereas, in
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Fig. 1.3: Single-stage photovoltaic inverter.

Fig. 1.4: Two-stage photovoltaic inverter.

the single-stage inverter the minimum voltage of the PV generator is constrained by the

peak of the grid voltage. Therefore, the two-stage inverter allows using PV generators

with lower MPP voltage. Moreover, the wider voltage range allows operating the PV

generator with better efficiency when partial shading occurs since the global MPP can

be located at lower voltages than in the single-MPP case (Dhople et al., 2010; Ji et al.,

2011).

The discussions in this thesis are limited to two-stage inverters based on the VSI

topology and a voltage-boosting DC-DC converter. The other topologies are out of the

scope of this thesis.

1.4 Issues in photovoltaic inverters

This section shortly reviews the main issues encountered in grid-interfacing of PV gener-

ators, such as poor reliability, harmonic currents and instabilities caused by impedance-

based interactions.

Reliability

The reliability of grid-connected PV systems is an issue that requires special attention

since interruptions in the power generation due to device failure can be costly and the

source of malfunction can be hard to identify. Recent studies have shown that the PV

module itself is quite reliable and contributes with only a few percent in total failures of

a PV power plant (Golnas, 2013). As much as 43 percent of the failures were reported

to be related to a malfunctioning of inverter, especially, to its control software. Some

commercial inverters have been shown to suffer from interrupted operation and poor
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MPP-tracking efficiency as discussed, e.g., in (Petrone et al., 2008).

Robust control design has become one of the most discussed topics related to PV

inverters due to the observed problems with the control software. The control of three-

phase PV inverters is most often realized by cascading the output current and the DC-

link-voltage control loops. It has been shown that a one-stage cascade-controlled VSI-type

PV inverter contains a right-half-plane (RHP) pole in its control dynamics when the PV

generator operates in the CC region (Puukko, Nousiainen and Suntio, 2011). Similar

observations were made in an airborne wind turbine which was connected to the utility

grid using a VSI (Kolar et al., 2013). A motor drive operating in the regeneration mode

with a VSI-based power stage has also been reported to suffer from instability caused by

a RHP-pole (Espinoza et al., 2000).

RHP-poles and zeros can make the control system unstable if they are not taken

properly into account in the control design. The small-signal model, on which the control

design is usually based, should be verified by using frequency response measurements

(Castelló and Espi, 2012). Otherwise, the design might be based on a model that does

not give correct predictions on the stability of the control system. The RHP-pole affects

also the control dynamics of a two-stage PV inverter and its effect on the sizing of the

DC-link capacitance is discussed in detail in Chapter 3.

Harmonic currents

Poor power quality has been reported in areas, where the penetration level of photo-

voltaic energy is high, i.e., in areas where a large number of PV inverters is connected to

the utility grid, as discussed in (Enslin and Heskes, 2004). The harmonic content of the

output currents of these inverters was reported to increase and some inverters became

unstable when the amount of background distortion was increased up to the maximum

allowable limit. The source of the harmonic currents was identified as the parallel and se-

ries resonance phenomena between the inverter and the utility grid. A similar resonance

issue was demonstrated in (Zhang et al., 2014) related to an inverter which was used to

interface a wind-turbine to a long submarine transmission cable. The harmonic currents

generated by the switching action can be mitigated using an LCL-filter as discussed, e.g.,

in (Rockhill et al., 2011). However, the harmonic components that appear at frequencies

that are not specific for the used modulation method need special attention.

Impedance-based interactions

The shape of the inverter’s output impedance is a determining factor in power quality

and stability issues (Hiti, S. et al., 1994; Wen et al., 2012). In fact, the PV inverter

should be designed to have high output impedance in order to avoid impedance-based
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interactions originating from the AC-side since in real operating conditions the grid is far

from ideal voltage source. The output current of a PV inverter has been shown to become

unstable when the inverter is connected to a grid which has high inductance (Cespedes

and Sun, 2009). Therefore, inverters should be designed so that they can cope with a

large variation of grid impedance values (Ledwich and Sharma, 2000; Liserre et al., 2004).

Input impedance of an active rectifier is known to resemble a negative resistor at fre-

quencies below the crossover frequency of the DC-link voltage control (Harnefors et al.,

2007; Wen et al., 2013). Recently, similar observations have been made regarding the

output impedance of single and three-phase PV inverters (Cespedes and Sun, 2014; Hes-

kes et al., 2010; Visscher and Heskes, 2005). The source of the negative resistance-like

behavior has been argued to be the phase-locked-loop (PLL). The PLL is required to

synchronize the output currents of the inverter with the grid voltages to operate the

inverter with unity power factor (Chung, 2000). The negative resistance has been shown

to expose the inverter to impedance-based interactions even with a grid impedance that

resembles a passive circuit, such as an inductance. Impedance-based interactions can

cause elevated harmonic currents and even make the inverter unstable. An accurate

small-signal model which includes the effect of the PLL is needed to predict the behavior

of the inverter’s output impedance. The model would allow the designers to predict and

avoid instabilities and harmonic resonances caused by the impedance-based interactions.

A small-signal model of a VSI-based PV inverter with PLL is developed and verified by

frequency response measurements in Chapter 4.

Modeling of three-phase inverters

Several modeling techniques have been proposed in the literature, such as the frequency-

shift technique (Blaabjerg, Aquila and Liserre, 2004) and the harmonic linearization

method (Sun, 2009). In (Rim et al., 1990) the switch matrix of a three-phase converter

was replaced with an equivalent transformer. However, three-phase inverters are most

often modeled in the synchronous reference frame using space-vectors (Bordonau et al.,

1997; Cvetkovic et al., 2011; Harnefors, 2007; Hiti et al., 1994; Yazdani et al., 2011).

In addition, the complexity of the small-signal model can be reduced in certain condi-

tions (Mao et al., 1998). However, neglecting critical control loops, such as the PLL or

grid-voltage feedforward can hide important information on the dynamic behavior of the

inverter. Naturally, such model gives poor predictions, e.g., on the shape of the inverter’s

output impedance and should not be used in stability analysis. The small-signal models

found in the literature are far from complete since a variety of control schemes can be

used in the final product. However, this thesis takes one step toward completing the

small-signal model by including the effects of the PLL and the grid-voltage feedforward

which are described in detail in Chapters 4 and 5.
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1.5 Scientific contributions

The main scientific contribution of this thesis can be summarized as follows:

• The effect of the first-stage DC-DC converter on the dynamic behavior of a two-

stage PV inverter is clarified.

• The existence of the RHP-pole in the control dynamics of a two-stage PV inverter is

shown to be dependent on the control mode of the DC-DC converter. The DC-link

capacitance design rule is modified to match the requirement of two-stage inverters.

• The small-signal model of a three-phase PV inverter is upgraded by adding the

effect of the PLL. The upgraded model shows that the q-component of the inverter’s

output impedance behaves as a negative resistor. The negative-resistance behavior

can cause instability when the inverter is connected to a weak grid that has large

inductance.

• The small-signal model a three-phase PV inverter is further upgraded to include

the effect of grid-voltage feedforward. The upgraded model shows that the feed-

forward increases the magnitude of both the d and q-components of the inverter’s

output impedance, thus, making the inverter more resistant to impedance-based

interactions.
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J., Torres Lobera, D., Valkealahti, S. and Suntio, T. (2013). “Photovoltaic generator

as an input source for power electronic converters”, IEEE Transactions on Power

Electronics, vol. 28, no. 6, pp. 3028–3038

The author has the main responsibility on performing the experiments and writing the

publications in [P1]–[P6]. Dr.Tech. Anssi Mäki provided the simulation model of a PV

generator which was used in [P2]–[P8]. M.Sc. Jokipii contributed to the measurements in

[P1]–[P5] and gave valuable insight to overcome numerous encountered challenges related

to the experimental setup and helped to develop the small-signal model. M.Sc. Mäkinen

helped with the tuning of the LCL-filter and the simulation model in [P4]. Dr.Tech.

Puukko provided the results related to the DC-link capacitance sizing of a single-stage

inverter in [P2] and helped with the writing process and analysis in [P6]. Dr.Tech.

Nousiainen built the three-phase prototype inverter which was used in [P2]–[P4]. Prof.

Suntio oversaw the writing process of all publications, gave priceless hints regarding the

experiments and theory and helped to refine the publications in terms of terminology and
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measurements in [P8] where Dr.Tech. Puukko was the main author. The author helped

with the measurements in [P9] where Dr.Tech. Nousiainen was the main author.

1.7 Structure of the thesis

The rest of the thesis is organized as follows; Chapter 2 familiarizes the reader with the

small-signal models of the DC-DC converter, three-phase inverter and its output filter
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which are used throughout the thesis. In addition, the method to analyze the stability

of interconnected DC and AC systems is reviewed. Chapter 3 discusses the effect of

the voltage-boosting DC-DC converter on the dynamics related to the DC-link voltage

control. The PLL is included in the small-signal model of the inverter in Chapter 4. The

effect of grid-voltage feedforward on the small-signal model is discussed in Chapter 5.

Final conclusions are drawn and future topics are proposed in Chapter 6.
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2 BACKGROUND OF THE THESIS

The purpose of this chapter is to familiarize the reader to dynamic modeling of power

electronic converters. The state-space averaging method is reviewed which is often used

to model the dynamic behavior of power electronic converters. Moreover, it is shown

how the same principles can be used to model also three-phase inverters and three-phase

filters by utilizing space vectors. The small-signal models of a voltage-boosting DC-DC

converter, three-phase VSI-based inverter, and a three-phase CL-filter are derived. The

method to include the effect of nonideal sources on the dynamics of power electronic

converters is also reviewed. Finally, simple tools to analyze small-signal stability of

interconnected power electronic systems are given.

2.1 Modeling of switched-mode DC-DC converters

Middlebrook introduced the modeling method of switched-mode converters in the 70’s

(Middlebrook and Slobodan, 1976) which is based on the state-space averaging. The

basic idea behind the method is to average the behavior of the currents and voltages of

the converter over a switching period and linearize the equations by using the first-order

derivatives of the Taylor series. The method has been utilized ever since because it gives

accurate estimates on the small-signal behavior of DC-DC converters in the frequency-

range up to half the switching frequency.

The converter can be divided into different subcircuits according to the possible states

of the power electronic switches. The state-space model is averaged over one switching

period, i.e., all the switching states are taken into account. The average model is lin-

earized at a specific operating point yielding the linearized state space as given in a

general form in (2.1). The vectors û and ŷ contain the input and output variables and

the vector x̂ contains the state variables. A, B, C and D are coefficient matrices which

include only constants.

dx̂

dt
= Ax̂+Bû

ŷ = Cx̂+Dû

(2.1)

The linearized state-space can be transformed into the frequency domain where the
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Fig. 2.1: Classification of the network parameters.

mapping between the input U (s) and output variables Y (s) can be solved as given in

(2.2) where s is the Laplace-variable. The transfer functions representing the dynamics

of the converter are given by the matrix G.

Y (s) =
[

C (sI−A)
−1

B+D
]

U (s) = GU (s) (2.2)

The inductor currents and capacitor voltages are usually selected as the state-variables.

Therefore, there are as many state variables as there are inductors and capacitors. The

input and output variables are selected according to the application. There are four

different ways to select the input and output variables (Tse, 1998). The corresponding

four parameter sets are named as G, H, Y and Z-parameters as depicted in Fig. 2.1. The

G-parameters are to be used in applications where the source is a voltage source such as

a storage battery and the load is an electronic load which draws a constant current. The

H-parameters are to be used in PV applications since the source is a current source (the

PV generator) and the load is usually a storage battery or an inverter which regulates

its DC-side voltage. The Y-parameters are to be used to model a converter which is fed

and loaded by a storage battery. And, finally, the Z-parameters are to be used, e.g., to

model a stand-alone PV converter which feeds an electronic load.

2.2 Small-signal model of the voltage-boosting DC-DC converter

The power stage of the DC-DC converter studied in this thesis is based on the con-

ventional voltage-fed boost converter where a capacitor C1 is added at the input of the

converter to enable the interfacing of the PV generator. The power stage of the converter
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Fig. 2.2: Power stage of the DC-DC converter.

Fig. 2.3: Subcircuit of the DC-DC converter when the switch is conducting.

is depicted in Fig. 2.2. The generator is modeled as a current source to justify the use of

input-voltage control of the DC-DC converter and the load is modeled as a voltage source

since the inverter controls the DC-link voltage udc. The current through the inductor L1

and the voltage of the capacitor C1 are selected as state variables. The voltage of the

PV generator upv and the output current idc are selected as output variables. The cir-

cuit operates in the continuous-conduction-mode (CCM) which means that the inductor

current or the capacitor voltage does not drop to zero during the normal operation.

The power electronic switch ‘sw’ is switched at high frequency. Fig. 2.3 shows the

power stage when the switch is conducting. At the same time the diode is reverse-

biased and blocks the current. The switch is modeled using a parasitic resistance rsw

to model the conduction and switching losses associated to the switch. The state-space

representation of the on-time subcircuit is given in (2.3)–(2.6).

diL1-on
dt

=
1

L1
[uC1 + rC1ipv − (rC1 + rL1 + rsw) iL1] (2.3)

duC1-on

dt
=

1

C1
[ipv − iL1] (2.4)

upv-on = uC1 + rC1ipv − rC1iL1 (2.5)

idc-on = 0 (2.6)
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Fig. 2.4: Subcircuit of the DC-DC converter when the diode is conducting.

The off-time subcircuit of the converter is shown in Fig. 2.4. A series connected

resistor rD and a voltage source representing the diode threshold voltage UD is consid-

ered as an adequate model for the diode. The state-space representation of the off-time

subcircuit is given in (2.7)–(2.10).

diL1-off
dt

=
1

L1
[uC1 + rC1ipv − (rC1 + rL1 + rD) iL1 − udc − UD] (2.7)

duC1-off

dt
=

1

C1
[ipv − iL1] (2.8)

upv-off = uC1 + rC1ipv − rC1iL1 (2.9)

idc-off = iL1 (2.10)

The average model of the converter can be obtained by making the small-ripple ap-

proximation which means that the current iL1 through the inductor and the capacitor

voltage uC1 are considered as constants over the switching period. The averaged currents

and voltages are denoted using angle brackets. The on-time equations in (2.3) – (2.6)

are multiplied by the duty ratio of the switch d and off-time equations in (2.7) – (2.10)

are multiplied by the complementary duty ratio d′ = (1− d), i.e., the duty ratio of the

diode. The two state spaces are finally added together which yields the average model

as shown in (2.11)–(2.14). The equivalent resistance R1 is defined in (2.15) to simplify

the notation.

d〈iL1〉
dt

=
1

L1
[〈uC1〉+ rC1〈ipv〉 −R1〈iL1〉 − d′〈udc〉 − UDd

′] (2.11)

d〈uC1〉
dt

=
1

C1
[〈ipv〉 − 〈iL1〉] (2.12)

〈upv〉 = −rC1〈iL1〉+ 〈uC1〉+ rC1〈ipv〉 (2.13)
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〈idc〉 = d′〈iL1〉, (2.14)

R1 =rC1 + rL1 + drsw + d′rD (2.15)

The steady-state operating point can be solved from the average model by setting

the derivative terms on the left hand side equal to zero and denoting all the variables by

their uppercase steady-state values. The operating point is as given in (2.16).

D′ =
Upv − (rsw + rL1) Ipv

Udc + UD − (rsw − rD) Ipv

UC1 = Upv

Idc = D′Ipv

IL1 = Ipv

(2.16)

The average model is linearized by developing the partial derivatives at the predefined

operating point yielding the coefficient matrices A, B, C and D as in (2.17) and (2.18).







dîL1
dt

dûC1

dt






=

A
︷ ︸︸ ︷







−R1

L1

1

L1

− 1

C1
0














îL1

ûC1






+

B
︷ ︸︸ ︷







rC1

L1
−D′

L1

Udc + UD

L1

1

C1
0 0



















îpv

ûdc

d̂












(2.17)






ûpv

îdc




 =

C
︷ ︸︸ ︷





−rC1 1

D′ 0











îL1

ûC1




+

D
︷ ︸︸ ︷





rC1 0 0

0 0 −Ipv














îpv

ûdc

d̂









(2.18)

The mapping between the input and output variables can be solved by transforming

(2.17) and (2.18) into the frequency-domain and by applying (2.2). The transfer functions

can be collected from the matrix G and are named according to their physical meaning,

e.g., the transfer function between the input current and input voltage is named as the

input impedance Zin-o as shown in (2.19). The transfer functions are given explicitly in

Appendix A.
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Fig. 2.5: Linear model of the DC-DC converter.

Fig. 2.6: Power stage of a three-phase PV inverter.

[

ûpv

îdc

]

=

G
︷ ︸︸ ︷
[

Zin-o Toi-o Gci-o

Gio-o −Yo-o Gco-o

]





îpv

ûdc

d̂






(2.19)

The transfer functions in (2.19) can be used to construct a linear two-port model of

the converter which is depicted in Fig. 2.5. The linear model can be used to include

nonidealities, such as a source impedance, in the dynamics of the converter or to study

the interactions between other converters or input/output filters.

2.3 Small-signal model of the three-phase VSI-based PV inverter

Power stage of a two-level three-phase PV inverter is depicted in Fig. 2.6. The power

stage is fed from a current source to justify the use of DC-link-voltage control and is

loaded by balanced three-phase voltage sources that represent an ideal three-phase grid.
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2.3.1 Average model of the PV inverter

The small-signal modeling of three-phase two-level inverters has been extensively studied

in the literature. The most common method is to transform the three-phase variables

into the synchronous reference frame which rotates at the angular frequency of the three-

phase grid where the three-phase currents and voltages become DC-valued. Due to this

feature, the steady-state operating point can be solved and the average model can be

linearized using the state-space averaging method.

A three-phase system can be represented using a rotating space vector which has

three components named as alpha, beta and zero component. The space vector can be

given as a complex vector and the zero component as shown in (2.20) and (2.21). The

scaling factor K determines the type of the transformation, i.e., amplitude or power-

invariant transformation. The transformation is amplitude-invariant when the scaling

factor is selected as 2/3 and power-invariant when it is selected as
√

2/3. The amplitude-

invariant transformation or Clarke’s transformation is used in this thesis (Duesterhoeft

et al., 1951).

x = xα + jxβ = K
(

xa + xbe
j2π/3 + xce

j4π/3
)

(2.20)

x0 =
(xa + xb + xc)

3
(2.21)

The Clarke’s transformation can be given in a matrix form as in (2.22).






xα

xβ

x0




 =

2

3






1 −1/2 −1/2

0
√
3/2 −

√
3/2

1/2 1/2 1/2











xa

xb

xc




 (2.22)

The space vectors can be transformed back into three-phase variables by using the

inverse of the Clarke’s transformation matrix given in (2.23).






xa

xb

xc




 =






1 0 1

−1/2
√
3/2 1

−1/2 −
√
3/2 1











xα

xβ

x0




 (2.23)

The averaged voltages over the inductors can be solved from Fig. 2.6 by using Kirch-

hoff’s voltage law and are as given in (2.24)–(2.26) where dA, dB and dC are the duty

ratios of the upper switches in each phase-leg, unN is the common-mode voltage as given
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in (2.27) and R2 is the sum of parasitic resistances of a single switch and a single AC-side

inductor. All switches and inductors are assumed to be identical.

〈uLa〉 = dA〈udc〉 −R2〈iLa〉 − 〈ua〉 − 〈unN〉 (2.24)

〈uLb〉 = dB〈udc〉 −R2〈iLb〉 − 〈ub〉 − 〈unN〉 (2.25)

〈uLc〉 = dC〈udc〉 −R2〈iLc〉 − 〈uc〉 − 〈unN〉 (2.26)

〈unN〉 =
1

3
(〈uAN〉+ 〈uBN〉+ 〈uCN〉) (2.27)

The averaged inductor voltages can be represented using the space vectors as in (2.28)

where boldface font is used to denote that the variables are transformed into a space-

vector.

〈uL〉 =d〈udc〉 −R2〈iL〉 − 〈ug〉 (2.28)

The common-mode voltage disappears in the transformation since the space vector of

the common-mode voltage is zero according to (2.29).

2

3

(

〈unN〉ej0 + 〈unN〉ej
2π

3 + 〈unN〉ej
4π

3

)

= 0 (2.29)

The space-vectors of inductor voltages, duty ratios, inductor currents and grid voltages

are as given in (2.30) – (2.33)

〈uL〉 =
2

3

(

〈uLa〉ej0 + 〈uLb〉ej
2π

3 + 〈uLc〉ej
4π

3

)

(2.30)

d =
2

3

(

dAe
j0 + dBe

j 2π
3 + dCe

j 4π
3

)

(2.31)

〈iL〉 =
2

3

(

〈iLa〉ej0 + 〈iLb〉ej
2π

3 + 〈iLc〉ej
4π

3

)

(2.32)

〈ug〉 =
2

3

(

〈ua〉ej0 + 〈ub〉ej
2π

3 + 〈uc〉ej
4π

3

)

(2.33)

A space vector can be represented in the synchronous reference frame using a direct

(d), quadrature (q) and zero components as discussed in (Park, 1929). The space vector

can be transformed into the synchronous reference frame using the Park’s transformation
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2.3. Small-signal model of the three-phase VSI-based PV inverter

given in (2.34) where the superscript ‘s’ is used to denote that the space vector is given

in the synchronous reference frame and ωs is the angular frequency of the three-phase

system.

x
s = x e−jωst = xd + jxq (2.34)

The derivative of the inductor current can be given in the synchronous reference frame

as in (2.35) which is obtained by transforming (2.28) into the synchronous reference frame

by using (2.34).

d〈isL〉
dt

=
1

L
d
s〈udc〉 −

(
R2

L
+ jωs

)

〈isL〉 −
1

L
〈us

g〉 (2.35)

The average current flowing toward the switches of the inverter 〈iP〉 can be solved as

a function of the duty ratios and phase currents yielding (2.36).

〈iP〉 = dA〈iLa〉+ dB〈iLb〉+ dC〈iLc〉 (2.36)

The average current can be given in the stationary reference frame by noting the

inverse of the Clarke’s transformation (2.23) and is as given in (2.37).

〈iP〉 =
3

2
(dα〈iLα〉+ dβ〈iLβ〉) (2.37)

Moreover, the current can be expressed as the real part of the product of the duty

ratio and the complex conjugate of the inductor current and expressed in the synchronous

reference frame as in (2.38).

〈iP〉 =
3

2
Re
[

d · i*L
]

=
3

2
Re
[

d
s · is*L

]

=
3

2
(dd〈iLd〉+ dq〈iLq〉) (2.38)

The average capacitor current can be given in the synchronous reference frame as in

(2.39).

〈iC-dc〉 =− 3

2
(dd〈iLd〉+ dq〈iLq〉) + 〈idc〉 (2.39)

The average DC-link voltage 〈udc〉 can be presented by using the currents and duty
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ratios in the synchronous reference frame as in (2.40).

〈udc〉 =− 3

2
rC-dcdd〈iLd〉 −

3

2
rC-dcdq〈iLq〉+ rC-dc〈idc〉+ 〈uC-dc〉 (2.40)

The average DC-link voltage has to be substituted back in (2.35) to complete the

average model of the inverter because the DC-link voltage is an output variable. The

averaged state-space model of the inverter in the synchronous reference frame is as given

in (2.41) – (2.46)

d〈iLd〉
dt

=−
(
R2

L
+

3rC-dc

2L
d2d

)

〈iLd〉+
(

ωs −
3rC-dc

2L
dddq

)

〈iLq〉

+
rC-dc

L
dd〈idc〉+

1

L
dd〈uC-dc〉 −

1

L
〈uod〉

(2.41)

d〈iLq〉
dt

=−
(

ωs −
3rC-dc

2L
dddq

)

〈iLd〉 −
(
R2

L
+

3rC-dc

2L
d2q

)

〈iLq〉

+
rC-dc

L
dq〈idc〉+

1

L
dq〈uC-dc〉 −

1

L
〈uoq〉

(2.42)

d〈uC-dc〉
dt

= − 3

2Cdc
dd〈iLd〉 −

3

2Cdc
dq〈iLq〉+

1

Cdc
〈idc〉 (2.43)

〈udc〉 = −3

2
rC-dcdd〈iLd〉 −

3

2
rC-dcdq〈iLq〉+ rC-dc〈idc〉+ 〈uC-dc〉 (2.44)

〈io-d〉 = 〈iLd〉 (2.45)

〈io-q〉 = 〈iLq〉 (2.46)

2.3.2 Linearized model of the PV inverter

The sinusoidal currents and voltages at the fundamental frequency of the grid are DC-

valued in the synchronous reference frame which allows solving the steady-state operating

point. The steady-state values of q-components of the output current ILq and the output

voltage Uoq are assumed to be zero since the inverter is operated with unity power factor

and the reference frame of the control system is aligned with the d-component of the grid
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2.3. Small-signal model of the three-phase VSI-based PV inverter

voltage by the PLL. The steady-state operating point is as given in (2.47) – (2.51).

Dd =
Uod +

√

(−Uod)
2
+ 8

3R2UdcIdc

2Udc

(2.47)

Dq =
2ωsLIdc
3DdUdc

(2.48)

ILd =
2Idc
3Dd

(2.49)

ILq = 0 (2.50)

UC-dc =
Uod

Dd
+

2R2Idc
3D2

d

= Udc (2.51)

The linearized state-space model of the PV inverter in the synchronous reference

frame is as given in (2.52) and (2.53).













dîLd
dt

dîLq
dt

dûC-dc

dt













=

A
︷ ︸︸ ︷













−
(
R2

L
+

3rC-dc

2L
D2

d

) (

ωs −
ωsrC-dcIdc

Udc

)
Dd

L

−
(

ωs +
ωsrC-dcIdc

Udc

)

−
(
R2

L
+

3rC-dc

2L
D2

q

)
Dq

L

− 3Dd

2Cdc
− 3Dq

2Cdc
0


























îLd

îLq

ûC-dc













+

B
︷ ︸︸ ︷












rC-dcDd

L
− 1

L
0

Udc − rC-dcIdc
L

0

rC-dcDq

L
0 − 1

L
−rC-dcDqIdc

DdL

Udc

L

1

CC-dc
0 0 − Idc

DdCdc
0























îdc

ûod

ûoq

d̂d

d̂q











(2.52)
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




ûdc

îod

îoq




 =

C
︷ ︸︸ ︷






−3DdrC-dc

2
−3DqrC-dc

2
1

1 0 0

0 1 0












îLd

îLq

ûC-dc






+

D
︷ ︸︸ ︷






rC-dc 0 0
rC-dcIdc

Dd
0

0 0 0 0 0

0 0 0 0 0

















îdc

ûod

ûoq

d̂d

d̂q











(2.53)

Transfer functions can be solved using (2.2) yielding the matrix G as given in (2.54).

The corresponding transfer functions are given in Appendix B without parasitic resis-

tances.






ûdc

îod

îoq




 =

G
︷ ︸︸ ︷





Zin Toi-d Toi-q Gci-d Gci-q

Gio-d −Yo-d −Yo-qd Gco-d Gco-qd

Gio-q −Yo-dq −Yo-q Gco-dq Gco-q
















îdc

ûod

ûoq

d̂d

d̂q











(2.54)

The input and output dynamics of the inverter can be separated from the transfer

function matrix of (2.54) as given in (2.55) and (2.56), respectively.

ûdc = Zinîdc +

Toi

︷ ︸︸ ︷
[

Toi-d Toi-q

]

ûo

︷ ︸︸ ︷
[

ûod

ûoq

]

+

Gci

︷ ︸︸ ︷
[

Gci-d Gci-q

]

d̂
︷ ︸︸ ︷
[

d̂d

d̂q

]

(2.55)
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2.3. Small-signal model of the three-phase VSI-based PV inverter

Fig. 2.7: The equivalent small-signal model of a three-phase PV inverter.

îo
︷ ︸︸ ︷
[

îod

îoq

]

=

Gio

︷ ︸︸ ︷
[

Gio-d

Gio-q

]

îdc −

Yo

︷ ︸︸ ︷
[

Yo-d Yo-qd

Yo-dq Yo-q

]

ûo

︷ ︸︸ ︷
[

ûod

ûoq

]

+

Gco

︷ ︸︸ ︷
[

Gco-d Gco-qd

Gco-dq Gco-q

]

d̂
︷ ︸︸ ︷
[

d̂d

d̂q

]

(2.56)

Transfer functions in (2.55) and (2.56) can be used to construct an equivalent small-

signal model of the inverter as shown in Fig. 2.7 which resembles the linear model of the

DC-DC converter presented in Fig. 2.5. The output currents, voltages, duty ratios and

all the transfer functions, excluding input impedance, are matrix valued and are marked

using boldface font.

2.3.3 Closed-loop transfer functions of the PV inverter

The inverter is controlled using the cascaded control scheme as shown in Fig. 2.8. The

DC-link-voltage controller Gcv gives a reference uref
i-d for the current controller Gcd which

regulates d-component of the output current icod. The q-component of the output current

is regulated at zero by the second current controller Gcq. The phase angle of the grid θc

is sensed using the phase-locked-loop (PLL).

The closed-loop transfer functions can be solved by first considering only the output-

current control. Control block diagrams describing the input dynamics and the output

dynamics related to d and q-components are depicted in Figs. 2.9 and 2.10 when the

output-current control loops are closed. The control block diagrams can be derived from
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Fig. 2.8: Cascaded control scheme.

Fig. 2.9: Input dynamics with output current control.

(2.55) and (2.56) by including the transfer functions related to the current control in

the diagram. GPWM is the gain originating from the pulse-width modulator (PWM)

and Hd and Hq are the current sensing gains. Input dynamics can be approximated by

neglecting the transfer functions originating from the q-components because only real

power is transferred (Mao et al., 1998). Moreover, the cross-coupling transfer functions

between the d and q-components are assumed to be negligible. Therefore, the signal

paths marked with dashed lines are neglected in the analysis.

The closed-loop transfer functions are as given in (2.57) – (2.65) when only the output

current control is considered. Lout-d and Lout-q are the loop gains of the current control

of the d and q-components which can be solved using (2.66) and (2.67). Zin−d−∞ and

Toi−d−∞ are special parameters which can be solved from the open-loop transfer functions

using (2.68) and (2.69). The superscript ‘cc’ is used to denote that the output-current

control loops are closed.

Gcc
io-d =

îod

îdc
=

Gio-d

1 + Lout-d

(2.57)
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2.3. Small-signal model of the three-phase VSI-based PV inverter

(a) Dynamics of the d-component. (b) Dynamics of the q-component.

Fig. 2.10: Output dynamics of the inverter when output-current control loops are closed.

Y cc
o-d = − îod

ûod
=

Yo-d

1 + Lout-d

(2.58)

Gcc
co-d =

îod
ûref
i-d

=
1

Hd

Lout-d

1 + Lout-d

(2.59)

Gcc
io-q =

îoq

îdc
=

Gio-q

1 + Lout-q

(2.60)

Y cc
o-q = − îoq

ûoq
=

Yo-q

1 + Lout-q

(2.61)

Gcc
co-q =

îoq
ûref
i-q

=
1

Hq

Lout-q

1 + Lout-q
(2.62)

Zcc
in =

ûdc

idc
=

Zin

1 + Lout-d
+

Lout-d

1 + Lout-d
Zin−∞ (2.63)

T cc
oi-d =

ûdc

uod
=

Toi-d

1 + Lout-d
+

Lout-d

1 + Lout-d
Toi−d−∞ (2.64)

Gcc
ci-d =

1

Hd

Gci-d

Gco-d

Lout-d

1 + Lout-d
(2.65)

Lout-d = Gco-dGPWMGcdHd (2.66)

Lout-q = Gco-qGPWMGcqHq (2.67)
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(a) Input dynamics. (b) Output dynamics related to the d-components.

Fig. 2.11: Control block diagrams with DC-link voltage control.

Zin−d−∞ = Zin −
Gci-dGio-d

Gco-d
(2.68)

Toi−d−∞ = Toi-d +
Gci-dYo-d

Gco-d
(2.69)

The transfer functions that describe the output dynamics of q-components are not

affected by the DC-link voltage control and are as given in (2.60) – (2.62). However,

the reference of the d-component of the output current is given by the DC-link voltage

controller and, thus, the DC-link voltage control has to be included in the output dy-

namics related to d-components. Moreover, the input dynamics of the inverter can be

approximated by considering only the current control of the d-component (Mao et al.,

1998; Puukko, J. et al., 2011). Transfer functions with the DC-link voltage control can

be solved by using the previously solved transfer functions in (2.57) – (2.65) and by

considering the output-current-controlled inverter as an open-loop system where the new

control variable is the reference of the current controller ûref
i-d. Control block diagrams

that describe the input dynamics and the output dynamics related to the d-component

are shown in Fig. 2.11 where the signal paths related to the q-components are neclegted.

The transfer functions with DC-link voltage control can be solved from the block

diagrams in Fig. 2.11 yielding (2.70) – (2.75) where Ldc is the DC-link-voltage control

loop gain as given in (2.76) and Gio−d−∞ and Yo−d−∞ are special parameters as defined

in (2.77) and (2.78), respectively.

Zin-c =
ûdc

îdc
=

Zin

(1 + Ldc) (1 + Lout-d)
+

1

(1 + Ldc)

Lout-d

(1 + Lout-d)
Zin−∞ (2.70)
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Toi-d-c =
ûdc

ûod
=

Toi-d

(1 + Ldc) (1 + Lout-d)
+

1

(1 + Ldc)

Lout-d

(1 + Lout-d)
Toi−d−∞ (2.71)

Gri =
ûdc

ûref
dc

=
1

Hv

Ldc

1 + Ldc
(2.72)

Gio-d-c =
îod

îdc
=

Gio-d

(1 + Ldc) (1 + Lout-d)
+

Ldc

(1 + Ldc)
Gio−d−∞

(2.73)

Yo-d-c =
îod
ûod

=
Yo-d

(1 + Ldc) (1 + Lout-d)
+

Ldc

(1 + Ldc)
Yo−d−∞

(2.74)

Gro =
îod
ûref
dc

=
1

Hv

Ldc

(1 + Ldc)

Gco-d-o

Gci-d-o

(2.75)

Ldc = −Gcc
ci-dGcvHv = −Hv

Hd

Lout-d

(1 + Lout-d)

Gci-d

Gco-d
Gcv (2.76)

Gio−d−∞ = Gio-d − Gco-dZin

Gci-d
(2.77)

Yo−d−∞ = Yo-d +
Gco-dToi-d

Gci-d
(2.78)

2.4 Small-signal model of a three-phase CL-filter

A three-phase CL-type filter is usually used to attenuate the frequency components in

the output current of a PV inverter which are generated by the high-frequency switching.

The circuit diagram of the filter is depicted in Fig. 2.12. The filter is fed from three

AC-current sources since the PV inverter operates under output current control and the

filter is loaded by the three-phase grid voltages. Therefore, the output variables of the

filter are the three-phase voltages uin-f-a,uin-f-b and uin-f-c and the three-phase currents

io-f-a, io-f-b and io-f-c, respectively.

The voltages over the filter inductors can be solved using the Kirchoff’s voltage law

yielding (2.79) when all phases are assumed to be symmetrical.

uLf−a = uin−f−a − rLfiLf−a − uo−a

uLf−b = uin−f−b − rLfiLf−b − uo−b

uLf−c = uin−f−c − rLfiLf−c − uo−c

(2.79)

The capacitor currents can be solved using Kirchoff’s current law yielding (2.80).
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Fig. 2.12: Three-phase CL-filter.

iCf-a = iin-f-a − iLf-a

iCf-b = iin-f-b − iLf-b

iCf-c = iin-f-c − iLf-c

(2.80)

The input voltages of the filter can be given as a function of the capacitor currents

and voltages as shown in (2.81).

uin-f-a = RdiCf-a + uCf-a = Rdiin-f-a −RdiLf-a + uCf-a

uin-f-b = RdiCf-b + uCf-b = Rdiin-f-b −RdiLf-b + uCf-b

uin-f-c = RdiCf-c + uCf-c = Rdiin-f-c −RdiLf-c + uCf-c

(2.81)

The input voltages can be substituted back in (2.79) allowing the derivatives of the

inductor currents to be represented as in (2.82).

diLf−a

dt
= −Rd + rLf

Lf
iLf-a +

uCf-a

Lf
+

Rd

Lf
iin-f-a +

uo-a

Lf

diLf−b

dt
= −Rd + rLf

Lf
iLf-b +

uCf-b

Lf
+

Rd

Lf
iin-f-b +

uo-b

Lf

diLf−c

dt
= −Rd + rLf

Lf
iLf-c +

uCf-c

Lf
+

Rd

Lf
iin-f-c +

uo-c

Lf

(2.82)

The derivatives of capacitor voltages can be given as in (2.83).
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2.4. Small-signal model of a three-phase CL-filter

diCf-a

dt
=

iin-a
Cf

− iL-a
Cf

diCf-b

dt
=

iin-b
Cf

− iL-b
Cf

diCf-c

dt
=

iin-c
Cf

− iL-c
Cf

(2.83)

Finally, after transforming the equations into the synchronous reference frame, the

linearized state-space of the CL-filter can be given as in (2.84) and in (2.85). All variables

can be replaced with the small-signal variables since the circuit is linear. The parasitic

resistance of the capacitor is assumed to be a part of the value of the damping resistor

Rd.














dîLf-d
dt

dîLf-q
dt

dûCf-d

dt
dûCf-q

dt














=

A
︷ ︸︸ ︷













− (Rd + rLf)

Lf
ωs

1

Ls
0

−ωs − (Rd + rLf)

Lf
0

1

Ls

− 1

Cf
0 0 ωs

0 − 1

Cf
−ωs 0





















îL-d

îL-q

ûCf-d

ûCf-q








+

B
︷ ︸︸ ︷













Rd

Lf
0 − 1

Lf
0

0
Rd

Lf
0 − 1

Lf
1

Cf
0 0 0

0
1

Cf
0 0





















îin-f-d

îin-f-q

ûo-d

ûo-q








(2.84)
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Fig. 2.13: The equivalent small-signal model of a three-phase CL-filter.








ûin-f-d

ûin-f-q

îo-f-d

îo-f-q







=

C
︷ ︸︸ ︷







−Rd 0 1 0

0 −Rd 0 1

1 0 0 0

0 1 0 0















îLf-d

îLf-q

ûCf-d

ûCf-q








+

D
︷ ︸︸ ︷







Rd 0 0 0

0 Rd 0 0

0 0 0 0

0 0 0 0















îin-f-d

îin-f-q

ûo-d

ûo-q








(2.85)

The transfer functions between the input and output variables can be solved by using

(2.2) and can be collected from the matrix G. The corresponding transfer functions are

given in Appendix C without parasitic resistances. The input and output dynamics of

the CL-filter can be given in a matrix form according to (2.86) and (2.87).

ûin

︷ ︸︸ ︷
[

ûin-d

ûin-q

]

=

Zin

︷ ︸︸ ︷
[

Zin-d Zin-qd

Zin-dq Zin-q

]

îin
︷ ︸︸ ︷
[

îin-d

îin-q

]

+

Toi

︷ ︸︸ ︷
[

Toi-d Toi-qd

Toi-dq Toi-q

]

ûo

︷ ︸︸ ︷
[

ûo-d

ûo-q

]

(2.86)

îo
︷ ︸︸ ︷
[

îo-d

îo-q

]

=

Gio

︷ ︸︸ ︷
[

Gio-d Gio-qd

Gio-dq Gio-q

]

îin
︷ ︸︸ ︷
[

îin-d

îin-q

]

−

Yo

︷ ︸︸ ︷
[

Yo-d Yo-qd

Yo-dq Yo-q

]

ûo

︷ ︸︸ ︷
[

ûo-d

ûo-q

]

(2.87)

The equivalent small-signal model of the filter can be constructed based on (2.86) and

(2.87) and is as shown in Fig. 2.13.
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2.5. Source affected transfer functions

Fig. 2.14: Linear model of the DC-DC converter with non-ideal source.

2.5 Source affected transfer functions

Real sources have a finite output impedance which affects the dynamics of the converter

connected to it. This section shortly reviews the method to include the effect of a nonideal

source into the dynamics of DC-DC converters and three-phase inverters. The effect of a

PV generator on a three-phase inverter has been previously reported in (Puukko, Messo

and Suntio, 2011).

2.5.1 Transfer functions of the DC-DC converter

The linear model of the DC-DC converter with a non-ideal source is shown in Fig. 2.14.

The impedance of the source is given as an admittance YS = 1/ZS to simplify the nota-

tion. Source-affected transfer functions can be obtained by solving the small-signal input

current of the power stage îpv as in (2.88) and by substituting it back in the dynamics

given in (2.19).

îpv = îpvS − YSûpv (2.88)

Source-affected transfer functions of the DC-DC converter can be solved using the

open-loop transfer functions in (2.19) and the source admittance YS as shown in (2.89)

– (2.94). ZS
in-o is the source-affected input impedance, T S

oi-o is the transfer function from

the output voltage to input voltage, GS
io-o is the transfer function from input current to

output current, Y S
o-o is output admittance and GS

ci-o and GS
co-o are control-related transfer

functions. The special parameters are defined as in (2.95) and (2.96).

ZS
in-o =

ûpv

îpvS
=

Zin-o

1 + YSZin-o
(2.89)
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T S
oi-o =

ûpv

ûdc
=

Toi-o

1 + YSZin-o
(2.90)

GS
ci-o =

ûpv

d̂
=

Gci-o

1 + YSZin-o
(2.91)

GS
io-o =

îdc

îpvS
=

Gio-o

1 + YSZin-o
(2.92)

Y S
o-o = − îdc

ûdc
= −1 + YSZin-oco

1 + YSZin-o
Yo-o (2.93)

GS
co-o =

îdc

d̂
=

1 + YSZin−∞

1 + YSZin-o
Gco-o (2.94)

Zin-oco = Zin-o +
Gio-oToi-o

Yo-o
(2.95)

Zin−∞ = Zin-o −
Gio-oGci-o

Gco-o
(2.96)

2.5.2 Transfer functions of the PV inverter

The equivalent small-signal model of a three-phase inverter with a non-ideal source is

shown in Fig. 2.15. The model resembles the linear model of the DC-DC converter,

although some of the transfer functions and variables are matrix-valued. The input

current of the power stage îpv is as given in (2.97). The input current can be substituted

in the open-loop dynamics given by (2.55) and (2.56) to obtain the source-affected input

and output dynamics as given in (2.98) and (2.99).

îdc = îdcS − YSûdc (2.97)

ûdc =
Zin

1 + ZinYS
îinS +

Toi

1 + ZinYS
ûo +

Gci

1 + ZinYS
d̂ (2.98)
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2.5. Source affected transfer functions

Fig. 2.15: The equivalent small-signal model of the inverter with a nonideal source.

îo =

[

Gio −
YS

1 + ZinYS
Gio

]

îdcS −
[

YS

1 + ZinYS
GioToi +Yo

]

ûo

+

[

Gco −
YS

1 + ZinYS
GioGci

]

d̂

(2.99)

Each of the source-affected transfer function can be solved from (2.98) and (2.99) by

utilizing basic matrix algebra. Transfer functions related to the inverter input dynamics

are given in (2.100) – (2.104) where the superscript ‘S’ denotes that the transfer function

is affected by the output admittance of the source.

ZS
in =

ûdc

îdc
=

Zin

1 + YSZin
(2.100)

T S
oi-d =

ûdc

ûod
=

Toi-d

1 + YSZin
(2.101)

T S
oi-q =

ûdc

ûoq
=

Toi-q

1 + YSZin
(2.102)

GS
ci-d =

ûdc

d̂d
=

Gci-d

1 + YSZin
(2.103)

GS
ci-q =

ûdc

d̂q
=

Gci-q

1 + YSZin
(2.104)

The source-affected transfer functions of the inverter related to the output dynamics
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of the d-component are as given in (2.105) – (2.113).

GS
io-d =

îod

îdcS
=

Gio-d

1 + YSZin

(2.105)

Y S
o-d = − îod

ûod
=

1 + YSZin−d−oc

1 + YSZin
Yo-d (2.106)

Y S
o-qd = − îod

ûoq
=

1 + YSZin-qd-oc

1 + YSZin
Yo-qd (2.107)

GS
co-d =

îod

d̂d
=

1 + YSZin−d−∞

1 + YSZin
Gco-d (2.108)

GS
co-qd =

îod

d̂q
=

1 + YSZin−qd−∞

1 + YSZin
Gco-qd (2.109)

Zin-d-oco = Zin +
Toi-dGio-d

Yo-d
(2.110)

Zin-qd-oco = Zin +
Toi-qGio-d

Yo-qd
(2.111)

Zd
in−∞

= Zin −
Gci-dGio-d

Gco-d
(2.112)

Zqd
in−∞

= Zin −
Gci-qGio-d

Gco-qd
(2.113)

The source-affected transfer functions of the inverter related to the output dynamics

of the q-component are given in (2.114) – (2.122).

GS
io-q =

îoq

îdcS
=

Gio-q

1 + YSZin

(2.114)

Y S
o-dq = − îoq

ûod
=

1 + YSZin-dq-oc

1 + YSZin
Yo-dq (2.115)

Y S
oq = − îoq

ûoq
=

1 + YSZin−q−oc

1 + YSZin
Yo-q (2.116)
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Fig. 2.16: Interconnected DC-DC system.

GS
co-dq =

îoq

d̂d
=

1 + YSZin−dq−∞

1 + YSZin
Gco-dq (2.117)

GS
co-q =

îoq

d̂q
=

1 + YSZin−q−∞

1 + YSZin
Gco-q (2.118)

Zin-dq-oco = Zin +
Toi-dGio-q

Yo-dq
(2.119)

Zin-q-oco = Zin +
Toi-qGio-q

Yo-q
(2.120)

Zin−dq−∞ = Zin − Gci-dGio-q

Gco-dq
(2.121)

Zin−q−∞ = Zin −
Gci-qGio-q

Gco-q
(2.122)

2.6 Stability analysis of interconnected power electronic systems

The stability of interconnected power electronic systems has been an important research

topic from the mid 70’s until to date. The stability analysis of a DC-DC converter was

first reported in (Middlebrook, 1978).

Fig. 2.16 shows an interconnected system made up of two separate power electronic

subsystems denoted as the ‘Source’ and the ‘Load’. The source system could be, e.g., a

DC-DC converter and the load system could be its output filter. Any DC-DC converter

or filter can be described using four transfer functions between the currents and voltages

of the input and output terminals, assuming that all the control loops are closed, i.e.,

there are no control inputs. The analysis is done assuming the H-parameter model due to

the nature of photovoltaic power systems. However, the same principles are valid when

G, Y or Z-parameters are used. The transfer functions of the source and load systems

are as given in (2.123) and (2.124).
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[

ûinS

îoS

]

=

[

ZinS ToiS

GioS −YoS

][

îinS

ûoS

]

(2.123)

[

ûinL

îoL

]

=

[

ZinL ToiL

GioL −YoL

][

îinL

ûoL

]

(2.124)

The currents and voltages at the interface between the source and the load are the

same as defined in (2.125). The two systems can be merged together by solving the

mapping between the input variables îinS, ûoL and the output variables ûinS, îoL of the

interconnected system. The transfer functions that describe the small-signal behavior of

the interconnected system are as given in (2.126) where YoS-sci and ZinL-oco are special

parameters defined in (2.127) and (2.128).

[

ûinL

îinL

]

=

[

ûoS

îoS

]

(2.125)








ûinS

îoL







=








(1 + ZinLYoS-sci)

1 + YoSZinL
ZinS

ToiSToiL

1 + YoSZinL

GioSGioL

1 + YoSZinL

(1 + YoSZinL-oco)

1 + YoSZinL
YoL















îinS

ûoL








(2.126)

YoS-sci = YoS +
ToiSGioS

ZinS
(2.127)

ZinL-oco = ZinL +
GioLToiL

YoL
(2.128)

The denominator of all transfer functions in (2.126) include the same term YoSZinL

which is commonly known as the minor loop gain (Leppäaho and Suntio, 2011). The

stability of the interconnected system can be evaluated by plotting the minor-loop gain

in the complex plane. The number of right-half-plane (RHP) zeros and poles found in the

minor loop gain can be evaluated by inspecting the encirclements of the contour around

the critical point (-1,0) in the complex plane as defined in (2.129). N is the number of

encirclements in clockwise direction, Nzeros is the number of RHP-zeros and Npoles is the
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number of RHP-poles. The system has an unstable pole if the contour encircles the point

(-1,0) in clockwise direction, assuming there are no RHP-poles in the minor loop gain.

N = Nzeros −Npoles (2.129)

The Nyquist stability criterion has been applied successfully for three-phase systems

(Wen et al., 2012) and single-phase systems (Sun, 2011). The impedances of single-

phase systems can be defined in phase-domain and used directly in the stability analysis.

However, a three-phase system which is analysed in the synchronous reference frame has

multiple inputs and outputs and requires special consideration.

The transfer functions that describe the input and output dynamics of a three-phase

inverter are shown in (2.130) and (2.131) when all the control loops are closed.

ûinS = ZinSîinS +

ToiS

︷ ︸︸ ︷
[

ToiS-d ToiS-q

]

ûoS

︷ ︸︸ ︷
[

ûoS-d

ûoS-q

]

(2.130)

îoS
︷ ︸︸ ︷
[

îo-d

îo-q

]

=

GioS

︷ ︸︸ ︷
[

GioS-d

GioS-q

]

îinS −

YoS

︷ ︸︸ ︷
[

YoS-d YoS-qd

YoS-dq YoS-q

]

ûoS

︷ ︸︸ ︷
[

ûoS-d

ûoS-q

]

(2.131)

Transfer function matrix of a three-phase load, such as a three-phase filter was given

solved using (2.2). The matrix can be divided into submatrices which describe the input

and output dynamics of the filter as in (2.132) and (2.133), respectively.

ûinL

︷ ︸︸ ︷
[

ûinL-d

ûinL-q

]

=

ZinL

︷ ︸︸ ︷
[

ZinL-d ZinL-qd

ZinL-dq ZinL-q

]

îinL
︷ ︸︸ ︷
[

îinL-d

îinL-q

]

+

ToiL

︷ ︸︸ ︷
[

ToiL-d ToiL-qd

ToiL-dq ToiL-q

]

ûoL

︷ ︸︸ ︷
[

ûoL-d

ûoL-q

]

(2.132)
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Fig. 2.17: Interconnected three-phase system.

îoL
︷ ︸︸ ︷
[

îoL-d

îoL-q

]

=

GioL

︷ ︸︸ ︷
[

GioL-d GioL-qd

GioL-dq GioL-q

]

îinL
︷ ︸︸ ︷
[

îinL-d

îinL-q

]

−

YoL

︷ ︸︸ ︷
[

YoL-d YoL-qd

YoL-dq YoL-q

]

ûoL

︷ ︸︸ ︷
[

ûoL-d

ûoL-q

]

(2.133)

The interconnected three-phase system comprising of a three-phase inverter and an

output filter can be constructed based on (2.132) and (2.133) and is depicted in Fig.

2.17. The matrix-valued components and variables are denoted using boldface font.

The input and output dynamics of the interconnected system can be solved from Fig.

2.17 by utilizing basic matrix algebra and by noting that the currents and voltages at

the interface between the systems are the same. The input and output dynamics of the

system are as given in (2.134) and (2.135).

ûinS =
(

ZinS +ToiS [I+ ZinLYoS]
-1
ZinLGioS

)

îinS

+
(

ToiS [I+ ZinLYoS]
-1
ToiL

)

ûoL

(2.134)

îoL =GioL [I+YoSZinL]
-1
GioSîinS

−
(

YoL +GioL [I+YoSZinL]
-1
YoSToiL

)

uoL

(2.135)

The input and output dynamics of the interconnected system can be divided into four

matrix-valued transfer functions as given in (2.136) – (2.139).

ZinSL = ZinS +ToiS [I+ ZinLYoS]
-1
ZinLGioS (2.136)
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ToiSL = ToiS [I+ ZinLYoS]
-1
ToiL (2.137)

GioSL = GioL [I+YoSZinL]
-1
GioS (2.138)

YoSL = YoL +GioL [I+YoSZinL]
-1
YoSToiL (2.139)

All the transfer functions include an inverse matrix which contains the product of

the output admittance matrix of the source YoS and the input impedance matrix of

the load ZinL as shown in (2.140) and (2.141). The matrices look very similar to the

minor loop gain in (2.126). However, analysing the stability of a multivariable system is

not as straightforward as for the DC-DC converters. The stability can be evaluated by

plotting the eigenvalues of the matrices (2.140) and (2.141) in the complex plane as a

function of frequency. This is, however, time consuming and requires iterative algorithms

as discussed in (MacFarlane and Postlethwaite, 1977) and (Belkhayat, 1997).

[I+ ZinLYoS]
-1
=

([

1 0

0 1

]

+

[

ZinL-d ZinL-qd

ZinL-dq ZinL-q

][

YoS-d YoS-qd

YoS-dq YoS-q

])
−1

(2.140)

[I+YoSZinL]
-1
=

([

1 0

0 1

]

+

[

YoS-d YoS-qd

YoS-dq YoS-q

][

ZinL-d ZinL-qd

ZinL-dq ZinL-q

])
−1

(2.141)

Fortunately, the analysis can be simplified if the cross-coupling terms between the d

and q-components can be neglected, as discussed e.g., in Burgos et al. (2010). Neglecting

the cross-coupling impedances and admittances yields the same result for both inverse

matrices as shown in (2.142).

[I+ ZinLYoS]
-1
= [I+YoSZinL]

-1
=






1

1 + YoS-d · ZinL-d
0

0
1

1 + YoS-q · ZinL-q




 (2.142)

As can be seen in (2.142) the problem reduces to analysing the stability of two inde-
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pendent minor loop gains which can be done using the Nyquist stability criterion. The

stability of both of the minor loop gains (2.143) and (2.144) shall be verified.

Ld = YoS-dZinL-d = ZinL-d/ZoS-d (2.143)

Lq = YoS-qZinL-q = ZinL-q/ZoS-q (2.144)
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3 EFFECT OF THE VOLTAGE-BOOSTING DC-DC

CONVERTER ON THE DC-LINK CONTROL

This chapter discusses the effect of an upstream voltage-boosting DC-DC converter on

dynamics of the PV inverter. A short literature review specific to the topic is performed

in the beginning. The modeling methods introduced in Chapter 2 are utilized to capture

the dynamics of the DC-DC converter and the inverter in order to include the effect of

the nonideal source (DC-DC converter) on the dynamics of the inverter. The minimum

DC-link capacitance value, which is required for stable operation is discussed and the

stabilizing effect of the input-voltage control of the DC-DC converter is shown.

3.1 Introduction

The PV generator is often interfaced to the utility grid using a two-stage inverter (Ho

et al., 2013; Ji et al., 2011; Vighetti et al., 2012). The inverter comprises of a voltage-

boosting DC-DC converter followed by a three-phase inverter as shown in Fig. 3.1. The

DC-DC stage allows the PV generator to be operated at lower voltages than in case of

single-stage inverter because the PV voltage is not anymore constrained by the peak of

the grid voltage. Operating the PV generator in a wider voltage range allows global

maximum power point to be tracked in partial shading conditions and gives the designer

more freedom in selecting the PV module configuration.

The DC-DC converter is most often based on the conventional voltage-fed boost

converter due to the fact that its input current is continuous (Xiao et al., 2007). The

DC-DC converter is derived from the conventional voltage-fed boost converter by adding

an input capacitor for correct interfacing with the PV generator (Leppäaho et al., 2010).

A single boost converter can be used (Urtasun et al., 2013) or, alternatively, several boost

converters can be connected in parallel and operated in an interleaved mode (Ho et al.,

2013; Jung et al., 2011) which reduces the current ripple in the inductors and, therefore,

improves the efficiency. However, the interleaved boost converter is out of the scope of

this thesis but would be an interesting topic to look into in the future.

The PV generator is a nonideal source with a finite output impedance as discussed in

Chapter 1. The dynamics of the DC-DC converter are affected by the dynamic resistance

of the PV generator rpv and by the operating point. The effect of the PV generator in the
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Fig. 3.1: Two-stage photovoltaic inverter.

Fig. 3.2: Control modes of the DC-DC stage.

control performance of the boost converter was studied in (Urtasun et al., 2013) where

an adaptive controller was proposed to maintain the control performance at all operating

points along the IU-curve. However, the effect of the boost converter on the dynamics

of a three-phase inverter has not yet been extensively studied in the literature. The

dynamics of the inverter are affected by the output impedance of the DC-DC converter

ZDC-DC
o which depends on the output impedance of the PV generator rpv and on the

control mode of the DC-DC converter.

The boost converter is usually operated at open loop (Chen and Lin, 2014; Jung et al.,

2011; Yang et al., 2010) or under input-voltage control as, e.g, in (Femia et al., 2009).

Alternatively, the inductor current control and input-voltage control can be cascaded

together as done, e.g., in (Jung et al., 2011) but this is out of the scope of this thesis.

The two control schemes of the DC-DC stage studied in this thesis are illustrated in

Fig. 3.2. The duty ratio of the DC-DC converter can be defined directly by the MPPT-

algorithm (switch in position 1) which is referred as the open-loop control mode or,

alternatively, the MPPT-algorithm can define a reference value for the input-voltage

controller Gc (switch in position 2) which regulates the voltage of the PV generator upv

through a feedback loop.
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3.2. DC-DC converter in the open-loop control mode

3.2 DC-DC converter in the open-loop control mode

3.2.1 Output impedance of the DC-DC converter at open loop

The output admittance of the DC-DC converter can be solved using the methods pre-

sented in Chapter 2 when the converter operates in open-loop control mode. The detailed

derivation can be found in (Messo, Jokipii and Suntio, 2012). The source-affected output

admittance can be solved by using (3.1) where the output impedance of the PV generator

is approximated by its low-frequency value, i.e., by the dynamic resistance rpv.

Y DC-DC
o =

1

ZDC-DC
o

=

1 +
1

rpv

(

Zin-o +
Gio-oToi-o

Yo-o

)

1 +
1

rpv
Zin-o

(3.1)

The low-frequency value of the output admittance can be solved symbolically and is

given in (3.2) as an impedance. The dynamic resistance clearly affects the shape of the

output impedance of the DC-DC converter.

ZDC-DC
o (jω = 0) =

rpv + rL1 +D′rD +Drsw
D′2

≈ rpv
D′2

(3.2)

An experimental prototype operating at reduced voltages was used to verify the shape

of the output impedance. The power stage of the converter is depicted in Fig. 3.3. An

additional output capacitor C2 was added to protect the diode from the current spikes

originating from the parasitic inductance of the output connections. The parameters

of the experimental DC-DC converter and the PV generator are shown in Table 3.1.

The converter was fed from a solar array simulator (SAS) model E4360 manufactured

by Agilent which is known to replicate the dynamics of a real PV generator accurately

(Nousiainen et al., 2013). An electronic voltage-type load manufactured by Chroma was

connected at the output terminals. Pulse signal for the switch was generated using a

digital signal processor (DSP) model TMSF28335 manufactured by Texas Instruments.

Frequency response analyzer with an impedance measurement kit manufactured by Ven-

able Instruments Inc. Model 3120 was used to measure the output impedance of the

DC-DC converter.

The additional output capacitor can be included in the output admittance of the DC-

DC converter by using basic circuit theory as in (3.3) since the capacitor is connected

in parallel with the output terminals. The admittance of the capacitor can be given as

shown in (3.4).
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Fig. 3.3: Power stage of the voltage-boosting DC-DC converter.

Table 3.1: Parameters of the experimental converter and the PV generator

UMPP 20 V Udc 30 V rC2 30 mΩ

Uoc 25 V C1 100 µF L1 320 mH

IMPP 1.5 A C2 100 µF rL1 250 mΩ

Isc 1.65 A rC1 50 mΩ fs 75 kHz

Y DC-DC
o-C2 = Y DC-DC

o + YC2, (3.3)

YC2 =
sC2

1 + srC2C2
. (3.4)

The source-affected output impedance of the DC-DC converter was measured at three

operating points along the IU-curve of the PV generator; in CC and CV regions and at

the MPP. The measured and predicted output impedances are as shown in Fig. 3.4. The

low-frequency gain of the output impedance equals the dynamic resistance scaled by the

inverse of the complementary duty ratio as given in (3.2). The magnitude of the output

impedance is the largest in the CC region and the smallest in the CV region. At the MPP

the low-frequency gain is approximately the ratio of the output voltage and current of the

DC-DC converter Udc/Idc. In other words, the DC-DC converter operating in open-loop

control mode reflects the dynamic resistance of the PV generator to its output terminals.

3.2.2 Effect of open-loop-controlled DC-DC converter on DC-link

control dynamics

The effect of the DC-DC stage on the control dynamics of the inverter can be solved

using the methods derived in Chapter 2 and presented in (Messo, Puukko and Suntio,

2012). The source-affected transfer function from the d-component of the duty ratio d̂d to
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3.2. DC-DC converter in the open-loop control mode

Fig. 3.4: Measured and predicted output impedances of the DC-DC converter at open loop.

the d-component of the output current îod can be solved using (2.108). In the following

symbolic analysis, the source impedance affecting the transfer function is approximated

by the low-frequency output impedance of the DC-DC converter (3.2). However, in the

predicted frequency responses the complete output impedance with all the parasitics is

used. The source-affected control-to-output-current transfer function GS-OL
co-d is as given in

(3.5) without parasitics where the superscript ‘OL’ refers to the open-loop control mode

of the DC-DC converter. The denominator of the transfer function is as given in (3.6).

GS-OL
co-d =

îod

d̂d
=

Udc

L
s

[

s+
D′2

Cdc

(
1

rpv
− Ipv

Upv

)]
1

∆S-OL
, (3.5)

∆S-OL = s3 +
D′2

Cdcrpv
s2 +

[

3
(
D2

d +D2
q

)

2CdcL
+ ω2

s

]

s+
D′2ω2

s

rpvCdc
. (3.6)

The control-to-output-current transfer function (3.5) contains a low-frequency zero

which is given by (3.7). The zero is located on the right-half of the complex-plane when

the PV generator operates in the CC region, i.e., when the dynamic resistance is larger

than the static resistance (rpv > Upv/Ipv). On the other hand, the zero is shifted to the

left-half of the complex-plane when the PV generator operates in the CV region, i.e.,

when the dynamic resistance is smaller than the static resistance (rpv < Upv/Ipv). At

the MPP, the value of dynamic resistance equals the static resistance Upv/Ipv and the
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zero is located at the origin.

ωz-OL =
D′2

Cdc

(
Ipv
Upv

− 1

rpv

)

(3.7)

The source-affected DC-link voltage control loop gain LS-OL
dc is as given in (3.8).

The source-affected control-to-input-voltage transfer function GS-OL
ci-d can be solved us-

ing (2.103) and the source-affected current control loop LS-OL
out-d can be solved according

to (3.9).

LS-OL
dc = −Hv

Hd
· LS-OL

out-d

1 + LS-OL
out-d

· G
S-OL
ci-d

GS-OL
co-d

·Gcv (3.8)

LS-OL
out-d = GS-OL

co-d ·GPWM ·Gcd ·Hd. (3.9)

The DC-link voltage control loop gain can be approximated as in (3.10) at the fre-

quencies lower than the crossover frequency of the current control loop LS-OL
out-d because the

second term in (3.8) is close to unity. Therefore, the DC-link voltage control loop gain has

a pole approximately at the frequency given by (3.7). Thus, the DC-link voltage control

loop gain has a RHP-pole when the PV generator operates in the CC region. Therefore,

the DC-link voltage control can become unstable when the operating point of the PV

generator shifts to lower voltages, e.g., as a results of operating point perturbation made

by the MPPT algorithm.

LS-OL
dc ≈ −Hv

Hd
· G

S-OL
ci-d

GS-OL
co-d

·Gcv (3.10)

3.3 DC-link capacitance design rule

The minimization of the DC-link capacitance has been widely studied in the literature, es-

pecially, related to motor drive systems and wind turbine applications (Esṕı and Castelló,

2013; Gu and Nam, 2006, 2005). Some research has been done in order to minimize the

DC-link capacitance in a PV inverter (Kotsopoulus et al., 2001) but the results are not

directly applicable when the cascaded control scheme is used since the authors used a

predictive controller. Moreover, large DC-link capacitance has been reported to make

the control system of a PV inverter more robust when the DC-DC converter operates

at open loop (Bratcu et al., 2011) which suggests that there is a minimum value for the

DC-link capacitance which is required for stable operation. A design rule for a single-

stage PV inverter was proposed in (Puukko, Nousiainen and Suntio, 2011) which has
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3.3. DC-link capacitance design rule

been extended for a two-stage PV inverter in (Messo, Jokipii, Puukko and Suntio, 2014)

and (Messo, Jokipii and Suntio, 2013).

The low-frequency pole in of the DC-link-voltage control loop can be approximated

as given in (3.11) by neglecting the conversion losses of the DC-DC converter and by

substituting D′ = Upv/Udc in (3.7). The DC-link voltage Udc is considered as a constant.

ωp-OL =
1

U2
dcCdc

(

Ppv −
U2
pv

rpv

)

(3.11)

The highest frequency of the pole can be approximated by considering the dynamic

resistance to be large which makes the second term inside the parenthesis to disappear

and yields (3.12).

ωp-OL =
Ppv

U2
dcCdc

(3.12)

The crossover frequency of the DC-link voltage control loop is recommended to be

chosen at least twice the frequency of the RHP-pole which is considered to provide

sufficient robustness of the DC-link voltage control (Kolar et al., 2013).

The RHP-pole reaches its highest frequency when the output power of the PV gener-

ator equals the maximum power PMPP. Moreover, the maximum irradiance received by

the PV generator can be as large as 1.5 times the standard irradiance level, e.g., due to

cloud enhancement which affects directly to the maximum power as discussed in (Luoma

et al., 2011). The cloud enhancement can be taken into account by using a scaling factor

since the output power of the generator with a fixed voltage is directly proportional to the

irradiance. The minimum DC-link-capacitance of a two-stage inverter which is required

for ensuring the stability is as given in (3.13) where ωc is the crossover frequency of the

DC-link voltage control loop and ki is the scaling factor. The minimum required capaci-

tance is directly proportional to the maximum power of the PV generator and inversely

proportional to the crossover frequency of the DC-link-voltage control loop gain and the

square of the DC-link voltage.

Cdc-min = 2 · ki ·
PMPP

U2
dcωc

(3.13)

The minimum value of the required DC-link capacitance of a two-stage grid-connected

PV inverter is depicted in Fig. 3.5 as a function of the crossover frequency of the DC-link-

voltage control. The minimum capacitance is shown for two different DC-link voltages

and the cloud enhancement is neglected (ki = 1). The crossover frequency of the DC-link

voltage control has to be limited below 100 Hz since the grid voltages can be unbalanced.
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Fig. 3.5: Required DC-link capacitance of a two-stage PV inverter as a function of the crossover

frequency of the DC-link-voltage control.

Fig. 3.6: Measurement setup of the two-stage prototype converter.

The unbalanced grid voltages generate ripple at 100 Hz in the DC-link voltage which

affects the output current references of the inverter. Thus, the harmonics in the grid

current would increase. Setting the crossover frequency at 10 Hz would attenuate the

ripple currents by approximately 20 dB which is considered as a sufficient attenuation.

The minimum DC-link capacitance, according to Fig. 3.5, is around 90 µF/kW when a

DC-link voltage of 650 V is used. Higher DC-link voltage allows using less capacitance

in the DC-link. Increasing the DC-link voltage up to 750 V would decrease the minimum

capacitance requirement from 90 to 60 µF/kW.

An experimental two-level three-phase inverter operating at reduced voltages was

connected at the output of the DC-DC converter to verify the DC-link capacitance design

rule. Laboratory equipment and the prototypes used in the thesis are illustrated in
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3.3. DC-link capacitance design rule

Table 3.2: Parameters of the experimental three-phase inverter.

Udc 30 V Cdc 300 µF La,b,c 73 µH

Ua,b,c 7.07 Vrms rC-dc 85 mΩ rL(a,b,c) 15 mΩ

Idc 1 A ωs 2·π·50 Hz fs 75 kHz

Appendix D. Parameters and component values are presented in Table 3.2 where Udc and

Idc are the steady-state values of the DC-link voltage and current, Ua,b,c is the RMS-value

of the three-phase AC voltage, Cdc and rC-dc are the capacitance and parasitic resistance

of the DC-link capacitor, La,b,c and rL(a,b,c) are the inductance and parasitic resistance

of the AC-side inductors, ωs is the angular frequency of the grid and fs is the switching

frequency. The measurement setup is depicted in Fig. 3.6. The DC-DC converter was

operated with a constant duty ratio at open loop. The inverter was controlled in the

synchronous reference frame using the cascaded control scheme. The output currents

and voltages were measured once every switching cycle and the measurement circuits

include low-pass filters with cut-off frequency at approximately 50 kHz. The DC-DC

converter was fed from the same solar array simulator as before and the inverter was

loaded by a three-phase voltage source manufactured by Elgar. A three-phase resistive

load of 1.2 ohms was connected in parallel with the inverter and the voltage source

to dissipate the generated power since the three-phase voltage source could not absorb

power. The load resistors were sufficiently large compared with the output impedance of

the voltage source and, thus, the effect of the load resistors on the measurements can be

neglected. For comparison, the phase impedance of the three-phase voltage source can

be approximated as a series connection of a 100 mΩ resistor and a 100 µH inductor.

Transfer function from the DC-link reference voltage ûref
dc to the actual DC-link voltage

ûdc was measured using the frequency response analyzer (FRA) with the measurement

setup depicted in Fig. 3.7 where VC is the DC-link voltage controller and CC the current

controller of the d-component. Current control of the q-component and the PLL are not

shown in the figure. A small-signal perturbation ûinj was added in the reference value

of the DC-link voltage U ref
dc which was then fed to the FRA together with the measured

DC-link voltage. The closed-loop transfer function from the reference voltage to the DC-

link voltage Gref is as given in (3.14) where Hv-dc is the DC-link voltage measurement

gain and Ginv is the frequency response from the error signal of the voltage controller to

the actual DC-link voltage.

Gref =
ûdc

ûref
dc

=
Ginv

1 +Hv-dcGinv
(3.14)
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Fig. 3.7: Setup for measuring the DC-link voltage control loop gain.

The sensing gain Hv-dc includes a low-pass filter with a cut-off frequency at half the

switching frequency which can be neclegted since the interesting frequency range is well

below the switching frequency. The switch signals were generated using the conven-

tional sinusoidal pulse-width modulation (SPWM). The measurement gain and the gains

originating from analog-to-digital conversions and pulse-width modulation were manip-

ulated in the code and can be considered to be unity. The transfer function Gref can be

approximated as given in (3.15).

Gref =
ûdc

ûref
dc

≈ Ginv

1 +Ginv
=

Ldc

1 + Ldc
(3.15)

The DC-link-voltage control loop gain can be solved from (3.15) and is as given in

(3.16) where Gref is the measured frequency response. Similar method to extract the

loop gain has been previously used in (Figueres et al., 2009).

Ldc =
Gref

1−Gref
(3.16)

The DC-link voltage control loop gain was measured in CV and CC regions when the

DC-link capacitance was selected equal to 300 µF based on (3.13) and by neglecting the

cloud enhancement. The measured and predicted DC-link voltage control loop gains are

as shown in Fig. 3.8. The low-frequency phase of the loop gain flips 180 degrees between
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3.3. DC-link capacitance design rule

Fig. 3.8: Measured and predicted DC-link voltage control loop gains when the DC-link capacitance

is selected based on the proposed design rule.

the two operating regions which indicates that the low-frequency pole of the loop gain

shifts between left and right-halves of the complex-plane. The crossover frequency of

the loop gain in the CC region is 34 Hz which is approximately twice the frequency of

the RHP-pole. The frequency of the RHP-pole was calculated to be 18 Hz. The control

system is stable at both operating points since it has always a positive phase margin.

The crossover frequency of the loop gain was intentionally lowered using the same

DC-link capacitance value. The crossover frequency was set to 8 Hz in the CC region

which is lower than the frequency of the RHP-pole (18 Hz). The measured and predicted

loop gains are as shown in Fig. 3.9. The phase margin is negative in the CC region and

the DC-link voltage control becomes unstable which is also the reason why the frequency

response could not be measured in the CC region. However, the instability is correctly

predicted by the small-signal model.

The operating point of the PV generator was slowly moved from the stable CV region

toward the unstable CC region by steadily decreasing the duty ratio of the DC-DC

converter. The voltage of the solar array simulator, DC-link voltage and the current of

phase A (iLa) are shown in Fig. 3.10. The DC-link voltage control becomes unstable when

the operating point is shifted below the MPP voltage at 20 volts, i.e., in the CC region.

The DC-link voltage experiences large oscillation which is reflected in the amplitude of

the phase currents due to the use of cascaded control scheme. The DC-link voltage and

the amplitude of the phase currents oscillate at 8 Hz which equals the predicted crossover

frequency of the unstable DC-link voltage control loop in Fig. 3.9.
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Fig. 3.9: Measured and predicted DC-link voltage control loop gains when the crossover frequency

of the voltage control is lowered.

Fig. 3.10: DC-link voltage control becomes unstable in the CC region due to insufficient DC-link

capacitance.
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Fig. 3.11: Input-voltage controlled DC-DC converter.

Fig. 3.12: Transfer function from the control variable to PV generator voltage.

3.4 Stabilizing effect of an input-voltage-controlled DC-DC converter

The power stage of the voltage-boosting DC-DC converter is shown in Fig. 3.11. The

voltage of the PV generator is controlled using a conventional feedback control employing

an integral controller. The reference of the PV voltage uref
pv is given by the MPPT-

algorithm.

The measured and predicted transfer function from the duty ratio d̂ to the input

voltage of the DC-DC converter ûpv are shown in Fig. 3.12 in CC and CV regions. The

phase curve starts from 180 degrees in both regions which means that the control signal

has to be inverted by multiplying the output of the controller by -1. The control-to-

input-voltage transfer function contains no RHP-zeros or poles which makes the control

design of the converter a trivial task.
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(a) Input dynamics. (b) Output dynamics.

Fig. 3.13: Control block diagrams of the DC-DC converter under input-voltage control.

3.4.1 Output impedance of the DC-DC converter under input-voltage

control

Control block diagrams which describe the input and output dynamics of the converter

can be constructed by using (2.19) and by including the controller Gc and the voltage

sensing gain Hv in the control block diagram. The control block diagrams are shown in

Fig. 3.13 when the input-voltage control loop is closed. The voltage sensing gain and the

modulator gain GPWM are manipulated in the final DSP implementation in such a way

that they can be considered to be unity. The superscript ‘S’ denotes that the transfer

functions are affected by the dynamic resistance of the PV generator.

The transfer functions under input-voltage control can be solved from the control

block diagrams yielding (3.17) – (3.20). The source-affected input-voltage control loop

gain LS
in can be solved using (3.21). The special parameters Gio−∞ and Yo−∞ are as

defined in (3.22) and (3.23), respectively.

ZS
in-c =

ûpv

îpv
=

ZS
in-o

1 + LS
in

(3.17)

T S
oi-c =

ûpv

ûdc
=

T S
oi-o

1 + LS
in

(3.18)

GS
io-c =

îdc

îpv
=

GS
io-o

1 + LS
in

+
LS
in

1 + LS
in

Gio−∞ (3.19)

Y S
o-c =

îdc
ûdc

=
Y S
o-o

1 + LS
in

+
LS
in

1 + LS
in

Yo−∞
(3.20)

LS
in = GS

ci-oGPWMGcHv (3.21)
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Gio−∞ = Gio-o −
Zin-oGco-o

Gci-o
(3.22)

Yo−∞ = Yo-o +
Toi-oGco-o

Gci-o
(3.23)

The first term of the closed-loop output admittance (3.20) originates from the open-

loop output admittance Y S
o-o and is divided by the input-voltage control loop gain. Thus,

the first term of the output admittance can be considered negligible at low frequen-

cies where the control loop gain has a large magnitude. Moreover, the first part of the

second term LS
in/
(
1 + LS

in

)
is unity below the crossover frequency of the input-voltage

control. Therefore, the closed-loop output admittance is dominated by the ideal out-

put admittance Yo−∞ below the crossover frequency of the input-voltage control loop.

The DC-admittance of the DC-DC converter can be solved symbolically by setting the

Laplace-variable s in Yo−∞ equal to zero yielding (3.24). The output impedance is ap-

proximately the ratio of the converter’s output voltage and current which is actually the

typical property of a constant-power-output converter.

ZS
o-c (s = 0) =

1

Y S
o-c (s = 0)

=
Udc + UD + (rD − rsw) Ipv

D′Ipv
≈ Udc

D′Ipv
=

Udc

Idc
(3.24)

The measured and predicted output impedances of the DC-DC converter at different

operating points are shown in Fig. 3.14. The low-frequency magnitude of the impedance

is not affected by the dynamic resistance of the PV generator. Therefore, the use of input-

voltage control effectively prevents the dynamics of the PV generator from affecting the

low-frequency output impedance of the DC-DC converter. The DC-link voltage Udc is

regulated at a constant value by the DC-link voltage controller of the inverter. Therefore,

the value of the low-frequency output impedance depends mainly on the output current

of the DC-DC converter, i.e., the output power of the PV generator.

3.4.2 Effect of the input-voltage-controlled DC-DC converter on DC-

link control dynamics

The effect of the input-voltage controlled DC-DC converter on the DC-link control dy-

namics of the inverter can be analyzed symbolically by using the inverse of the low-

frequency output impedance of the DC-DC converter (3.24) as the source admittance

YS in (2.100) – (2.109). The source-affected control-to-output-current transfer function

GS-OL
co-d is as given in (3.25) without the parasitic elements, where the superscript ´S-

CL’ is used to denote that the transfer function is affected by the output impedance of

the input-voltage-controlled DC-DC converter. The low-frequency zero of the transfer

function is located at the origin. The design constraint related to the RHP-pole has
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Fig. 3.14: Measured and predicted output impedances of the DC-DC converter under input-

voltage control.

disappeared. From the dynamical point-of-view, there is no minimum requirement for

the DC-link capacitance when the DC-DC converter operates under input-voltage con-

trol. However, the DC-link capacitance should be designed large enough to mitigate the

voltage ripple which appears when the grid voltages are unbalanced as discussed, e.g., in

(Karanayil et al., 2013) but this is out of the scope of this thesis.

GS-CL
co-d =

îod

d̂d
=

Udc

L
s2

1

∆S-CL
(3.25)

where

∆S-CL = s3 +
D′2Ipv
CdcUpv

s2 +

[

3
(
D2

d +D2
q

)

2CdcL
+ ω2

s

]

s+
D′2Ipv
CdcUpv

ω2
s . (3.26)

Fig. 3.15 shows the measured and predicted DC-link voltage control loop gains when

the DC-DC converter operates under input-voltage control. The shape of the loop gain

was essentially the same in all operating points and, therefore, only the measurement in

the CC region is shown. The phase margin of the loop gain is positive and the control

system is stable.

The stability of the two-stage inverter was verified by changing the reference voltage

of the DC-DC converter uref
pv from CV region to CC region and back. Time-domain

responses of the voltage of the solar array simulator, DC-link voltage and current of
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Fig. 3.15: Measured and predicted DC-link voltage control loop gains in the CC region when the

DC-DC converter operates under input-voltage control.

Fig. 3.16: DC-link voltage control remains stable when the input voltage of the DC-DC converter

is controlled.

59



Chapter 3. Effect of the voltage-boosting DC-DC converter on the DC-link control

phase A are shown in Fig. 3.16. The component sizing was exactly the same as in the

previous case when the DC-DC converter was operated in open-loop control mode. The

DC-link voltage remains stable at all operating points. The slight variations in the DC-

link voltage originate from the fact that the DC-link voltage control was tuned to be very

slow (ωc = 2π · 8 rad/s). Thus, it takes some time for the DC-link voltage controller to

reach steady-state when the output power of the solar array simulator changes. However,

the grid current does not contain any such low-frequency harmonics as in the previous

case when the DC-DC converter was operated in the open-loop control mode. The

amplitude of the phase currents changes according to the generated power as expected.

3.5 Conclusions

Two-stage inverters are widely utilized in PV applications due to the benefits that the

voltage-boosting characteristics provide. The DC-DC converter is usually operated at

open loop or under input-voltage control where the voltage of the PV generator is regu-

lated using a feedback loop. The dynamic resistance of the PV generator together with

the control mode of the DC-DC converter determine the shape of the converter’s output

impedance. The control dynamics of the inverter are affected by the output impedance

of the DC-DC converter.

The DC-link control dynamics include a RHP-pole when the DC-DC converter op-

erates at open loop and the PV generator operates in the CC region. Therefore, the

DC-link voltage control can become unstable at voltages below the MPP when insuf-

ficient DC-link capacitance is used. A design rule is proposed which guarantees the

stability of the DC-link voltage control. In addition, it is shown that the RHP-pole

is effectively removed when the DC-DC converter is operated under input-voltage con-

trol. The input-voltage control prevents the low-frequency dynamics of the PV generator

from affecting the output impedance of the DC-DC converter and the control dynamics

of the inverter. Thus, using the DC-DC converter under input-voltage control instead of

open-loop control improves the robustness of stability of the two-stage inverter.
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4 EFFECT OF A PHASE-LOCKED-LOOP ON THE

INVERTER DYNAMICS

The effect of a commonly used grid synchronization method, i.e., the phase-locked-loop

(PLL), on the dynamics of the PV inverter is studied in this chapter as discussed in

(Messo, Jokipii, Mäkinen and Suntio, 2013). A short literature review is presented in the

beginning to familiarize the reader to prior research and the problematics related to the

topic. The PLL is included in the small-signal model by linearizing the average model

of the PLL. The effect of the PLL on the output impedance of the inverter is discussed

and verified by simulations and experimental measurements.

4.1 Introduction

The output currents of a three-phase inverter have to be synchronized with the output

voltages to inject current into the utility grid. This is achieved commonly by using the

PLL (Chung, 2000). The PLL has been claimed to affect the shape of the inverter’s

output impedance in a way that can cause stability problems. Some researchers have

reported the PLL to cause a negative real part in the output impedance of a three-

phase inverter (Alawasa et al., 2014; Céspedes and Sun, 2011) and in the impedance of

a three-phase active rectifier (Harnefors et al., 2007; Wen et al., 2012).

A negative real part of the impedance is often associated with stability problems.

Three-phase PV inverters have been reported to become unstable when the utility grid

has large inductance (Liserre et al., 2006) or, at least, to increase harmonic currents

(Céspedes and Sun, 2011; Enslin and Heskes, 2004). The reported issues with harmonic

instabilities are most likely caused by the interactions between the output impedance of

the inverter and the input impedance of the grid (Chen and Sun, 2011; Liserre et al.,

2006; Wang et al., 2011).

The impedances of the inverter and the grid have to be measured or predicted using an

accurate small-signal model to analyse the possibility for instability. There exists several

methods to measure three-phase impedances. In any case, a small-signal excitation in

the voltages or currents is required to measure the impedance. The exication signal can

be in the form of a wide-bandwidth binary signal (Martin et al., 2013) or the frequency

components can be identified one frequency at a time. A separate VSI can be used to
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Chapter 4. Effect of a phase-locked-loop on the inverter dynamics

Fig. 4.1: Control diagram of a conventional phase-locked-loop.

generate a small-signal injection in a shunt or series configuration (Shen et al., 2013).

Alternatively, a line-current injection can be done using an injection circuit (Huang et al.,

2009). The impedances can be measured in the synchronous reference frame as their

positive and negative-sequence components (Céspedes and Sun, 2011). Due to the nature

of the small-signal model used in this thesis, it is convenient to measure the impedances

in the synchronous reference frame.

4.2 Small-signal model of the PV inverter with phase-locked-loop

The control diagram of a conventional PLL is depicted in Fig. 4.1. The PI-type controller

acts on the error signal e which is calculated from the sensed q-component of the grid

voltage uc
oq and the reference voltage uc

oq-ref. The reference voltage is set equal to zero and

is, therefore, usually not shown in the control diagram. The output of the controller is

the estimated frequency of the grid ωc which is converted into the estimated phase angle

θc using an integrator. The sensed phase angle is fed back to the dq-transformation block

which is part of the PLL. The error signal is zero at steady state, i.e., the estimated q-

component of the grid voltage is zero. Therefore, the estimated phase angle is the same

as the phase angle of the grid voltages and the control system reference frame is aligned

with the grid reference frame.

Fig. 4.2 shows two phase-shifted coordinate systems in the synchronous reference

frame. The one denoted with superscript ‘g’ is tied to the space-vector of the grid

and the one denoted with superscript ‘c’ is tied to the space-vector inside the control

system which is estimated using the PLL. In Fig. 4.2, θc is the angle of the control

system reference frame, θg is the angle of the grid reference frame and θ∆ is the angle

difference between the systems. The grid voltages are usually selected as the reference

and, therefore, the angle θg is zero. A linear mapping between the two reference frames

is needed in order to include the PLL in the small-signal model of the inverter.

A space-vector x can be presented in any of the reference frames using the d and q

components because all the frames rotate at the same angular frequency at steady-state.

Moreover, the space-vector can be given in the control system reference frame as in (4.1)
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4.2. Small-signal model of the PV inverter with phase-locked-loop

Fig. 4.2: Synchronous reference frames tied to the control system of the inverter ‘c’ and to the

ideal grid voltages ‘g’.

by noting that the angle of the grid reference frame θg is zero.

x
c = xc

d + jxc
q = x

g e−jθ∆ =
(
xg
d + jxg

q

)
e−jθ∆ (4.1)

The exponential term can be given as a sum of cosine and sinus of the angle difference

by using Euler’s formula. Therefore, the d and q-components in the control system

reference frame can be given as a function of the d and q-components in the grid reference

frame according to (4.2) and (4.3), respectively.

xc
d = xg

dcosθ∆ + xg
qsinθ∆ (4.2)

xc
q = xg

qcosθ∆ − xg
dsinθ∆ (4.3)

The angle difference θ∆ between the two coordinate systems is zero at steady-state.

Therefore, the cosine of the angle is approximately unity and the sinus equals the value

of the angle difference in radians. The angle of the control system reference frame θc is

the same as the angle difference between the coordinate systems θ∆ which yields (4.4)

and (4.5).

xc
d ≈ xg

d + xg
qθc (4.4)

xc
q ≈ xg

q − xg
dθc (4.5)

The relation in (4.4) and (4.5) can be linearized by developing the first-order partial

derivatives in respect to each variable and can be written as in (4.6) and (4.7) where Θc
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is the angle difference at steady-state and Xd and Xq are the steady-state values of the

d and q-components.

x̂c
d = x̂g

d +Θcx̂
g
q +Xqθ̂c (4.6)

x̂c
q = x̂g

q −Θcx̂
g
d −Xdθ̂c (4.7)

Output currents, voltages and duty ratios in the control system reference frame can

be given as a function of the variables in the grid reference frame as in (4.8)–(4.13).

ûc
od = ûg

od +Θcû
g
oq + Uoqθ̂c (4.8)

îcod = îgod +Θcî
g
oq + Ioqθ̂c (4.9)

d̂cd = d̂gd +Θcd̂
g
q +Dqθ̂c (4.10)

ûc
oq = ûg

oq −Θcû
g
od − Uodθ̂c (4.11)

îcoq = îgoq −Θcî
g
od − Iodθ̂c (4.12)

d̂cq = d̂gq −Θcd̂
g
d −Ddθ̂c (4.13)

The relation can be written as in (4.14)–(4.19) since the steady-state angle between

the coordinate systems Θc, q-component of the grid voltage Uoq and the q-component of

the output current Ioq are equal to zero. In addition, the q-component of the duty ratio

Dq is usually very small and is neglected in the analysis. The steady-state values of Uod,

Iod and Dd can be solved by using (2.47) – (2.51). The small-signal angle θ̂c remains as

the only unknown variable.

ûc
d = ûg

d (4.14)

îcod = îgod (4.15)
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4.2. Small-signal model of the PV inverter with phase-locked-loop

Fig. 4.3: Linearized control block diagram of the PLL.

d̂cd = d̂gd (4.16)

ûc
oq = ûg

oq − Uodθ̂c (4.17)

îcoq = îgoq − Iodθ̂c (4.18)

d̂cq = d̂gq −Ddθ̂c (4.19)

The linearized control block diagram of the PLL is depicted in Fig. 4.3 which is

derived by utilizing (4.14)–(4.19) and by transforming the controller and the integrator

of Fig. 4.1 into the frequency-domain. The small-signal angle θ̂c can be solved from the

control block diagram by taking into account that the reference is zero and is as given in

(4.20). The control loop gain of the PLL LPLL is as given in (4.21).

θ̂c =
1

Uod

LPLL

1 + LPLL
ûg
oq (4.20)

LPLL = −Gc-pllUod

s
(4.21)

Finally, the relation between the small-signal variables in the two coordinate systems

can be presented as given in (4.22)–(4.27). The relations are required to finalize the

linearized small-signal model.

ûc
d = ûg

d (4.22)
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îcod = îgod (4.23)

d̂cd = d̂gd (4.24)

ûc
oq =

(

1− LPLL

1 + LPLL

)

ûg
oq (4.25)

îcoq = îgoq −
Iod
Uod

LPLL

1 + LPLL
ûg
oq (4.26)

d̂cq = d̂gq −
Dd

Uod

LPLL

1 + LPLL
ûg
oq (4.27)

4.3 Output impedance of the PV inverter with phase-locked-loop

The PLL does not affect the dynamics related to the d-components as long as the steady-

state value of Dq remains small and, thus, the d-component of the output impedance can

be given as in (4.28) and as derived in Section 2.3.3.

Zo-d-c =
1

Yo-d-c
=

ûod

îod
=

(
Yo-d

(1 + Ldc) (1 + Lout-d)
+

Ldc

(1 + Ldc)
Yo−d−∞

)-1

(4.28)

The q-components in (4.24)–(4.27) are affected by the PLL. The PLL can be included

in the control block diagram which describes the output dynamics of q-components (Fig.

2.10b) by taking into account the relation given by (4.24)–(4.27). The control block

diagram which includes the PLL is shown in Fig. 4.4. The sensing gain Hq and the

modulator gain GPWM are assumed to be unity because they can be manipulated inside

the DSP. The q-component of the output admittance can be solved by setting the small-

signal input current îpv equal to zero and solving the transfer function from the q-

component of the output voltage ûg
oq to the q-component of the output current îgoq in

the grid reference frame. The q-component of the output impedance is as given in (4.29)

where the current control loop gain Lout-q is as defined in (4.30).

Zo-q-c =
1

Yo-q-c
=

(
Yo-q

1 + Lout-q
− LPLL

(1 + LPLL)

Lout-q

(1 + Lout-q)

Iod
Uod

− LPLL

(1 + LPLL)

Gco-q

(1 + Lout-q)

Dd

Uod

)
−1

(4.29)
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4.3. Output impedance of the PV inverter with phase-locked-loop

Fig. 4.4: Q-channel control block diagram with the phase-locked-loop.

Lout-q = Gco-qGPWMGcqHq (4.30)

The q-component of the output admittance has two terms that have a negative sign

which are affected by the loop gain of the phase-locked-loop LPLL and the loop gain

of the output current control Lout-q. After careful analysis, it can be deduced that

the low-frequency value of the output impedance is approximately the ratio −Uod/Iod

because both control loops have high gain and, therefore, the terms LPLL/(1+LPLL) and

Lout-q/(1+Lout-q) are close to unity. The third term in (4.29) is considerably smaller than

the second term since the d-component of the duty ratio is small compared to the output

current. Moreover, the third term is divided with the current control loop gain which

is designed to have high gain at low frequencies. Thus, the q-component of the output

impedance resembles a negative resistor at frequencies below the crossover frequency of

the PLL as given in (4.31).

Z low-freq
o-q-c = −Uod

Iod
(4.31)

A switching model of a single-stage three-phase PV inverter was simulated in MAT-

LAB Simulink using the SimPowerSystems Toolbox. The simulation model was used as
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Chapter 4. Effect of a phase-locked-loop on the inverter dynamics

Table 4.1: Parameters of the simulation model.

UMPP 699.3 V Ugrid-rms 230 V L(a,b,c) 2.46 mH

IMPP 14.66 A ωgrid 2π·50 Hz rL(a,b,c) 25.8 mΩ

rpv UMPP/IMPP Cdc 2.6 mF rsw 20 mΩ

PMPP 10.25 kW rC-dc 10 mΩ fs 10 kHz

Fig. 4.5: Principle of extracting the d and q-components of the output impedance from the

switching model.

the first step in verification of the model. The source was modeled by a voltage-controlled

current source which was tuned to replicate the IU-curve and the dynamic resistance of a

real PV generator. The parameters of the switching model are summarized in Table 4.1.

The inverter was operated at the MPP by setting the reference of the DC-link voltage

control udc-ref in Fig. 2.8 equal to the MPP voltage UMPP.

The d and q-components of the output impedance were extracted from the switching

model by using frequency response analysis. The principle of extracting the frequency

responses is illustrated in Fig. 4.5. A wide-bandwidth excitation signal ûinj was added

in the d or q-component of the grid voltage and the output voltages and output currents

of the inverter were measured in the grid reference frame. The d and q-components of

the output impedance can be extracted from the ratios ug
od/i

g
od and ug

oq/i
g
oq by using the

methods presented, e.g., in (Roinila et al., 2010).

The predicted and simulated d-components of the output impedance are shown in

Fig. 4.6. The phase of the impedance stays between -90 and 90 degrees meaning that

the output impedance resembles a passive circuit and, therefore, is unlikely to cause

instability.

Fig. 4.7 shows the predicted and simulated q-components of the output impedance.
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4.3. Output impedance of the PV inverter with phase-locked-loop

Fig. 4.6: Simulated and predicted d-component of the output impedance with PLL.

Table 4.2: Parameters of the SAS

UMPP 30 V UOC 38.3 V

IMPP 1 A ISC 1.1 A

The phase of the impedance is less than -90 degrees below the crossover frequency of the

PLL which was set to 100 Hz. The magnitude of impedance is the ratio of the output

current and output voltage d-components Uod/Iod at low frequencies and the phase curve

starts from -180 degrees. Therefore, it is evident that the q-component of the output

impedance behaves as a negative resistor at low frequencies.

Output impedances were extracted from the experimental three-phase inverter to

further validate the small-signal model. The inverter was fed from the SAS and the

three-phase voltage source with parallel-connected load resistors were used as a load.

The parameters of the SAS are summarized in Table 4.2. The inverter was set to operate

at the MPP.

The principle of the impedance measurement setup is illustrated in Fig. 4.8. A DSP

was used to generate the phase angle and the three-phase grid voltage references which

were fed to the voltage source using three PWM outputs. The small-signal perturbation

ûinj was done either in the d or q-component of the grid voltage by feeding it through

an analog-to-digital converter and by adding it to the reference voltages of the voltage

source. The output currents and voltages of the inverter were measured using a separate

measurement circuit and transformed into the synchronous reference frame using the
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Chapter 4. Effect of a phase-locked-loop on the inverter dynamics

Fig. 4.7: Simulated and predicted q-component of the output impedance with PLL.

same phase angle θg which was used to generate the phase voltages. Therefore, there

are no accuracy errors in the measurement caused by an additional PLL as reported in

(Shen, Z. et al., 2013). The measured d or q-components of output voltages and currents

of the inverter were fed to the frequency response analyzer using two PWM outputs of

the DSP.

The d-component of the output impedance was measured by feeding the d-component

of the output current igod and voltage ug
od to the FRA. Fig. 4.9 shows the measured and

predicted impedances at the MPP. The shape of the impedance resembles the impedance

extracted from the switching model in Fig. 4.6. The phase curve stays between -90 and

90 degrees and the impedance behaves as a passive circuit.

The q-component of the output impedance of the prototype inverter is shown in Fig.

4.10 which was obtained by feeding the q-components of the output current igoq and

voltage ug
oq to the FRA. The crossover frequency of the PLL was set to 100 Hz. The

phase of the impedance is less than -90 degrees below the crossover frequency of the

PLL starting from -180 degrees and, thus, the real part of the impedance q-component

is negative at low frequencies.

4.4 Impedance-based interactions

A three-phase PV inverter which is connected to the utility grid using a three-phase

CL-filter is depicted in Fig. 4.11. The parameters of the inverter were the same as given

in Table 4.1 except for the CL-filter (Table 4.3). The CL-filter is added to suppress the
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4.4. Impedance-based interactions

Fig. 4.8: Principle of the output impedance measurement setup.

Fig. 4.9: D-component of the output impedance measured from the experimental prototype.
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Chapter 4. Effect of a phase-locked-loop on the inverter dynamics

Fig. 4.10: Q-component of the output impedance measured from the experimental prototype.

Fig. 4.11: Three-phase PV inverter connected to the grid using CL-type output filter.

switching ripple in the output currents of the inverter to a suitable level. The grid is

assumed to be mainly inductive with an inductance Lg. The capacitance of the filter

Cf was selected equal to 0.04 p.u. of the capacitance base value. The capacitance value

is generally chosen below 0.05 p.u. because the power factor of the converter decreases

with increasing capacitance. This is due to the fact that the converter synchronizes its

phase currents with the capacitor voltages and, thus, there is a phase difference between

the currents and grid voltages. The resonant frequency of the filter was set at 1470 Hz.

Passive damping was used to avoid resonant-peaking of the CL-filter. The value of the

damping resistance was selected as one third of the capacitor impedance at the resonant

frequency as discussed in (Liserre et al., 2005).

The stability at the interface between the PV inverter and the output filter was

evaluated in two cases. The interface is illustrated in Fig. 4.11 with a dashed line.

In the first case, the grid was assumed ideal with no inductance, i.e., Lg = 0. In the
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4.4. Impedance-based interactions

Table 4.3: Parameters of the CL-filter

Cf 25 µF rLf 26 mΩ

Lf 475 µH Rd 1.46 Ω

Fig. 4.12: D-components of the impedances extracted from the switching model.

second case, the grid impedance was assumed to be an inductance of 10 mH. The d and

q-components of the filter input impedance were extracted from the switching model by

feeding the filter from a balanced three-phase current source and making a small-signal

excitation to the d or q-component of the input current.

The extracted and predicted d-components of the output impedance ZoS-d of the

inverter and the input impedance ZinL-d of the filter are shown in Fig. 4.12. The super-

script ‘ideal’ denotes that the grid inductance is zero and ‘10 mH’ denotes that the grid

inductance is increased to 10 mH. The grid inductance was included in the small-signal

model by increasing the inductance value of the filter Lf. The grid inductance shifts

the resonant frequency of the CL-filter to a lower frequency causing the impedances to

overlap as can be seen in Fig. 4.12.

The overlapping of the impedance d-components suggests that the system might be

unstable. However, the stability should be validated by applying the Nyquist stability

criterion to the ratios of the impedance d and q-components separately as explained in

Chapter 2. The ratio of the impedance d-components on the complex plane ZinL-d/ZoS-d

is shown in Fig. 4.13 in both cases. The large-grid-inductance case is presented by a

dotted line and the ideal case by a solid line. The contour never encircles the critical point
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Fig. 4.13: Ratio of the impedance d-components in the complex plane.

(-1,0) and, thus, the system is stable in terms of the d-components of the impedances.

The extracted and predicted q-components of the output impedance of the inverter

ZoS-q and the input impedance of the filter ZinL-q are shown in Fig. 4.14. Similarly as

before, the resonance of the filter shifts to a lower frequency due to large grid inductance

which causes the impedances to overlap. The difference in the phase of the impedances

ZoS-q and Z10mH
inL-q at 130 Hz is more than 180 degrees which implies that the system

is unstable in terms of the impedance q-components. However, the stability should be

verified by plotting the ratio of the impedance q-components ZinL-q/ZoS-q on the complex

plane and by applying the Nyquist stability criterion.

The ratio of the impedance q-components is depicted on the complex plane in Fig.

4.15. According to the Nyquist stability criterion, the system remains stable in terms of

the impedance q-components when the grid is ideal. However, the contour encircles the

critical point (-1,0) in clockwise direction in the large-inductance case indicating that the

system has a pole on the right-half of the complex plane and is unstable.

Instability caused by interaction between the impedance q-components was verified

by using the switching model implemented with SimPowerSystems. The PV inverter

was connected to a three-phase grid using the CL-filter as depicted in Fig. 4.11. The

inductance of the grid was zero at first but was increased to 10 mH at 0.1 s causing

the interface between the filter and the inverter to become unstable due to interaction

between the impedance q-components. Simulated phase voltage and phase current are

shown in Fig. 4.16 where the instability of the grid current is clearly visible after 0.1 s.
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Fig. 4.14: Q-components of the impedances extracted from the switching model.

Fig. 4.15: Ratio of the impedance q-components in the complex plane.
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Fig. 4.16: Interface between the inverter and the output filter becomes unstable when the grid

inductance is increased.

Table 4.4: Parameters of the experimental CL-filter

Cf 160 µF rLf 110 mΩ

Lf 552 µH Rd 210 mΩ

The experimental prototype converter operating at reduced voltages was used to fur-

ther validate the results. A three-phase CL-filter with the parameters given in Table 4.4

was connected between the prototype and the parallel connection of the load resistors

and three-phase voltage source. The parameters of the filter were selected in such a

manner that the inverter would become unstable when the crossover frequency of the

PLL is increased to 300 Hz. The d and q-components of the filter input impedance were

measured by using the measurement setup depicted in Fig. 4.17. The small-signal per-

turbation was made by the FRA in the duty ratios Dd or Dq of the inverter which was

operating at open loop. The input voltages and currents of the CL-filter were measured

using a separate measurement card to extract the impedances.

The output impedance of the inverter was measured in two cases. At first, the

crossover frequency of the PLL was set to 100 Hz, and in the second case, the crossover

frequency was increased to approximately 300 Hz. The d-component of the inverter out-

put impedance was essentially the same in both cases since the PLL does not affect the

d-components. Therefore, only the measurement with the PLL crossover frequency of

300 Hz is shown. The measured d-components of the inverter output impedance and the
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Fig. 4.17: Setup for measuring the input impedance of the three-phase CL-filter.

filter input impedance are shown in Fig. 4.18. The filter is a passive circuit, i.e., its phase

curve lies between -90 and 90 degrees. Moreover, the phase curve of the inverter output

impedance exceeds -90 degrees only slightly due to noise in the measurements. Therefore,

the d-component of the inverter output impedance resembles a passive component.

The measured ratio of the impedance d-components ZinL-d/ZoS-d is shown in the

complex plane in Fig. 4.19. The contour does not encircle the critical point (-1,0)

which means that the system is stable in terms of the d-components. However, the q-

components should also be examined to complete the stability analysis. The measured

and predicted q-components of the impedances are shown in Fig. 4.20. The superscripts

in the lower part of the figure are used to denote the crossover frequency of the PLL,

whether 100 or 300 Hz. The magnitudes of the inverter output impedances stay approx-

imately the same in both cases. However, the phase of the impedance in the second

case (Z300Hz
oS-q ) is closer to 180 degrees at higher frequencies due to the increased crossover

frequency of the PLL. Moreover, in the second case the impedances overlap at 342 Hz

with a phase difference more than 180 degrees which indicates a potential instability.

The ratio ZinL-q/ZoS-q of the measured impedance q-components in the complex plane

is depicted in Fig. 4.21 when the PLL crossover frequency is set to 300 Hz. The contour

encircles the critical point (-1,0) in clockwise direction indicating that the interface is

unstable.

The instability caused by the impedance-based interaction of the impedance q-components
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Fig. 4.18: Measured d-components of the output impedance of the inverter and the input

impedance of the filter.

Fig. 4.19: Ratio of the impedance d-components in the complex plane.
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Fig. 4.20: Measured and predicted impedance q-components.

Fig. 4.21: Ratio of the impedance q-components in the complex plane.
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Fig. 4.22: Inverter output current becomes unstable due to impedance-based interaction.

was verified by using the prototype converter. The crossover frequency of the PLL was

increased from 100 Hz to 300 Hz which, according to the previous analysis, would cause

the interface between the inverter and the CL-filter to become unstable.

Fig. 4.22 shows the time-domain response of the DC-link voltage, phase voltage

and output current of one phase of the inverter when the PLL crossover frequency is

increased to 300 Hz. The instability caused by the impedance-based interactions of the

q-components does not make the DC-link voltage unstable and the fundamental current

component stays the same. However, the quality of the output current is decreased

significantly since the output current contains large harmonic components.

The spectrum of the output current was recorded using a Waverunner 104MXi oscil-

loscope manufactured by LeCroy and is as shown in Fig. 4.23 for the unstable case. In

addition to the small ripple components caused by measurement circuits, the spectrum

has two large spikes at 288 and 388 Hz. The magnitudes of these components are ap-

proximately 16 and 26 percent of the fundamental component. The spikes are separated

exactly by 100 Hz and their center frequency is at 338 Hz which is approximately the

same as the frequency at which the impedance q-components overlap in Fig. 4.20 (342

Hz) when the PLL crossover frequency was set to 300 Hz.

4.5 Conclusions

Three-phase PV inverters have been reported to suffer from instability when connected

to a polluted or weak grid which has high inductance. The cause of the instability has

been traced back to interactions between the output impedance of the inverter and the

grid impedance. The bandwidth of the PLL’s control loop gain has been identified as
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Fig. 4.23: Spectrum of the output current in the unstable case.

one of the most prominent factors related to the stability issues.

This chapter presented a consistent method to include the PLL in the small-signal

model of a three-phase VSI-based PV inverter. The investigations show that the d-

component of the inverter’s output impedance is not affected by the PLL. However, the

q-component of the impedance resembles a negative resistor at frequencies below the

crossover frequency of the PLL’s control loop gain. The model is verified by measuring

the d and q-components of the output impedance from a switching model and from a

prototype inverter operating at reduced voltages.

The inverter is vulnerable to impedance-based interactions and instability due to the

negative-resistance nature of the q-component of the output impedance. The situation

is most severe when a wide-bandwidth PLL is used in a grid that has large inductance.

The instability can be avoided by, e.g., limiting the bandwidth of the PLL. However, the

output impedance of the inverter and the input impedance of the grid has to be known

in order to make trustworthy stability analysis. The small-signal model developed in this

thesis can be used to study the effect of the PLL on the shape of the output impedance

of the inverter and to make reliable stability analysis.
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5 EFFECT OF GRID-VOLTAGE FEEDFORWARD ON

INVERTER DYNAMICS

The control system of a three-phase PV inverter often includes a feedforward measure-

ment from the grid voltages. An inverter employing a feedforward has been shown to

exhibit better transient performance and to inject less harmonic currents in the grid.

In this chapter, the feedforward is included in the small-signal model of a three-phase

inverter and its effect on the shape of the output impedance is examined. The feed-

forward is shown to increase the magnitude of the output impedance if the gain in the

feedforward path is chosen correctly which explains the decreased harmonic currents.

The small-signal model is verified by extracting the output impedance of the PV inverter

from a switching model. The simulation results have been previously reported in (Messo,

Jokipii and Suntio, 2014).

5.1 Introduction

Grid-voltage feedforward is often utilized in grid-connected three and single-phase invert-

ers (Timbus et al., 2009; Xue et al., 2012). The feedforward can be implemented in the

stationary reference frame (Li et al., 2011) or in the synchronous reference frame (Park

et al., 2008). The purpose of the feedforward is to mitigate the harmonic currents gen-

erated by nonideal grid voltages and to improve the performance of the inverter during

transients as discussed in (Huang et al., 2008). In addition, the grid-voltage feedforward

has been shown to mitigate the effect of unbalanced grid voltages (Li et al., 2011). The

feedforward was successfully implemented to a single-phase fuel-cell inverter in (Park

et al., 2008) where it allowed the inverter to be started with zero power command with-

out reverse power flow phenomenon which could lead to failure of the fuel-cell. The aim

of the feedforward was to increase the output impedance of the inverter to make it insen-

sitive to variations in grid voltage. Park et al. (2008) reported lower harmonic currents

of a VSI with an LCL-filter when the feedforward in the synchronous reference frame was

used. The improved transient performance and lower harmonic currents suggest that the

grid-voltage feedforward increases the magnitude of the inverter’s output impedance at

the harmonic frequencies.
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Chapter 5. Effect of grid-voltage feedforward on inverter dynamics

Fig. 5.1: Cascaded control scheme with grid-voltage feedforward.

5.2 Small-signal model of the PV inverter with grid-voltage feedfor-

ward

The control system of the PV inverter with the grid-voltage feedforward implemented in

the synchronous reference frame is depicted in Fig. 5.1. The d and q-components of the

grid voltages uc
od and uc

oq are sensed and added to the outputs of the current controllers,

i.e., to the control voltages vcd and vcq in the control system reference frame. The d and

q-components of the output voltages are multiplied by the feedforward gains Gff-d and

Gff-q, respectively. The feedforward gains usually include a sensing gain and a low-pass

filter.

The small-signal voltages which are fed to the SPWM can be given as in (5.1) and in

(5.2) where the feedforward gains Gff-d and Gff-q are assumed to be linear.

v̂cD = v̂cd +Gff-dû
c
od (5.1)

v̂cQ = v̂cq +Gff-qû
c
oq (5.2)

The effect of the grid-voltage feedforward on the dynamics of the inverter can be

solved by utilizing the same methods as in Chapter 2. The control block diagrams

which describe the inverter’s input dynamics and the output dynamics related to the d-

component are depicted in Fig. 5.2 when the output current control and the feedforward

loops are closed. The input dynamics are assumed to be dominated by the dynamics

related of the d-components. Therefore, the crosscoupling transfer functions between the

d and q-components can be neglected, i.e., the transfer functions Gci-q, Toi-q, Yo-qd and
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5.2. Small-signal model of the PV inverter with grid-voltage feedforward

(a) Output dynamics related to d-components. (b) Input dynamics.

Fig. 5.2: Control block diagrams of the inverter with grid-voltage feedforward and output current

control.

Gco-qd can be neglected. Moreover, it is assumed that the PLL does not affect the sensed

d-components of the output currents and voltages and that the q-component of the duty

ratio Dq is small, i.e., d̂gd = d̂cd.

The transfer functions of the inverter can be solved from the control block diagrams

in Fig. 5.2 and are as given in (5.3) – (5.8). The superscript ‘cc-ff’ is used to denote that

the transfer functions include the effect of the output current control and the grid-voltage

feedforward. The current control loop gain Lout-d and the special parameters Zin−d−∞

and Toi−d−∞ are as defined in (5.9) – (5.11). The special parameters and the current

control loop gain are not affected by the feedforward.

Gcc-ff
io-d =

îgod
îdc

=
Gio-d

1 + Lout-d

(5.3)

Y cc-ff
o-d = − îgod

ûg
od

=
Yo-d −Gco-dGPWMGff-d

1 + Lout-d

(5.4)

Gcc-ff
co-d =

îgod
ûref
i-d

=
1

Hd

Lout-d

(1 + Lout-d)
(5.5)

Zcc-ff
in =

ûdc

idc
=

Zin

1 + Lout-d
+

Lout-d

1 + Lout-d
Zin−d−∞ (5.6)

T cc-ff
oi-d =

ûdc

ug
od

=
Toi-d +Gci-dGPWMGff-d

1 + Lout-d
+

Lout-d

1 + Lout-d
Toi−d−∞ (5.7)
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(a) Input dynamics. (b) Output dynamics related to d-components.

Fig. 5.3: Control block diagrams when the DC-link voltage control loop is closed.

Gcc-ff
ci-d =

ûdc

uref
i-d

=
1

Hd

Gci-d

Gco-d

Lout-d

(1 + Lout-d)
(5.8)

Lout-d = Gco-dGPWMGcdHd (5.9)

Zin−d−∞ = Zin −
Gci-dGio-d

Gco-d
(5.10)

Toi−d−∞ = Toi-d +
Gci-dYo-d

Gco-d
(5.11)

The DC-link voltage control can be included in the transfer functions, as in Chapter 2,

by considering the output-current-controlled inverter as an open-loop system with ûref
i-d as

the control input. The control block diagrams describing inverter’s input dynamics and

the output dynamics related to the d-component are depicted in Fig. 5.3. The transfer

functions of the inverter with DC-link voltage control and the grid-voltage feedforward

are as given in (5.12) – (5.17) where the superscript ‘ff’ is used to denote that the effect of

the feedforward is included in the dynamics. The feedforward affects the output-to-input

transfer function Tff
oi-d-c and the d-component of the output admittance Y ff

o-d-c.

Zff
in-c =

ûpv

îpv
=

Zin

(1 + Ldc) (1 + Lout-d)
+

1

(1 + Ldc)

Lout-d

(1 + Lout-d)
Zin−∞ (5.12)

Tff
oi-d-c =

ûpv

ûg
od

=
Toi-d +Gci-dGPWMGff-d

(1 + Ldc) (1 + Lout-d)
+

1

(1 + Ldc)

Lout-d

(1 + Lout-d)
Toi−d−∞ (5.13)
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5.2. Small-signal model of the PV inverter with grid-voltage feedforward

Gff
ri =

ûpv

ûref
pv

=
1

Hv

Ldc

(1 + Ldc)
(5.14)

Gff
io-d-c =

îgod
îpv

=
Gio-d

(1 + Ldc) (1 + Lout-d)
+

Ldc

(1 + Ldc)
Gio−d−∞ (5.15)

Y ff
o-d-c = − îgod

ôgod
=

Yo-d −Gco-dGPWMGff-d

(1 + Ldc) (1 + Lout-d)
+

Ldc

(1 + Ldc)
Yo−d−∞

(5.16)

Gff
ro-d =

îgod
ûref
pv

=
1

Hv

Gco-d

Gci-d

Ldc

(1 + Ldc)
(5.17)

The DC-link voltage control loop gain Ldc and the special parameters Gio−d−∞ and

Yo−d−∞ are not affected by the feedforward and can be given as in (5.18) – (5.20).

Ldc = −Gcc-ff
ci-dGcvHv = −Hv

Hd

Gci-d

Gco-d

Lout-d

(1 + Lout-d)
Gcv (5.18)

Gio−d−∞ = Gio-d − Gco-d

Gci-d
Zin (5.19)

Yo−d−∞ = Yo-d +
Gco-d

Gci-d
Toi-d (5.20)

The effect of the feedforward on the output dynamics related to the q-component can

be solved from the control block diagram depicted in Fig. 5.4 where the crosscoupling

transfer functions between the d and q-components Gco-dq and Yo-dq are neglected. The

control block diagram can be constructed by modifying the one presented earlier in Fig.

4.4 where the output current control of the q-component and the PLL were considered.

The small-signal voltages that are fed to the pulse-width modulator (5.2) are added in

the control block diagram to take the grid-voltage feedforward into account. The control

voltage v̂cQ can be given as a function of the q-component of the output voltage in the grid

reference frame by using the relation derived in (4.24)–(4.27) and is as given in (5.21).

v̂cQ = v̂cq +Gff-q

(

1− LPLL

1 + LPLL

)

ûg
oq (5.21)

The output admittance of the inverter can be solved from the control block diagram

of Fig. 5.4 by the setting the small-signal input current îpv and the reference ûref
i-q equal

to zero and by solving the transfer function between the q-components of the output

voltage ûg
oq and the output current îgoq. The closed-loop output admittance of the PV

inverter with PLL and grid-voltage feedforward is as given in (5.22). The current control
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Chapter 5. Effect of grid-voltage feedforward on inverter dynamics

Fig. 5.4: Output dynamics related to q-components with the grid-voltage feedforward and PLL.
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5.2. Small-signal model of the PV inverter with grid-voltage feedforward

loop gain of the q-component Lout-q and and the PLL loop gain are not affected by the

feedforward and can be given as in (5.23) and in (5.24).

Y ff
o-q-c = −

îgoq
ûg
oq

=
1

1 + Lout-q

[

Yo-q −Gco-qGPWMGff-q

(

1− LPLL

1 + LPLL

)]

− Lout-q

1 + Lout-q

LPLL

1 + LPLL

Iod
Uod

− Gco-q

1 + Lout-q

LPLL

1 + LPLL

Dd

Uod

(5.22)

Lout-q = Gco-qGPWMGcqHq (5.23)

LPLL = −Gc-pllUod

s
(5.24)

The transfer function from the input current to the q-component of the output current

can be solved by setting the small-signal terms ûg
oq and ûref

i-q equal to zero and by solving

the transfer function from îpv to îgoq. The input-to-output-current transfer function of

the inverter with grid-voltage feedforward is as given in (5.25). Moreover, the transfer

function from the reference of the q-component ûref
i-q to the output current îgoq can be

solved in a similar manner yielding (5.26).

Gff
io-q-c =

îgoq

îpv
=

Gio-q

1 + Lout-q

(5.25)

Gff
ro-q =

îgoq
ûref
i-q

=
1

Hq

Lout-q

(1 + Lout-q)
(5.26)

It can be noticed based on the small-signal model that the grid-voltage feedforward

affects only on the output-to-input transfer function Toi-d-c and the d and q-components

of the output admittance Yo-d-c and Yo-q-c. The effect of the feedforward on the output

admittances will be analysed more in detail in the next subsection. The output-to-input

transfer function Toi-d-c describes how disturbances in the d-component of the output

voltage affect the DC-link voltage. The effect of the feedforward on Toi-d-c is not treated

in this thesis but is suggested as a future research topic.
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Chapter 5. Effect of grid-voltage feedforward on inverter dynamics

5.3 Output impedance of the PV inverter with grid-voltage feedfor-

ward

The d-component of the output impedance (5.16) is a sum of two terms. The second term

originates from the use of DC-link voltage control and is not affected by the feedforward.

However, the first term can be made equal to zero if the feedforward gain Gff-d is selected

as in (5.27). In other words, a perfectly tuned feedforward cancels out the first admittance

term in (5.16).

Gideal
ff-d =

Yo-d

Gco-dGPWM
(5.27)

The q-component of the output impedance was given in (5.22). The two negative

terms on the second row originate from the use of PLL and are not affected by the

feedforward. The admittance term on the first row of (5.22) can be made equal to zero

when the feedforward gain Gff-q is selected as in (5.28). However, the feedforward does

not affect the admittance at frequencies below the crossover frequency of the PLL, i.e.,

at frequencies where the term (1− LPLL/ (1 + LPLL)) is close to zero.

Gideal
ff-q =

Yo-q

Gco-qGPWM
(5.28)

After analysing the ideal feedforward gains in (5.27) and (5.28), it was found out that

both gains can be approximated as in (5.29) which is actually a value that is often used

in the literature (Park et al., 2008).

Gideal
ff-d ≈ Gideal

ff-d ≈ 1

Udc
(5.29)

The d and q-components of the output impedance were extracted from the switching

model of a three-phase PV inverter. The switching model was the same that was used

in Chapter 4 having the same parameters as given in Table 4.1.

Fig. 5.5 shows the d-component of the output impedance in three cases; without

feedforward and with two different feedforward gains. The DC-gain in the feedforward

path was selected as the inverse of the DC-link voltage according to (5.29). Moreover,

in the one denoted with the superscript ‘ff-LP’, the feedforward gain Gff-d includes a

low-pass filter with a cut-off frequency at half the switching frequency (5 kHz). The

grid-voltage feedforward increases the magnitude of the output impedance in both cases.

However, the effect of the feedforward is reduced at high frequencies when the low-pass
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Fig. 5.5: D-component of the output impedance with and without grid-voltage feedforward.

filter is used. The low-pass filter starts deteriorating the effect of the feedforward at

already one decade before the cut-off frequency as is expected because the phase of the

feedforward gain does not correspond to the ideal feedforward gain in (5.27).

The q-component of the output impedance is shown in Fig. 5.6 with and without

grid-voltage feedforward. The same deteoriating effect of the low-pass filter can be seen

at high frequencies.

5.4 The effect of grid-voltage feedforward on the impedance-based

interactions

The grid-voltage feedforward increases the magnitude of both the d and q-components

of the inverter’s output impedance. Therefore, the harmonic currents generated by the

inverter are reduced as reported, e.g., in (Li et al., 2011; Park et al., 2013). Moreover,

an inverter with large output impedance is not so easily affected by impedance-based

interactions as will be demonstrated using the switching model.

The inverter was connected to a three-phase voltage source using the same CL-filter

as in Chapter 4 with the parameters as given in Table 4.3. The grid inductance was

increased from zero to 9 mH in order to cause impedance-based interactions between the

input impedance of the filter and the output impedance of the inverter.

Fig. 5.7 shows the ratio of the impedance d-components on the complex plane when

the grid inductance is increased to 9 mH. The stability of the inverter was examined in

two cases. In the first case, the feedforward was not used and, in the second case, the
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Chapter 5. Effect of grid-voltage feedforward on inverter dynamics

Fig. 5.6: Q-component of the output impedance with and without grid-voltage feedforward.

feedforward with the low-pass filter at half the switching frequency was used. The two

cases are denoted in the figure by using the superscripts ‘no-ff’ and ‘ff-LP’, correspond-

ingly. The contour does not encircle the critical point (-1,0) and, thus, the inverter is

stable in terms of the d-components regardless of the feedforward.

Fig. 5.8 shows the ratio of the impedance q-components in the complex plane. The

contour encircles the critical point (-1,0) when the feedforward is not used which means

that the inverter is unstable. However, the inverter is stable when the grid-voltage

feedforward is used because the contour does not encircle the critical point.

The simulated grid voltages and currents are shown in Fig. 5.9 when the feedforward

is suddenly deactivated. The grid current becomes unstable at 0.1s as was predicted

based on the small-signal model.

5.5 Conclusions

Three-phase PV inverters often utilize a feedforward measurement from the grid volt-

ages. The feedforward is implemented by adding the sensed d and q-components of the

grid voltages to the outputs of the corresponding current controllers. This chapter pro-

poses a method to include the feedforward in the small-signal model of the PV inverter.

The analysis shows that the magnitudes of d and q-components of the inverter’s output

impedance can be increased by tuning the feedforward gain properly. The small-signal

model suggests that the ideal feedforward gain is equal to the inverse of DC-link volt-

age which is also a generally used rule-of-thumb in the literature. However, a low-pass
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5.5. Conclusions

Fig. 5.7: Ratio of the impedance d-components in the complex plane with and without grid-voltage

feedforward.

Fig. 5.8: Ratio of the impedance q-components in the complex plane with and without grid-voltage

feedforward.
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Fig. 5.9: Grid current becomes unstable when grid-voltage feedforward is deactivated.

filter in the grid voltage sensors deteriorates the effect of the feedforward already one

decade before the cut-off frequency of the low-pass filter. In any case, the grid-voltage

feedforward makes the inverter more resistant to impedance-based interactions due to

the increased output impedance.
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6 CONCLUSIONS

The amount of grid-connected photovoltaic power systems has increased rapidly over

the past decade. The electricity generated by a photovoltaic generator is DC and has

to be transformed into three-phase AC to in order to inject power into the grid. The

transformation from DC into AC can be done using a three-phase PV inverter. The

three-phase inverters have been reported to decrease power quality and to suffer from

instability and unintended disconnection from the utility grid in certain conditions.

The conditions for instability can be predicted in the frequency-domain. However,

the frequency-domain analysis requires an accurate small-signal model of the inverter.

In this thesis the existing small-signal model has been further developed by adding the

effect of an upstream DC-DC converter, PLL and grid-voltage feedforward. The model

can be used to design the inverter in such a way that the instabilities may be avoided.

6.1 Final conclusions

The effect of a voltage-boosting DC-DC converter on the dynamics of the inverter is

analyzed. It is found out that the DC-link control dynamics of the inverter include a

right-half-plane pole, just as in the case of a single-stage inverter, which has to be taken

into account in the control design. The RHP-pole affects the control dynamics when the

DC-DC converter operates in open-loop control mode, i.e., the duty ratio of the converter

is determined by the MPPT-algorithm. Moreover, the RHP-pole sets a constraint for the

minimum DC-link capacitance that is required for stable operation. The design rule for

the DC-link capacitance is upgraded to match the requirements of two-stage inverters.

Moreover, the RHP-pole is effectively removed from the control dynamics when the DC-

DC converter is operated under input-voltage control mode. Therefore, the constraint

related to the minimum capacitance requirement disappears.

The effect of the phase-locked-loop (PLL) on the small-signal model is analyzed. The

model is verified by extracting frequency responses from a switching model and from

an experimental prototype operating at reduced voltages. The PLL is shown to cause

a negative real part in the q-component of the inverter’s output impedance. Such be-

havior makes the inverter vulnerable to impedance-based interactions which can lead to

instability. It is shown that the selection of the PLL’s bandwidth is of great significance

because it determines the frequency-range at which the impedance behaves as a negative

95



Chapter 6. Conclusions

resistor. An inverter with a wide-bandwidth PLL connected to a grid with large induc-

tance value through a CL-filter is shown to become unstable due to the impedance-based

interactions.

The effect of the grid-voltage feedforward is included in the small-signal model. It is

shown that an inverter with perfectly tuned feedforward has significantly larger output

impedance than an inverter without feedforward. The magnitude of both the d and

q-components of the output impedance increases. However, the feedforward does not

affect the d-component below the crossover frequency of the DC-link voltage control.

Moreover, the feedforward does not affect the q-component below the crossover frequency

of the PLL. Altogether, the grid-voltage feedforward is shown to make the inverter more

resistant to impedance-based interactions.

6.2 Suggested future research topics

Some future research topics are proposed in the following:

• A conventional sinusoidal pulse-width-modulator is assumed in this thesis. How-

ever, many commercial inverters utilize a space-vector modulator which utilizes a

measurement from the DC-link voltage. The effect of the space-vector modula-

tor on the small-signal model should be studied. Space-vector modulator creates

a feedforward loop from the DC-link voltage when the measured DC-link voltage

is used to solve the duration of the switching vectors. The dynamic effect of the

feedforward loop has not been extensively reported in the literature.

• The effect of more sophisticated PLLs on the dynamics of the inverter should stud-

ied, such as the DSOGI-FLL which provides better performance during unbalanced

grid voltages.

• The effect of the grid-voltage feedforward on the output-to-input transfer func-

tion of the PV inverter Toi-c-d should be studied more in detail. The feedforward

might, e.g., affect the capacitance requirement of the DC-link since the ripple volt-

ages originating due to unbalanced grid voltages would be attenuated. The ideal

feedforward gains for this purpose should be derived.

• The small-signal model of the inverter was simplified in this thesis by assuming that

the reactive current component is zero and that the crosscoupling transfer functions

can be neglected. However, the multivariable nature of the inverter’s small-signal

model should be taken into account. For instance, the stability analysis should be

done in a case where the cross-couplings are not neglected.
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Castelló, J. and Espi, J. (2012). DSP implementation for measuring the loop gain fre-

quency response of digitally controlled power converters, IEEE Transactions on Power

Electronics 27(9): 4113–4121.

Cavalcanti, M., Farias, A., Oliveira, K. C., Neves, F. A. S. and Afonso, J. L. (2012). Elim-

inating leakage currents in neutral point clamped inverters for photovoltaic systems,

IEEE Transactions on Industrial Electronics 59(1): 435–443.

Cespedes, M. and Sun, J. (2009). Renewable energy systems instability involving grid-

parallel inverters, Applied Power Electronics Conference and Exposition pp. 1971–1977.
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A TRANSFER FUNCTIONS OF THE DC-DC

CONVERTER

The transfer functions of the voltage-boosting DC-DC converter at open loop are as given

in (A.1)–(A.7).
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B TRANSFER FUNCTIONS OF A THREE-PHASE

PV INVERTER

Transfer functions of a three-phase photovoltaic inverter are given in (B.1)–(B.16) with-

out the parasitic resistances of the switches, DC-link capacitor and the inductors.
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Appendix B. Transfer functions of a three-phase PV inverter
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C TRANSFER FUNCTIONS OF A THREE-PHASE

CL-FILTER

The transfer functions of the three-phase CL-filter are given in (C.1)–(C.17) without

parasitic resistances.
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D LABORATORY SETUP

Fig. D.1: Laboratory setup.
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Appendix D. Laboratory setup

Fig. D.2: Experimental converters.

Fig. D.3: Measurement card and three-phase CL-filter.
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