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Abstract

Several critical issues for the droop control of parallpbated inverters are
addressed in this thesis, including the power quality, gx@lfel operation of
inverters with different types of output impedance, the posharing, the volt-

age and frequency regulation, as well as the current lignitin

The power quality can be improved by properly designing tiveiiter output
impedance, which is often inductive (L-inverter) or resist(R-inverter). In
this thesis, it is designed, for the first time, to be capeei(C-inverter) to
reduce the voltage total harmonic distortion (THD). There C-inverter is
developed to be with the virtual resonant impedance (Imguld@-inverter) to
further improve the power quality. It is well-known that tfeem of the droop
controller is determined by the type of the inverter outpupédance. Usually,
P ~ w andQ ~ E droops are used for L-inverters, white~ E andQ ~ —w
droops are used for R-inverters. To enable the paralleltiperof C-inverters,
P~ —w andQ ~ —E droops are adopted. After that, to enable the parallel
operation of inverters with any type of output impedancearga phase angle

between-7 rad and7 rad, a universal droop control strategy is presented.

The voltage and frequency regulation along with the curiemiting are han-

dled together with the power sharing during the developragtite droop con-
troller. To remove the trade-off between the power sharing the voltage
and frequency regulation, a droop control method that adibyat structure of
the robust droop controller and utilizes the transient grobaracteristic is
proposed. To effectively limit the current, while maintaig accurate power
sharing, together with tight voltage and frequency regaitata current droop
controller (CDC) is developed. The small signal stabilgyanalysed to theo-

retically support the development of proposed droop cdieto
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Chapter 1

Introduction

1.1 Motivations

An inverter is an electrical device that converts dc powty atc power. It has been widely
used in many energy-related applications, such as unigtierd power supplies, induction
heating, air conditioning, variable-frequency driveshiee-to-grid, high-voltage dc trans-
mission, reactive static compensators. Recently, thelliseéd generations and renewable
energy sources, e.g., photovoltaic arrays, variable spéed turbines, marine turbines,
and combined cycle plants, as well as distributed energagés, e.g., fuel cells, flywheels,
hydrogen, supercapacitors and compressed-air energ@gstare becoming increasingly
popular (Zhong and Hornik, 2013; DOE; Carrasco et al., 2086)shown in Figure 1.1,
inverters are often operated in parallel to integrate thatim the microgrid, which is now
a very active research area (Fang et al., 2012). When imgeate connected in parallel,
high power and/or low cost applications can be achievedidBssthe inverter system with
parallel modules can provide high reliability by n+1 redandy. In these applications, it
is critical to achieve high power quality, accurate loadrsttg good voltage and frequency

regulation, as well as effective current limiting.
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Figure 1.1: Inverters applied in microgrids.

The power quality is often described by parameters and teriogies that express the
harmonic pollution, load unbalance and reactive power. Adrenonic pollution is often
characterized by the the total harmonic distortion (THDhjick is defined as the ratio
of the sum of the powers of all harmonic components to the pafi¢he fundamental
frequency. The lower the THD, the better the power qualitgc&ise of the pulse-width-
modulation, the switching, and the nonlinear load, harmonimponents inevitability exist
in inverter output voltages and currents. They can causklgrs, such as overloading
of capacitors, unacceptable disturbances on the powethsupmecessary resonance in
the impedance network, degradation of conductors andatisglmaterial in motors and
transformers (Lundquist, 2001). The main power qualityopeo investigated in this thesis
is the voltage THD. According to industrial regulationss tfoltage THD should be lower
than 5% (Hornik and Zhong, 2011; Yousefpoor et al., 2012).

The sharing accuracy has been a main driving force in thearelsearea of parallel
inverters for a long time (Li and Kao, 2009; Guerrero et al0@b; Lee et al., 2010).
Inverters should share loads proportionally accordinchtoratio of their power ratings.
Meanwhile, the magnitude and the frequency of the outpuagel should be regulated to
meet the demands of loads. The better the voltage reguldhercloser the load could
be working to their rated regime. Moreover, the current lvabe limited to protect the

equipments, especially when a sudden load change or agharit occurs.



1.2 Outline of the Thesis

The thesis is organised as follows. In Chapter 2, the basicipte of the inverter operation
is firstly illustrated. Then, existing methods for the impement of the power quality and
droop controllers for the parallel operation of inverters@iscussed. After that, the method
of the small signal stability analysis is briefly introduced

In order to improve the power quality, a new type of invertalted the C-inverter has
been proposed in Chapter 3. It is achieved via an inductaentifeedback through an
integrator, of which the time constant is the desired outaiacitance. The value of the
output capacitance could be optimised so that the THD ofdhd Woltage is minimised.
Compared to R-inverters or L-inverters, C-inverters caneae lower voltage THD.

As the droop control strategy has different forms for ingestwith different types of
output impedance, a robust droop controller proposed iiigh2013b) is further de-
veloped for C-inverters in Chapter 4. When applied on thelperoperated C-inverter
system, this controller is able to share the load propoatigrand accurately, while main-
taining good voltage and frequency regulation.

In Chapter 5, the C-inverter proposed in Chapter 3 has beexlapeed to be with the
virtual resonant impedance, which is called the Improveishv@ster. It is achieved via
a feedback of the inductor current through a transfer fongtwhich is actually the ex-
pression of a resonant impedance topology consisting afcitads and capacitors. The
parameters of the virtual resonant impedance can be opgiitassimultaneously minimise
the voltage harmonic components at different specifiedueagies. Improved C-inverters
are able to achieve lower load voltage THD than C-inverters.

In spite of the development of the droop controller in Chepi¢he parallel operation of
inverters with different types of output impedance is stithallenge, as the droop control
strategy is of different forms. However, for large-scaiézdtion of distributed generations
and renewable energy sources, these inverters will indyitae operated in parallel. In
Chapter 6, a universal droop controller has been propogeithverters with any type of
output impedance having an impedance angle betwegrad and; rad.

Another challenge is the trade-off between the power sganmd the regulation of the
load voltage and the frequency. In Chapter 7, a controller aldopts the structure of the

robust droop controller and utilizes the transient droograbteristics has been presented.
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It is able to achieve accurate proportional power sharingenmaintaining the inverter
output amplitude and frequency at the nominal values.

Droop controllers studied in the previous chapters areoalliathe control of the power.
However, even if the power is controlled, the current id stit limited. In Chapter 8, a
new droop control method named current droop controllereppsed. It is based on a
new current calculation unit, which only needs the angléheflbad voltage to obtain the
active and reactive currents. These currents are then gstbe @ontrol variables to limit
the current RMS value. To make the controller robust to nucakerrors, disturbances,
component mismatches and parameter drifts, the structiine cobust droop controller is
adopted. It is able to achieve faster response during tltedbange and is able to better
limit the current RMS value at the steady state. Meanwhiteueate load sharing, good
voltage and frequency regulation are maintained.

Finally, in Chapter 9, the main conclusions of the thesissamamarised and further

research is proposed.

1.3 Major Contributions

First, the inverter output impedance has been designedettertpower quality. Inverters
are often with inductive output impedance because of ther fittductor or with resistive
output impedance in some low-voltage applications. Thesgdrunderstanding is that
R-inverters are better than L-inverters because resistiyfgut impedance makes the com-
pensation of harmonics easier. However, when the invettgrub impedance is designed
to be capacitive, some special characteristics are reledlee virtual capacitance can be
designed to minimize the voltage harmonic component attaioeharmonic order, or to
minimize the voltage THD. Moreover, when it is designed taHeevirtual resonant imped-
ance, the parameters could be designed to simultaneousiynisé the voltage harmonic
components at many different harmonic orders, and thusé¢urinimize the voltage THD.
Secondly, droop controllers are developed for the parafiefation of C-inverters and
for inverters with different types of output impedancesiiell know that the droop control
strategy has different forms when inverters have diffetgoes of output impedance. Thus,

after C-inverters are proposed, the robust droop contrplieposed in (Zhong, 2013b)



is further developed to enable their parallel operationteAthat, in order to enable the
parallel operation of inverters with different types of puttimpedance, a universal droop
control principle has been proposed. It has been shown hieatabust droop controller
for R-inverters actually offers one way to implement thigpiple. In other words, it is
actually a universal droop controller that can be applieay practical inverter having an
impedance angle betweer} rad and; rad.

Thirdly, a droop controller without voltage and frequeneyiations has been proposed.
A critical merit of the droop controller is to achieve acderpower sharing without com-
munication. However, when the communication is not adgputeabp controllers normally
have a trade-off between the power sharing and the regualefithe load voltage and the
frequency. To solve this problem, a droop controller adagpthe structure of the robust
droop controller (Zhong, 2013b) and utilizing the transigmop characteristics (Guerrero
et al., 2005) is proposed. This controller can achieve ptapwl power sharing while
maintaining the load voltage and frequency at the nominlalegawithout communication
between parallel connected inverters. This means thatdhage drop caused by the in-
verter output impedance will be automatically compensated

Fourthly, a current droop controller for current limiting$hbeen presented. With the
power droop controllers, the currents are normally nottihiwhen a sudden load change
or short-circuit occurs. To handle this problem, the cursdrould be directly controlled
instead of the power. A new current calculation unit has Feposed to obtain the active
and the reactive currents. It only needs the angle of thevolidge, which is obtained by
a PLL block. Then these currents are used as the controblesiaf the droop controller.
The structure of the robust droop controller is adopted t&erthe controller robust to
numerical errors, disturbances, component mismatchegparaineter drifts. Compared
with the power droop controller, this controller is able thieve faster response during the
load change and is able to limit the current RMS value at thadst state better. It can also

achieve accurate load sharing, good voltage and frequegcyation.
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Chapter 2

Literature Review

2.1 Principle of Inverter Operation

An inverter is an electrical device that converts the dc pow® the ac power (Prince,

1925), where Figure 2.1 shows an example.

S1 3
W’ Lamp
. N
1 !
Switch Switch )
REP)

Figure 2.1: The method for dc/ac conversion (Mitsubishi, 0

ON
St S4 0N

82, S30N

dc power | ®
supply  To
E

As can be seen, when S1&S4, and S2&S3 are alternativelydudi and OFF, the
current that flows through and the voltage across the loadgehthe direction between
A and B, and the dc power is converted to the ac power. Accgrthnthe type of the
dc supply, inverters can be divided into current-sourceti@rs (CSl) (Phillips, 1972) and
voltage-source inverters (VSI) (Merritt, 1964; Gumastd &emon, 1981). According to
the type of the inverter output, inverters can be divided icdrrent-controlled inverters
(Nabae et al., 1986) and voltage-controlled inverters (Céwed Chu, 1995). As shown
in Figure 2.1, the inverter output voltage waveform can beasg wave. It can also be
modified square/sine wave, near-sine wave, or multi-leeeerZhong and Hornik, 2013).

Besides, according to the number of output voltage phasesiters can be divided into
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single-phase inverter, three-phase inverter, and mhhsp inverter. This thesis focuses on
the control of single-phase voltage-controlled VSI, areldhtput voltage is expected to be
purely sinusoidal with minimal harmonic components.

When S1&S4, and S2&S3 are periodically turned ON and OFFjrerter output
voltage changes its direction periodically. Then, thelttihae for one cycle is the period
of the output voltage, and the inverse of the period is thgueacy. Besides, as shown in
Figure 2.2, if S1&S4, and S2&S3 are not always ON in the cpwading half cycle, then
the average amplitude of the ac inverter output voltage @vballower than the amplitude
of the dc power voltage. The shorter the ON period, the lotveratverage amplitude.

Voltage - Low Voltage - High

- [Qutput voltage — = Output
E / Er ” ” l/ voltage

Figure 2.2: The method for voltage regulation (Mitsubig@i15).

Thus, by controlling the pulse width, the frequency and aiugé of the inverter output
voltage could be controlled. This method is called PulsetiMdodulation (PWM). It has
been widely used in the control of switching devices. Theeeraany different PWM
techniques (Holmes et al., 2003; Holtz, 1992; Asiminoaail2008; Holtz, 1994; Wong
et al., 2001; Lascu et al., 2007; 2009; Cetin and Ermis, 2@b@&ng et al., 2013b). In
order to get a desired sinusoidal voltage, a special madualatethod called sinusoidal
PWM (SPWM) (Boys and Walton, 1985; Oliveira et al., 2007; TJamek, 2013; Narimani
et al., 2015) is usually adopted. As shown in Figure 2.3, tbsirdd reference voltage
(modulating signal) is firstly compared with a triangularrea wave, which results in
the chopped square waveform (pulses). Note that the madlylsignal is usually purely
sinusoidal; the carrier frequency, i.e. the switching frexcy, is normally much higher
than the modulation frequency. According to the averagmegty (Khalil, 2001), as long
as the switching frequency is high enough, the average opulees over one switching
period would be able to well approximate the original sig@déong and Hornik, 2013).

Then, the pulses are amplified to control the stage of theckestto generate the in-



Modulating signal

\

Carrier

(a) Sketch of modulation

B

(b) Gate signal for the upper switch

v rrey

(c) Gate signal for the lower switch

Figure 2.3: SPWM for a single-phase inverter (Zhong and Ho2013).

verter output voltage with the same shape. In order to avwd<ircuit, the upper and the
lower switches of the same leg need to be operated in a coreptany way. The harmonic
components of the generated square wave voltage are madalied at the multiples of the
switching frequency, and could be automatically filteredtly inverter low-pass output
filter. The low frequency components of the voltage contare@ica of the modulating
signal, which indicates that the fundamental frequencyefdutput voltage is the same as
the reference one (A.M.Gole, 2000). The amplitude of theiiter output voltage can be
controlled by the amplitude modulation index, which is taga between the modulation
amplitude and carrier amplitude. Therefore, the invertgpot voltage can be controlled
by the modulating signal.

2.2 Power Quality Improvement

Harmonic components that degrade the power quality ineNittaexist in the inverter out-
put voltage because of the PWM method, the switching, anddahénear load. To improve
the power quality, the inverter output filter is normally atkd, the output impedance of

the inverter should be carefully designed, and many costifaémes have been proposed.



2.2.1 Inverter Output Filter

A filter is often installed between the inverter and the loadilter out the harmonics and
to recover the desired voltage. Various filters are avalabkluding passive power filters
(PPFs) (Das, 2004; Chang et al., 2006; Hamadi et al., 20ifijdla and Venkataramanan,
2012; Wu et al., 2013; Yang and Le, 2015), active power fil(ARFs) (Asiminoaei et al.,
2008; Luo et al., 2009; Vodyakho and Mi, 2009; Bhattachatyal.e 2012; Acuna et al.,
2014; Alfonso-Gil et al., 2015) and hybrid APFs (HAPFs) (e et al., 2009; Ostroznik
et al., 2010; Shuai et al., 2011; Lam et al., 2014). APFs an®FsAoften mitigate some
of the disadvantages of passive filters, such as fixed cormpengerformance and system
resonance (Luo et al., 2009). However, from the economig,\R€Fs are often regarded as
a better choice (Das, 2004). The most commonly used passieder filters are LC filters
and LCL filters, as shown in Figure 2.4. Here, the equivalenks resistances (ESR) of
the inductor and the capacitor, which are usually smalleslare ignored. While the LC
filter is widely used for the inverter with local load, the LGilter is widely used for the
grid-connected inverter. This thesis focuses on the pi@bleration of inverters with local
load, which adopts LC filter as the inverter output filter, Bsven in Figure 2.4(a).

L L Lg
o rm_l_o YY", Y,
C I C:lI:
(a) The LC filter (b) The LCL filters

Figure 2.4: The circuit model of the passive power filter.

The cut-off frequencyf¢ of the LC filter is

1
f—_ = 2.1
" 2n/iC (2.1)

Itis able to filter out the harmonics located at frequencighédr thanf.. However, it causes
a resonance that would magnify the harmonic current compgsrag approximately. and
could lead the load voltage THD to be high. Thug,should be positioned outside the
area where the major current harmonic components locatanMgile, f; should be much
lower than the switching frequendy,, to filter out the switching harmonics. Moreover, it
has to be high enough to provide enough bandwidth for theralbert Usually, it can be
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chosen ag ~ 3 of fsy (Hatua et al., 2012; Zhong and Hornik, 2013), i.e.,

%‘W < fe < f%‘w (2.2)

Many approaches have been proposed for passive LC filtegrdesi systematic and
generalised design methodology was proposed for secatet-output filters that gener-
ates sinusoidal voltages through space-vector modul@darhels et al., 2006). It provides
a methodology to determine the maximum cut-off frequenctheffilter that ensures spe-
cification of the highest admissible THD in the output vodag However, this algorithm
is complex and only applicable in some limited situationee Tmpact of the output filter
design on both cost and efficiency of the UPS filter was stuolyeatiopting Pareto analysis
to obtain the cost-losses trade-off curves (Pasterczyk, &Q09). However, its models are
based on material and thermal analysis and thus rather eamf achieve lossless damp-
ing, an active damping method was proposed, where virtig$teece is multiplied by
the individual capacitor currents at the resonant frequeamc subtracted from the source
voltages (Hatua et al., 2012). Note that the virtual resistfers an effective way to avoid
the trade-off between resonance damping and energy efficiginger, 1991; Dahono
et al., 2001). Moreover, cost function of the filter has beefingd for the convenience of
the filter design (Dewan and Ziogas, 1979; Dewan, 1981b; Kiah £2000). In this chapter,
some guidelines are given for the selection of the filter aiduand capacitor (Zhong and
Zeng, 2011; 2014).

2.2.2 Design of Inverter Output Impedance

Usually, the inverter output impedance is inductive beeanfsthe output filter inductor
and/or the highly inductive line impedance. In low-voltaggplications, the line impedance
is predominantly resistive (Li and Kao, 2009). Since constoategies can be used to
change the output impedance, it can be easily forced to stivesGuerrero et al., 2005;
2004; 2008; 2007; 2006a), resistive-inductive (Yao et 2011; Yang et al., 2014; Tao
et al., 2015), or of other types (Matas et al., 2010; Kim et2011; He and Li, 2012b;
Zhang et al., 2013a; Wang et al., 2014; Tao et al., 2015). dtde®n pointed out that the
inverter output impedance plays an important role in powariag (Guerrero et al., 2005).

In this thesis, it would be designed for improving the powealdy.
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Figure 2.5: A model of the single-phase inverter.

Different types of inverter system models are availablerkiean et al., 1991; Holtz
and Quan, 2002; Kroutikova et al., 2007; Avelar et al., 2(R&sheduzzaman et al., 2014;
Liu et al., 2015), including experimental, time and fregoyeomain models. Usually,
the frequency domain model is adopted for the convenienteegbower quality analysis.
Figure 2.5 shows an inverter, which consists of a singlespli&bridge inverter powered by
adc source, and an LC filter. The control sign& converted to a PWM signal to drive the
H-bridge. According to averaging theory (Khalil, 2001) tlverage ofi; over a switching
period is the same agi.e. u= u;. Different PWM techniques and the associated switching
effect play an important role in inverter design (Neacsl)&Manias et al., 1987; Wu
et al., 2011), but from the control point of view the PWM blaakd the H-bridge can be
ignored when designing the controller, see e.g. (Zhong3B0Ratel and Agarwal, 2008;
Sun, 2011; Matas et al., 2010). In particular, this is truemthe switching frequency is

high enough.

As shown in Figure 2.5(a), the output impedance of an investgefined at the terminal
with the load voltage, and the filter inductor curremt Then, the inverter can be modelled
as shown in Figure 2.5(b) as the series connection of a wlefgrence;, and the output

impedanceZ,. This is equivalent to regarding the filter capacitor as a pathe load
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(Zhong, 2013b).
According to Figure 2.5(a), ignoring the ESR of the indugctor

us = SLi+Vvp. (2.3)

Since the average off over a switching period is approximately the same,as

Vi = U= SLi+Vg (2.4)

and
Vo & Vy —Zp(S)i (2.5)

with
Zy(s)=sL (2.6)

wherey, is the reference voltag,(s) is the output impedance. As can be seen, the output
impedance, is inductive when no controller is adopted.
As shown in Figure 2.6, the control strategy could be adofiethange the inverter

output impedance to be resistive (Guerrero et al., 20057 2Z0Bong, 2013b).

)
N

Figure 2.6: A controller to achieve the R-inverter.

According to Figure 2.6,
u=\v, —Kii. (2.7)

Then,

which gives the output impedanZg(s)

Zo(s) = Ki +sL. (2.9)
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This is equivalent to connect a virtual resiskgiin series with the filter inductdr. If K; is
big enough, then the effect of the inducshris not significant and the output impedance

can be made nearly purely resistive at the fundamental &y i.e., roughly
Zy(s) = K;. (2.10)

If the effect ofK; is almost the same as the effect of the industgrthe output impedance

would be resistive and inductive at the fundamental frequére., roughly
Zy(S) ~ Kj +sL. (2.11)

Arguably, the R-inverter is better than the L-inverter (Baeo et al., 2005; 2004; 2008;
2007; 2006a) because its impedance does not change witretiieehcy and the effect of
nonlinear loads (harmonic current components) on the geleHD can be compensated
more easily. In this thesis, the inverter output impedanmeldvbe designed to be capacitive
and optimised to minimize the load voltage THD (Zhong anddZ@911; 2014).

2.2.3 Design of Control Schemes

Many control methods have been presented to improve thermpyadity (Zhan et al., 2006;

Mohamed et al., 2012; Khadkikar, 2013; Kumar and Mishra430%everal feedback con-
trol schemes, e.g. deadbeat or hysteresis controllerd{iSrat al., 2006; Blaabjerg et al.,
2006), have been proposed for inverters to reduce the THeMer, these controllers
alone cannot eliminate the periodic distortion caused Xarmgle by non-linear loads. To
eliminate the periodic distortion, a simple learning cohtnethod named repetitive control
theory (Hara et al., 1988) is adopted. It is a closed-loopesysising the internal model
principle (Francis and Wonham, 1975). This system has & lgagn at the fundamental
and all harmonic frequencies, and thus can handle a largar@robharmonics at the same
time. Repetitive control has already been successfullg isenany applications to gain
very low THD, including grid-connected inverters (HornikdaZhong, 2011; 2010b) and
constant-voltage constant-frequency (CVCF) PWM inver{¥e et al., 2007; 2006; Wang
etal., 2007; Zhang et al., 2008; Chen et al., 2008; Tzou £1999). Many other strategies
are also available to obtain low THD in the microgrid voltgg®rnik and Zhong, 2010b;
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Weiss et al., 2004) and/or the current sent to and from thie(giornik and Zhong, 2010a;
2011; Zhong, 2013a).

For parallel-operated inverters, the power quality probt®uld be addressed together
with the load sharing problem, for example, via injectingaarhonic voltage according
to the output harmonic current (Borup et al., 2001) or viaadticing a voltage feedback
loop (Zhong et al., 2011; Zhong, 2013a). In this thesis, tiverter output impedance is
designed to improve the power quality, and the droop cdetrad developed for accurate

load sharing, good voltage and frequency regulation (ZteotgZeng, 2011; 2014).

2.3 Parallel Operation of Inverters

A key method for the parallel operation of inverters is theagr control (Guerrero et al.,
2005; 2007; Barklund et al., 2008; Mohamed and El-Saad&i8;2Guerrero et al., 2011;
Tuladhar et al., 1997; Majumder et al., 2010; Brabanderé. e2@07; Zhong and Weiss,
2011; Guzman et al., 2014), which is able to maintain aceul@d sharing, excellent
voltage and frequency regulation. It is widely used in coniaal power generation sys-
tems (Diaz et al., 2010). Its advantage is that no externaneonication mechanism is
needed among the inverters (Tuladhar et al., 1997; Chaadetlal., 1993). This enables
good sharing for linear and/or nonlinear loads (Tuladhaal €t1997; 2000; Borup et al.,
2001; Coelho et al., 2002; Guerrero et al., 2004; 2006a; Hal.e2014). In some cases,
external communication means are still adopted for loadirshdChen et al., 2010) and
restoring the microgrid voltage and frequency (Guerrera.e2009; 2011).

The equal sharing of linear and nonlinear loads were intehsinvestigated and high
accuracy of equal sharing can be achieved (Guerrero e08I5;2007; Borup et al., 2001;
Guerrero et al., 2004; 2006a). A control method was predent¢Borup et al., 2001)
for equal power sharing of two three-phase power convertérs harmonic compensa-
tion connected in parallel. A wireless load-sharing cdigravas proposed in (Guerrero
et al., 2007) for islanding parallel inverters in an ac-ulistted system. Aconfiguration is
proposed inShahparasti et al., 201&)r equal sharing of parallel uninterruptible power
supplies (UPSs) based on Z-source inverters (ZSls), whashrémoved some limitations

of the conventional parallel UPSs. Anotleemtrol strategy achieved equal power sharing
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by drooping the virtual flux instead of the load voltage (Halet2014).

Many control schemes for proportional power sharing wese gresented (Tuladhar
et al., 2000; He and Li, 2012a; Guzman et al., 2014). A voltagsdwidth droop control
was used to share nonlinear loads in (Tuladhar et al., 198@).accurate proportional
load sharing, a small signal injection method was proposeaahprove the reactive power
sharing accuracy (Tuladhar et al., 2000), which can alsakbended to harmonic current
sharing. An important contribution was made in (Guerreralet2005; 2004), where a
droop controller for inverters with resistive output impede was proposed for sharing
linear and nonlinear loads (Guerrero et al., 2007; 200@a)H€e and Li, 2012a), the react-
ive power control error was first obtained and then a slowgiraton term was adopted for
reactive power sharing. Besides, in the application of aaogrids with utility grid con-
nection, centralized control techniques with strong comication among parallel operated
inverters were used, such as the master/slave operatiao @tal., 2012; Farhadi and Mo-
hammed, 2014). To avoid the communication, a power shatmagegy was presented in
(Guzman et al., 2014), which is based on the field-progranhengdite array (FPGA) im-
plementation of the adaptive linear neuron with frequelocked loop (ADALINE&FLL).
Besides, a voltage control loop with a direct droop schenaesapower control loop with
a complementary inverse droop scheme were implementeddpatdhable sources and
nondispatchables ones of the microgrid, respectively (@ureet al., 2014). However,
inverters controlled by the these droop controllers shbalge the same per-unit output im-
pedance over a wide range of frequencies. To handle thisggmla robust droop controller
for R-inverter (Zhong, 2013b), which is robust to numerigabrs, disturbances, compon-
ent mismatches and parameter drifts, was proposed. Thisollen can achieve accurate
power sharing, while maintaining good regulations of thedl@oltage and the frequency.

The concept of the droop control is from the rotating gemesatvhose frequency and
active power are closely interconnected. As shown in Figuve when the load torque
increases while the prime mover torque remains the samepthigonal speed and directly
the frequency will decrease, and vise versa. The droop @tettiis trying to achieve the

frequency reduction with increased load in a controlled staflle manner.
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Figure 2.7: The concept of the droop controller.

2.3.1 Conventional Droop Controller

As shown in Figure 2.5(b), an inverter can be modelled asaaerte voltage source with
an output impedancg,. The real powelP and the reactive poweD dispatched to the

terminal via the output impedandg are

EV, V2 EV, . _ .
P =(——co0sd — -2)cosf + ——sindsinf 2.12
EV, \VZR EV, .
= (== c0s0 — —2)sinB — —sind cosO 2.13
Q (Zo Zo) Ze ( )

whered is the phase difference between the supply and the ternfinalthe angle of the
inverter output impedancé; is the RMS value of the inverter source voltayg,is the
RMS value of the load voltage,.

For L-inverters,@ = 90°. Then

EVo . EVo V2
P=—sind and = ——C0Sd) — —~.
Zo Q Zo Zo
Whend is small,
EV, E—V,
P~ —0 and ~ V,
Zo Q Zo °

and roughly,
P~d and Q~V,.

Hence, the conventional droop control strategy takes tire fo

E=E*—nQ (2.14)
w=w"—mP (2.15)

17



whereE* is the rated RMS voltage of the invertes; andw are the rated and measured

system line frequencyn and m are the droop coefficients. This strategy is sketched in
Figure 2.8(a).

0] E
o \ \_*k'\
o=wo" —mP : E=E -nQ i
! Capacitive Indudtive
0 P* P O Q* Q

(a) For the L-inverter
E 0]

E*\ a)*__/r/
* I —_ | :
E=E -nP | :

o=0"+mQ

' Capacitive Inductive
0 P* P O Q* Q

(b) For the R-inverter

Figure 2.8: Droop controllers for the L-inverter and therRerter.

For R-invertersf = 0°. Then

EV, V2 EV, .
P=—"cosd— -2 and Q=——"sind.
Zo Zo Q Zo
Whend is small,
P E_VOVO and Q~ —%5

and, roughly,
P~V, and Q~ —90.

Hence, the conventional droop control strategy takes tire fo

E=E*—nP (2.16)
w=w"+mQ. (2.17)

This is sketched in Figure 2.8(b). It is obvious that the groontrol strategy has different
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forms for L-inverters and R-inverters, and thus would hadéfarent form for C-inverters.
In this thesis, the output impedance of the inverter wasgihesi to be capacitive, and the
droop controller was further developed for the parallelrapien of C-inverters (Zhong and
Zeng, 2011; 2014).

2.3.2 Robust Droop Controller

Conventional droop controllers rely on the accurate turdhghe control parameters as
there is not a mechanism that is robust against numericaisgmisturbances, component
mismatches and parameter drifts, etc. (Zhong, 2013b). €Tbestrollers require that all

the inverters have the same per-unit output resistancesowsse range of frequencies. A
significant breakthrough has been made in (Zhong, 2013@rendnrobust droop controller
has been proposed to achieve accurate sharing of real podegactive power at the same

time, while maintaining the load voltage and the frequenihiw the desired range.

RMS

Figure 2.9: The robust droop controller for the R-inveri&ngng, 2013b).
As shown in Figure 2.9,

E =Ke(E* —V,) —nP (2.18)
W= w" +mQ. (2.19)

It is able to share both real power and reactive power acelyraven if the per-unit output

impedance are not the same and/or there are numerical ,edistsrbances and noises
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because, at the steady state, there is
NP = Ke(E* — Vo). (2.20)

This means
nP = constant (2.21)

as long aKe is the same for all inverters. This guarantees the accuhatieng of active
power in proportion to their ratings. As long as the systermstable, which leads to the
same frequency, the reactive power can be guaranteed ag&Ziwetig, 2013b). According

to (2.20), the load voltage is
nP

KeE*
It can be maintained within the desired range via choosingg&p. Hence, the control

Vo=E* — E*. (2.22)

strategy also has very good capability of voltage regufatio
In this thesis, the structure of the robust droop contrdibes been adopted to make the
proposed controllers robust to the numerical errors, thsiuces, component mismatches

and parameter drifts.

2.3.3 Droop Controller for R -inverters

Another problem is the parallel operation of the inverterhwlifferent types of output
impedance. As is well known, the droop control strategy hdiferent form if the inverter
has a different type of outputimpedance and, so far, it i9issfble to operate inverters with
different types of output impedance, e.g. inductive andcdpe, in parallel. The inverter
output impedance in most of the cases (around the fundahiesgaency) is inductive but
can also be resistive (Guerrero et al., 2005; Zhong, 20X2ipacitive (Zhong and Zeng,
2011; 2014), resistive-inductive (Rnverters) (Brabandere et al., 2007; Yao et al., 2011,
Bevrani and Shokoohi, 2013; Khan et al., 2013; Sun et al.4BpKarimi-Ghartemani,
2015) or resistive-capacitive gRinverters). However, accurate knowledge of the inverter
outputimpedance is usually not available a priori. Thexefeeveral identification methods
have been proposed, such as a fundamental impedance widifimethod with online
real-time calculation capability (Sun et al., 2014a), whiequires many transformations.
Even if the inverter output impedance is known, as drooprotiets change the form when
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the inverter output impedance changes the type (Zhong amdikj&®013), it would be
still impossible to operate these inverters in paralleljoltis inevitable for large-scale
utilization of distributed generations and renewable gyneources.

In the literature, there have been some attempts to find droopollers that work for
more general cases (Brabandere et al., 2007; Yao et al.; B@tdani and Shokoohi, 2013;
Khan et al., 2013; Sun et al., 2014b; Karimi-Ghartemani320An orthogonal linear rota-
tional transformation matrix was adopted to modify thexacpiower and the reactive power
so that, for L-, R- and R-inverters, the power angle could be controlled by the medifi
active power and the inverter voltage could be controlledhgymodified reactive power
(Brabandere et al., 2007). However, the ratidrpK needs to be known, whefeandX
are the resistance and inductance of the inverter outputdianpce, respectively. A dif-
ferent droop control method added a virtual complex impedan redesign the angle of
the new output impedance to be approximately, so that the droop form could be fixed
(Yao et al., 2011). Nevertheless, the virtual complex ingmee needs to be carefully de-
signed. A generalized droop controller (GDC) based on aptaganeuro-fuzzy interface
system (ANFIS) was developed in (Bevrani and Shokoohi, 28d8andle a wide range
of load change scenarios for L-, R- and-Riicrogrids, but resulted in a very complicated
structure. Additionally, an active power and reactive pofiaav controller, which took into
account all cases of the R—L relationship, was proposedhfeetphase pulse width modu-
lated voltage source inverters (Khan et al., 2013). But tieesp shift needs to be obtained
for its power transformation. Moreover, an adaptive drooptwl method was proposed
based on the online evaluation of power decoupling matnix (& al., 2014b), which was
obtained by the ratio of the variations of the active powet e reactive power under a
small perturbation on the voltage magnitude. Recentlyngggrated synchronisation and
control strategy was proposed to operate single-phaseéngen both grid-connected and
stand-alone modes (Karimi-Ghartemani, 2015). Howevethake controllers only work
for L-, R- and R inverters (R -controller), but not for C-, or B-inverters.

In this thesis, a droop controller for C-, R- and-verters (R-controller) is firstly
proposed. Then a universal droop controller that, for thet fime, can be applied to L-,

R-, C-, R - and R--inverters has been presented.
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2.3.4 \oltage and Frequency Regulation

Despite these improvements, droop controllers have a-wHdeetween the power shar-
ing and the regulation of the load voltage and frequency. nTlequestion arises: Is it
possible to have accurate power sharing without any loaégelor frequency deviation?
There has been some research on this probleroelient equal power sharing is obtained
without deviations in either the amplitude or the frequeotthe inverter reference voltage
in (Guerrero et al., 2005) via adjusting the output impedaradeevand the load voltage
frequency. Nevertheless, it can not avoid the voltage dapised by the inverter output im-
pedance, which means that the load voltage amplitude aslaldeviation from the nominal
one. In fact, the larger the load current and the invertepwaumpedance, the further the
load voltage amplitude deviates. Besides, this contralters not work for proportional
active power sharing, where the ratio is not 1:1.

To solve these problems, in this thesis, a droop controliepang the structure of
the robust droop controller (Zhong, 2013b) and utilizing ttansient droop characteristics
(Guerrero et al., 2005) is proposed. This controller camexehproportional power sharing

while maintaining the load voltage amplitude and frequesicdyre nominal values.

2.3.5 Current Limiting

Most droop controllers take the power as the control vagiablowever, even if the power

is controlled, the current is still not limited when a suddead change or short-circuit

occurs. A possible solution is to directly control the agtand the reactive currents (Bra-
bandere et al., 2007; Liu et al., 2012; Khodadoost Arani.e280.3). In (Brabandere et al.,
2007), the active and the reactive currents were obtaineording to the voltage differ-

ence between the reference ac voltage sources and the §aderacross virtual complex
impedance. A method proposed in (Liu et al., 2012) calcdl#te active and the react-
ive currents based on the calculation of active and reaptoveer. However, both these
two methods need the ratio of the real inverter output r&scst over reactance. Another
method presented in (Khodadoost Arani et al., 2013) usedni@itude and phase angle
of the load current, as well as the power angle of the loadhgelto obtain the active and
the reactive currents. However, two Fourier blocks are egeohd all the inverters have to

have the same per-unit output resistance.
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In this thesis, a current droop controller based on a simpiefiective current calcu-
lation unit and with the structure of the robust droop coligras proposed. It is able to
achieve faster response during the load change and is ab&tter limit the current RMS
value at the steady state. Meanwhile, accurate load shayouyl voltage and frequency

regulation are maintained.

2.3.6 Stability Analysis

The dynamic characteristics and the stability of the pakalperated inverter system can be
obtained by the small signal stability analysis after thedirisation around the equilibrium
point (Al Haddad et al., 1987; Coelho et al., 2002; Wang arelt&s, 2008; Liu et al.,
2009; Wen et al., 2015). Take L-inverters with the converdladroop controller (2.14)
and (2.15) for example, and considering the measuring béddke power, around the

equilibrium point, the linearised droop controller is

NE(S) = — s‘;’f;}f AQ(s) (2.23)
Aw(s) = —S‘ifz)‘f AP(s). (2.24)

where ws is the cut-off frequency of the measuring filter. So in thedidomain, these

correlations are

AE = —wi AE — winAQ (2.25)
AW=—wi Aw— wiMAP. (2.26)

Then, the expressions for active and reactive power (24@)2.13) could be combined
with (2.25) and (2.26), and then the characteristicequdio the whole system can be
obtained. Based on the characteristic equation, the dymemairacteristics and the system
stability could be analysed. In this thesis, the small digtebility analysis has been used

to study the stability of the inverter system with proposeabg controllers.
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Chapter 3

C-inverters: Inverters with Capacitive
Output Impedance

The voltage THD can be improved by investigating the role led butput impedance
(Dewan, 1981a; Wu et al., 2012; 2013; Gomez Jorge et al.,)2(Nainstream inverters
have inductive output impedance at low frequencies beaafube filter inductor. The out-
put impedance of an inverter can also change with the costiralegy adopted (Guerrero
et al., 2005; 2007; 2004; He and Li, 2012b; Zhang et al., 2DTBae general understand-
ing is that R-inverters are better than L-inverters becaesistive output impedance makes
the compensation of voltage harmonics easier. Some quesitse immediately. For ex-
ample, 1) Is it possible to have inverters with capacitivipatimpedance? 2) If so, what
are the advantages, if any? 3) If so, how to achieve pargiedation for such inverters?

In this chapter, a simple but effective control strategyrspesed to design the output
impedance of an inverter to be capacitive (Zhong and Zeng1;2Bhong and Hornik,
2013). Then, the control parameter (i.e. the output capacd) is designed to guarantee the
stability and, furthermore, optimised to minimise the THtlee load voltage. Moreover,
detailed analyses are carried out to provide guidelinesdtecting the filter components
for C-inverters. Note that the typically-needed voltagepldo track a voltage reference
(Guerrero et al., 2007; 2005; Ryan et al., 1997) is not adbptéich reduces the number
of control parameters and the complexity of the control@mulation and experimental
results are presented to demonstrate the feasibility aridrpgance of C-inverters and the
guidelines for the component selection. It is shown that) wie same hardware, the lowest

voltage THD is obtained when the inverter is designed to bearav€xter.
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Note that the output impedance of an inverter can be defindiffatent terminals that
have different pairs of voltage and current and hence carffegaht. In this chapter, the
output impedance of an inverter is defined at the termindi wie load voltage and the
filter inductor current. In order to avoid confusion, the muttimpedance that takes into
account the effect of the filter capacitor and the contraltstyy is called the overall output
impedance. At low frequencies, for which the major voltagentonics are concerned,
the overall output impedance is more or less the same as thetdmpedance without
considering the filter capacitor.

The rest of the chapter is organised as follows. A contr@lproposed in Section 3.1to
force the output impedance of an inverter to be capacitigdela@ stability is analysed. The
control parameter is optimised to minimise the voltage TiH3ection 3.2 and guidelines
for selecting the filter components are provided in Secti@n Simulation and experimental
results are presented in Section 3.4 and 3.5, followed bglusions and discussions made

in Section 3.6.

3.1 Design of C-inverters

3.1.1 Implementation

The inverter can be modelled as shown in Figure 2.5(b) asettiessconnection of a voltage
referencev; and the output impedanc®,. Here, the controller shown in Figure 3.1 is

proposed to make the output impedance of an inverter cagacit

§ i

sC

(]

Figure 3.1: A controller to achieve the C-inverter.

The following two equations hold for the closed-loop systamsisting of Figure 2.5(a)
and Figure 3.1:
1. .
U:Vr—al and uf = (R+sL)i+Vo (3.1)
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whereR is the ESR of the inductor, which is normally small but notaka0O. Since the

average ofis over a switching period is the samelaghere is (approximately)

w—%j=m+&ﬁ+% (3.2)
which leads to
Vo=V —Z5(8)-i (3.3)

with the output impedancg,(s) given by

Zo(s) = R+sL+ % (3.4)

As a result, the integrator blo% is added virtually to the original output impedance of
the inverter. This is equivalent to connecting a virtuala@for C, (inside the inverter) in
series with the filter inductdr. It is worth noting that the original filter capacit@ris still
required. Although the virtual capacitance introducedhsy/ feedback changes the output
impedance within the bandwidth of the controller, the shiitg noises are often far beyond
the reach of this control and an LC filter is still needed topeps switching noises. The
impact of the control strategy is on the change of the invelgaamics, with some practical
implications discussed in the rest of this section.
If the capacitorC, is chosen small enough, the effect of the induc®#-(sL) is not

significant and the output impedance can be made nearlyypeaphcitive around the fun-

damental frequency, i.e., roughly
1

Co

Hence, the virtual capacit@, resonates with the filter inductdrat a frequency higher

Zo(s) (3.5)

than the fundamental frequency, which is able to reduce #mmndbnic voltage dropped
on the filter inductor caused by the current harmonics. Tihdsva C-inverters to achieve
better voltage quality than R- and L- inverters without aiddial hardware cost.

3.1.2 Stability of the Current Loop

When the controller is implemented digitally, the effectaoimputation and PWM con-

version can be approximated by a one-step det&, whereTs is the sampling period.
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Hence, the approximate block diagram of the current loop lmamerived as shown in

Figure 3.2(a). The corresponding open-loop transfer fanas

11 g
L(s)_scosL+Re

which has a pole a = 0 but does not have any unstable poles in the right-halfepten

(3.6)

thes-domain. A typical Nyquist plot of such systems is shown igufe 3.2(b). In order to
make sure that the system is stable, according to the wellkiNyquist theorem, the plot
should not encircle the critical poifit-1, 0). Assume that the plot crosses the real axis for

the first time at the frequenay, thenay satisfies

L
-2 —atan-ds —@pTy= -7 (3.7)

In other wordsay can be found as the first positive number from 0 that satisfies

R
— =1 Ts). .
ol an(aoTs) (3.8)
At this frequency, the loop galm should be less than 1. In other words, the
loop is stable if
1
il 21 R2
Co<am/w§L +R2. (3.9)
It can be easily seen that
T
—. A
O<w< T (3.10)

Hence, the current loop is stable if

1 T L
< — /(=) 4+ R A1

of which the right-hand side is abop{%s)ZL for smallR~ 0. In other words, the loop is
stable if the capacitandg, or the sampling frequencis = Tis is chosen large enough so
that the sampling frequendy is larger than four times the resonant freque% with

L, which can be easily met without any problem. Note fR& not exactly zero in reality,

which helps maintain the stability of the loop.

28



Ut Vo
i - |
0 JR——
1
sL+R £
>
T i g
e Y )
A 1 E
i:D
u . VA X
Real Axis ¢
(a) Approximate block diagram (b) Typical Nyquist plot

Figure 3.2: The current loop.

3.1.3 DC Offset in the System

Because of the presence of the integr@r any dc offset in the curremte.g. that caused
by the conversion process or faults in the system, would teaa dc offset in the load
voltage. To avoid this problem, some simple mechanisms eaadopted. For example,
the integrato% can be reset when the inductor current passes zero if thet effseeds
a given level. Alternatively, the integrat@; can be slightly modified a&ﬁ with a
negligible positive numbeg =~ 0. This is equivalent to putting a large resis%oin parallel

with Cy, which does not change the performance at non-dc frequencie

3.2 Optimisation of the Voltage Quality

Voltage harmonics mainly come from two sources: the invdréeause of the pulse-width-
modulation, the switching, and the non-linear loads/gfidong and Hornik, 2013). Even
when a purely sinusoidal voltage supply is provided, naedr loads will generate har-
monic currents, which then cause harmonic voltages becauke inverter output imped-

ance. According to (3.3), in order to obtain low THD fay, there are two options: one
is to make sure that the reference voltagas able to provide the right amount of har-
monic voltages to compensate the harmonic voltage droppdaecoutput impedance, and
the other is to keep, clean and maintain a small output impedadgeover the range of

the major harmonic current components. The first option le@s lvidely investigated in

the literature, e.g. by using the repetitive control sggtéHornik and Zhong, 2011; Tzou
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etal., 1999; Hornik and Zhong, 2010b; Chen et al., 2008; @&terrada et al., 2007; Zhou

and Wang, 2003; Zhou et al., 2009; Costa-Castello et al4;2B6cobar et al., 2008) or by

harmonics injection (Borup et al., 2001). However, the sécoption has not been fully

explored and will be studied in details in this chapter. Bfispeaking, the second option

should lead to a small output impedance but this fact hasewmt kvell understood.
Assume that the output current of the inverter is

i =252 Ihsin(hawt 4 g,) (3.12)

wherew is the system frequency. Then the amplitude oftttie harmonic voltage dropped
on the output impedance g2l |Zo(jhw)|. Moreover, assume that the voltage reference

V; Is clean and sinusoidal and is described as
Vi = V2E sin(wt + 5). (3.13)

Then the fundamental component of the load voltage is

vi = V2Esin(wt 4 &) — V211 |Zo(jw)|sin(wt + @ + 6) (3.14)
— V2V sin(wt + B) (3.15)

with
Vi=/E2+ 12 Zo( j00)|? — 2611 Zo( j)] cOS(@1 + 6 — &) (3.16)

w|Zo(jw)|sin(g+6 —9)
1|Zo(jw)|cofn +6 —93) —E
The sum of all harmonic components in the load voltage is

B = arctar{ )- (3.17)

VH = V255 _olh | Zo(jhow) | sin(hwt + @ + £Zo(jhw)). (3.18)

It is clear thatv; andvy do not affect each othew; is determined by the clean reference
voltage, the fundamental current and the output impedantteedundamental frequency.
vy is determined by the harmonic current components and theubunhpedance at the

harmonic frequencies.
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According to the definition of THD, the THD of the load voltaige

\/Zh 2 |Zo(jhew) |

Vi

THD = x 100% (3.19)

Hence, the THD is mainly affected by the output impedanceanbnic frequencies. As a
result, it is feasible to optimise the design of the outpuiéaiance at harmonic frequencies
to minimise the THD of the load voltage.

For the C-inverter designed in the previous section, adegria (5.3), there is

1

. N K|
Zo(jhaw*)|* = R+ (hw'L G

)2 (3.20)

wherew® is the rated angular system frequency. In order to minintie€ltHD of the load

voltage, the virtual capacit@, should be chosen to minimise
T M7 |Zo( jheo) (3.21)

because the fundamental componepican be assumed to be almost constant. This is

equivalent to
1

hw*Cy

whereih = :—*1‘ is the normalisedh-th harmonic currenty, with respect to the fundamental

)2 (3.22)

min=_i% (hw'L —
N4 1h(

currentl;. Depending on the distribution of the harmonic current congnts, different
strategies can be obtained.

Assume that the harmonic current is negligible for the hamie®higher than th&l-th
order (with an odd numbe¥). ThenC, can be found via solving (3.22). Define

. . 1

f(Co) = ZN ,i% (how'L — hw*co)? (3.23)

ThenC, needs to satisfy

df (CO) _oyN 2 * 1 1 —
< 2% it (how' L — hw*Co) horcZ (3.24)
which is equivalent to
. 1

SN iz (L— m) =0. (3.25)
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Hence,

: 1 if
Zh oltnl = mzwzzh%] (3.26)

and the optimal capacitance can be solved as

(3.27)

which is applicable for any curremtwith a known harmonic profile. The corresponding

f(Co) is

s 25N 2 130 5it
fmin(Co) = (@L)"Zpalin(h— 1 —=5;
NP

)2, (3.28)

Hence, the THD ofv, is in proportion to the inductande of the inverter LC filter. A
small L does not only reduce the cost, size, weight and volume ofrttiecitor but also
improves the voltage quality. However, a smalleads to a higr&i for the switches and
large current ripples. See the guidelines of selecting tingponents in the next section for
details. Moreover, sincé; ~ L, a smallL leads to a small gain for the integrator, which is
good for the stability of the current loop.

If the distribution of the harmonic components is not knothen it can be assumed that
the even harmonics are 0, which is normally the case, anddtidnarmonics are equally
distributed. As a result, the optim@}, can be chosen, according to (3.27), as

1 Zh:375777...7Nh_12

© " N-vz 829

This can be written as

1 1 1 1 1
St =) (3.30)

Co= (w*)ZL(N—l)/z(?+52 N2

where(N — 1) /2 is the number of terms in the summation. The correspontii@g) is

fmin(Co) = (@*L)?Zh-35,7,..n(h— 1_(N-1)/2

)2, (3.31)
h%h 357N h_lz
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If a singleh-th harmonic component is concerned, then the optyas

1

Co = TheryaL

(3.32)

This forces the impedance at theh harmonic frequency close to 0 and hence no voltage
at this frequency is caused, assumitig 0. According to the stability analysis carried out
in the previous section, the current loop is stable in thieda(hw*)2L < (2—’}5)2L, or in

other words iffs > 4hf*, wheref* = ‘2*’—n is the rated system frequency.

3.2.1 Case |: To Minimise the 3rd and 5th Harmonic Components

In most cases, it is enough to consider the 3rd and 5th haomamly. This gives the

optimal capacitance
17

As a result, the output impedance is
: ., W 225w°
Z(jw) =R+ jw L(E_f$>' (3.34)

The gain factor: — 21—275% of the imaginary part with respect to the normalised fregyen

2 is shown in Figure 3.3. It changes from negative to positivapproximately = =

3.638. At the fundamental frequency, i.e., whenr= w*, the output impedance is
208 .
It is nearly purely capacitive as expected becaRgenormally smaller thaw*L.

3.2.2 Case ll: To Minimise the 3rd Harmonic Component

In this case, the optim&l, is
Co=———5- (3.36)

and the corresponding impedance is

9w*

. . W
=R+ jw'L(— —
Zy(jw) + jw (w* ©

). (3.37)
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The gain factor
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Figure 3.3: The gain factors to meet different criteria.

The gain factor® — 9—(‘:’f of the imaginary part with respect to the normalised fregyen
2 is also shown in Figure 3.3. It changes from negative to jpesitt w = 3w*. At the

fundamental frequency, i.e., when= w*, the output impedance is
Zo=R—j8w'L ~ —j8w‘L (3.38)
which is nearly purely capacitive as well.

3.2.3 Case lll: To Minimise the 5th Harmonic Component

In this case, the optim&l, is

Co = ﬁ (3.39)

and the corresponding impedance is

25w*
W

Zo(jw) =R+ jw*L(% 9 (3.40)

The gain factors — =2 " of the imaginary part with respect to the normalised freqyen
2 is also shown in Flgure 3.3. It changes from negative to pesdt w = 5w*. At the

fundamental frequency, i.e., when= w*, the output impedance is
Zo = R— j24w’L ~ — j24w"L. (3.41)

This is nearly purely capacitive as well.
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3.3 Component Selection

3.3.1 Selection of the Filter InductorL

As discovered in the previous section, the smaller the fiftéuctor, the smaller the output
impedance and better the voltage quality. Thus, it is bé&ttbave a small output inductor
than a big one. This leaves the selection of the filter inductaneet the requirement on
the allowed current ripples only. According to (Wu et al.12}) it is recommended that

the current ripples should satisfy

Al
015< — < 0.4 (3.42)
Iref
with
. Udc
Al = o5 T (3.43)

whereAl is the inductor current ripple argks is the rated peak current at the fundamental

frequency. Thus, the inductor should be chosen to satisfy

e <l < e

<L< . 3.44
8fslres 3fslres ( )

This could be applied to analyse the impact on the dc-buageltFor example, assume
thatL is selected to achieve the maximum current ripple .éf,@;. Moreover, . assume
that the peak of thé-th harmonic current reaches 50%laf;. Then the voltage drop of
the h-th harmonic current on the inductor figo* 8?3?; X '%f = %Udc. In other words,

the maximum increase of the required dc bus voltag%% x 100%. Forh=5, fs=10

kHz andw* = 100rrrad/sec, this is 8% so it is not demanding at all and there is no need

to take any special action when determining the dc bus veltag

3.3.2 Selection of the Filter CapacitoiC

The main function of the LC filter is to attenuate the harmsrgenerated by the PWM
conversion and the H-bridge via re-producing the contgnaiu, especially the harmonics
around the switching frequendy. When there is no load, the transfer function between

andv, is
1

HS) = gicr1

(3.45)
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Indeed, the virtual capacit@, does not change the role of the LC filter in suppressing
the switching noises because the actual output voltaggenerated by the inverter is still

passed through the LC filter. The cut-off frequerfgxan be found from

. 1 1
H(j2mfe)| = 1-(nf)?ic] V2 (3.46)
as
1
fo = m\/\@+l (3.47)

. . . 1 . . .
which is about 15 times of the resonant frequen%. Since it is very close to the
resonant frequency, it is reasonable to use the resonapteiney when selecting the com-
ponents. The overall output impedar#es) after taking into account the filter capacitor:
Zo(s) Zo(s)

Z(s) = Zo(s)+% = CZo(9) 1 1 (3.48)

1
Z(S) ~Zp(S) =R+sL+ — 3.49
(9) ~ Zo(s) <. (3.49)
and at high frequencies,
1
Z(s) ~ < (3.50)

This actually verifies that the definition of the output impadeZ, without considering
the filter capacitoC does not materially affect the analysis at low frequenci@sfining
the output impedance at the terminal with the load voltagethae filter inductor current is
simply to facilitate the presentation.

For conventional inverters, which are mainly L-inverte£ss) is inductive at low fre-
quencies. Hence, the overall output impedad¢® changes its type from inductive to
capacitive at the resonant frequency. However, accordir{§.26), the overall output im-

pedance(s) for the C-inverters designed above is

sL+R+ &

Z(s) = .
(s) PLC+LCR+ & +1

(3.51)

It is capacitive at both low frequencieﬁ) and high frequencies%). In order to bet-
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Figure 3.4: The overall output impedance of an L-invertet aiC-inverter after taking into
account the filter capacit@.

ter demonstrate this, the Bode plots of the overall outpyteidance of typical L- and
C-inverters are shown in Figure 3.4. This figure is obtaindith whe parameters of the
experiment given in Section 3.5, aly is set to reduce the 3rd load voltage harmonic
component. The output impedance of the C-inverter is céipamver a wide range of
both low and high frequencies and is inductive only over alkraage of mid-frequencies.
There is a series resonance betweemdC,, in addition to the parallel resonance between
L andC, which is slightly changed because@f. The output impedance of the L-inverter
is inductive for low frequencies up to the resonant freqyeiche filter and capacitive for
the frequencies above.

The optimisation of the voltage quality discussed in therjongs subsection is achieved
via tuning the series resonance betweeandC,. Since the load currem§ may include a
large amount of harmonic components, especially when the i® nonlinear, the parallel
resonance betwedn C andC, should be considered when designing the filter. According

to (3.51), the parallel resonant frequerfgycan be obtained as

1 [c+G 1 /C
f = 2n,/ Toou 2n\/E’/Co+l' (3.52)

With the samd. andC, the resonance frequendy of C-inverters is higher than, but very
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close to, that of the corresponding L-inverter or R-investevhich iszmlf’ becaus&,

is often much larger tha@. In order to avoid amplifying some harmonic current compon-

ents, the resonance frequentyis recommended to be chosen between 10 times the line
frequencyw* and half of the switching frequendy (Wu et al., 2012). Hencef, is often

far away from the harmonics to be eliminated by desig@gngindeed, ifC, is designed to
eliminate theh-th harmonic, then according to (3.52), there is

1 Co , hw [Co
“‘557&i”c&+1‘2n‘/c+¢' (3.53)

That is, the resonant frequencyyi % + 1 times the harmonic frequen&yw® under con-

trol. If % +1> 3, thenf, > 32—ﬁ and it is over 9 times the system frequernay even

for h= 3. Hence, it is recommended to selécto satisfy

3hw* 1
<t <= .
o S fr < 2fs (3.54)

that is to select the parallel resonant frequency betwese ttimes of the harmonic fre-
guency under control and half of the switching frequencycakdingly, it is recommended
to select the filter capacit@ to satisfy

3hw ghw %+1<}fs

21T 2 \V C =2
or, equivalently,
Co 1
<C< =Co. 3.55
(fote)2 -1 8 (359

3.4 Simulation Results

Simulations were carried out with MATLAB 2013a, toolboxegk as Simulink and Sim-
scape were extensively used. The solver used in the siroogavas ode23 with a relative
tolerance of 102 and the sampling time is{1F. More detailed information can be found
in Appendix A. The single-phase inverter was powered by a\B8@ voltage supply. The
switching frequency is 10 kHz and the system frequency is 50THhe rated load voltage

is 230 V and the rated peak current is chosen as 40 A. Thus tibeé apparent power of
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the inverter is 6.5 kVA. The load is a full-bridge rectifieabed with an LC filter (2 mH,
150uF) and a resistoR_ = 30Q, as shown in Figure A.2. An extra load consisting of a
200Q resistor and a 22 mH inductor in series was connectéd-a2 s, and disconnected
att = 9s to test the transient response of C-inverters, R-imgeded L-inverters. The in-
verter reference voltage was generated by the robust dmmapatier proposed in (Zhong
and Zeng, 2011), which is shown in Figure 4.3 and Figure A.Ae parameters of the
robust droop controller were chosenras= 6.3 x 1074, my = 3.4 x 107° andKe = 10.

According to (3.44), the filter inductor should be chosemnaein 055 mH and 146
mH. To make the load voltage THD small, the inductor is cha®055 mH. The virtual
capacitorC, is chosen to be 14Q0F to reduce the 3rd and 5th harmonics. According to
(3.55), the filter capacitdC should satisfy

1.84UF < C < 174yF, (3.56)

from which the filter capacitor was selectedas- 20uF.

Simulation results of the C-inverter wi@, = 1400uF, together with a R-inverter with
Z, = 4Q and an L-inverter designed according to the current feddbauwtroller proposed
in (Zhong, 2013b) withK; = 4 andK; = 0, respectively, are shown in Figure 3.5. When
the extra load was connected/disconnected, all thesea@ngevere able to respond fast and
reach the steady state quickly and smoothly. It can be se¢thtitransient responses of the
C-inverter and the L-inverter were better than the one oRheverter. For the C-inverter
and the L-inverter, it takes approximately 0.02 s for thévagtowerP to arrive at the steady
state after the extra load is connected. While for the Rievgit takes approximately 0.2
s, which is approximately 9 times slower.

As shown in Table 3.1, the C-inverter achieved the lowedl h@tage THD among
the three types of inverters. When the extra load was dissded, the voltage THD of
the C-inverter was approximately 3.5%, while the ones oRkaverter and the L-inverter
were approximately 8.7% and approximately 4.5%, respelgtivWhen the extra load was
connected, the voltage THD of the C-inverter was decreaskd approximately 3%, while
the ones of the R-inverter and the L-inverter were approteiga8.3% and approximately

4%, respectively.
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Figure 3.5: Simulation results with the extra load consgtf a 20 resistor and a 22
mH inductor in series connectedtat 2s and disconnected st 9s: using the C-inverter
with Cy = 1400uF to reduce the 3rd and 5th harmonics (left column), usindgrttveverter
with K; = 4 (middle column) and using the L-inverter (right column).

Table 3.1: THD ofv, of the C-inverter, the R-inverter and the L-inverter (%)
Type of inverter C-| R-| L-

THD of v, with extra load disconnected3.5 | 8.7 | 4.5
THD of v, with extra load connected| 3 | 8.3| 4

3.5 Experimental Results

To further validate the feasibility and performance of thegmwsed C-inverters, experiments
were carried out on a test rig consisting of three singlesphaverters powered by three
separate dc voltage supplies, as shown in Figure B.1(a)e Metailed information can be
found in Appendix B. The simulation and the experiment wedrditferent voltage levels.
While the simulation focused on the response of the invertem a load change occurred,
the experiment focused on the harmonic values and THR.dh this chapter, only one of
the three inverters of the experimental setup is used. Tkerter is powered by a 180 V

dc voltage supply, which is obtained from the non-regulaliede rectifier. The switching
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frequency is 10 kHz and the system frequency is 50 Hz. Thel tatal voltage is 110 V
and the rated peak current is 8 A. The load is a full-bridgéfrecloaded with an LC filter
(2.2 mH, 150uF) and a resistoR_ = 200Q.

According to (3.44), the filter inductor should be chosemnwaeein 141 mH and 375
mH. The on-board filter inductor.2 mH falls into this range. Three different cases with
the virtual capacito€, chosen to reduce the 3rd harmonic, the 5th harmonic, andtheth
3rd and 5th harmonics, respectively, were tested. The sporaling virtual capacitance
Co is 512uF, 184uF and 34&uF, respectively. According to (3.55), the filter capacitor
should satisfy

0.46uF < C < 23uF. (3.57)

The on-board filter capacit@® = 10uF falls into this range. The corresponding resonant
frequency is 1131 Hz for the case with=5 and 1083 Hz for the case with= 3, which
leaves enough room for a normal switching frequency, e.¢dz5krhe inverter reference
voltage was also generated by the robust droop controllerr{g and Zeng, 2011) shown
in Figure 4.3, and the parameters of the robust droop cdetrokre chosen ag = 3.4 x
1073, my = 3.9 x 10~% andK, = 10.

The experimental results are shown in Figure 3.6, togetitaithhose from an R-inverter
with Z, = 4Q and an L-inverter designed according to the current feddicaatroller
proposed in (Zhong, 2013b) wit = 4 andK; = 0, respectively, for comparison. When
the inverter was designed to have capacitive output impmtltmreduce the effect of the
3rd and 5th harmonics, the 3rd harmonic was reduced by al@8atfEom the case of the
L-inverter and by about 65% from the case of the R-inverted #e 5th harmonic was
reduced by about 30% and 18%, respectively. The THD was estlhg about 40% and
50%, respectively. When the inverter was designed to hgvaatidve output impedance to
minimise the effect of the 3rd harmonic, the 3rd harmonic veaiiced by 63% from the
case of the L-inverter and by 74% from the case of the R-ieveréspectively. The THD
was reduced by about 36% and by 47%, respectively .When tlestén was designed
to have capacitive output impedance to minimise the efféth® 5th harmonic, the 5th
harmonic was reduced by 41% from the case of the L-invertgbgr81% from the case of
the R-inverter, respectively. The THD was reduced by ab@ft and 48%, respectively.
Apparently, C-inverters performed much better than theri@-lainverters. Moreover, the
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Figure 3.6: Experimental results: harmonic distributidrihe load voltage (left column),
load voltage and inductor current (right column).

THD is the lowest wherC, is designed to optimise the 3rd and 5th harmonics than to
optimise these two separately. This is because the majordrac components of the load
voltage are the 3rd and 5th harmonics, as can be seen fromeRdi(e).

Table 3.2: Percentage harmonic values and THia ¢%6)
| Harmonic Order| 3rd and 5th| 3rd | 5th | R-inverter| L-inverter |

3 1.86 1.37| 3.39 5.08 3.70
5 2.69 291 2.24 3.11 3.79
7 1.01 1.02| 0.98 1.05 0.99
9 0.86 0.89| 0.44 1.08 1.34
11 0.66 0.63| 0.86 0.54 0.69
13 0.18 0.18| 0.14 0.13 0.08
15 0.37 0.36| 0.32 0.47 0.66
17 0.48 0.48| 0.52 0.28 0.51
19 0.09 0.08] 0.43 0.17 0.22
21 0.28 0.26| 0.08 0.25 0.30
23 0.31 0.31|0.18 0.24 0.47
25 0.26 0.23| 0.33 0.19 0.24
27 0.21 0.16| 0.38 0.23 0.38
29 0.35 0.30| 0.35 0.26 0.58
31 0.30 0.21| 0.27 0.24 0.36
THD 3.47 3.72| 3.63 7.03 5.8

The recorded average RMS values of the load voltage are \tGérthe R-inverter,
110.2V for the L-inverter and 109.8V for C-inverters, whishows the excellent voltage
regulation capability of the robust droop control strategyis is true regardless of the

virtual capacitance concept.
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3.6 Summary

It has been shown that it is feasible to force the output imaped of an inverter to be capa-
citive over a wide range of both low and high frequenciesalth it normally has an in-
ductor connected to the inverter bridge. Such invertergsalted C-inverters. A simple but
effective approach is to form an inductor current feedbactugh an integrator, of which
the time constant is the desired output capacitance. Tlas/igual capacitor so there is
no limit on the current rating and can be applied to any poeeell The capacitance can
be selected to guarantee the stability of the current loabaamnalgorithm is proposed to
optimise the value of the output capacitance so that the THibeoload voltage is min-
imised. Detailed guidelines have been provided to placedlewant frequencies properly
so that the filter components can be determined. Extensmelaiion and experimental
results have shown that the voltage THD of an inverter caretbeaed when it is designed
to have capacitive output impedance, in comparison to agrier having resistive or in-
ductive output impedance. Moreover, no visible dc offsetsseen from the experimental
results. One by-product of this study is that the filter indushould be chosen small in
order to reduce voltage harmonics and the criterion is rediic meet the current ripples
allowed on the inductor. A small inductor helps reduce tlze,siveight and volume of the

passive components needed.
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Chapter 4

Robust Droop Controller for C-inverters

In Chapter 3, the C-inverter has been proposed to achieverbatitage THD. In this
chapter, the droop controller for parallel operation ofr@eirters is studied. It aims to
maintain the load voltage of parallel-connected C-invsrtgithin a certain range, while
sharing the loads proportionally according to their povedings.

The droop control strategy is of different forms for investevith different types of out-
putimpedance (Brabandere et al., 2007; Guerrero et alg; 2005). The&) ~ E andP ~ w
droops are used when the output impedance is inductive&) thev andP ~ E droops are
used when the output impedance is resistive; for a compl@edance, a transformation
involving the impedance phase angle needs to be introdugedr(ero et al., 2006b; Yao
et al., 2011). In this chapter, the droop for the C-inversestudied, based on which a con-
ventional droop controller for the C-inverter is proposedwever, inverters equipped with
the conventional droop controller are required to have #mesper-unit output resistance
over a wide range of frequencies. To overcome this limitgttbe structure of the robust
droop controller (Zhong, 2013b) is adopted to achieve atewsharing of the active power
and the reactive power at the same time even when there arericaierrors, disturbances,
component mismatches and parameter drifts.

The rest of the chapter is organised as follows. A conveatidnoop controller for
the C-inverter is proposed in Section 4.1. Based on thispastodroop controller for the
C-inverter is developed in Section 4.2. Experimental tssalle presented in Section 4.4,

followed by conclusions and discussions made in Section 4.5
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4.1 Conventional Droop Controller

An inverter can be modelled as a reference voltage sourteanibutput impedancg,, as
shown in Figure 2.5(b). According to (2.12) and (2.13), whHemimpedance is capacitive,
then8 = —90° and

EVo .
P=—-———sind 4.1
Z (4.1)
EV, V2
= _——2cosd+ 2. 4.2
Q Z 2. (4.2)
Whend is small,
EVo
P~—-—90 4.3
7 (4.3)
E -V,
Q~ — %0%. (4.4)

In this case, for a smadfl, these are approximately

P~—5 (4.5)
Q~ —E. (4.6)

Hence, the conventional droop control strategy for invent@th capacitive output imped-

ance should take the form

E=E*+nQ (4.7)
w=w"+mP (4.8)

which is sketched in Figure 4.1. Note that, in order to make that theQ ~ —E loop and
the P ~ —w loop are of a negative feedback, respectively, so that thepdcontroller is
able to regulate the frequency and the voltage, the sigrsde® andmP are all positive,
which makes them boost terms.
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w E
. / E
® ! | ;
w =0 +mP ! E<E +n0 |
: Capacitive Inductive
0 P* P 0 Q* Q

Figure 4.1: The droop controller for C-inverters.

The inverter voltage refereneg is formed as a pure sinusoidal signal
Vi = V2E sin(wt + ) (4.9)

by takingE as the RMS voltage set-point anaas its frequency. Figure 4.2 depicts the
parallel operation of two inverters with capacitive outpunpedance. The power ratings of
the inverters ar&; = E*l] andS; = E*I; with the rated currerf andl;, respectively. They
share the same load voltage Note that the load voltage drops when the load increases.
This is called the load effect. In order for the inverters bare the load in proportion to
their power ratings, the droop coefficients of the inversdrsuld be in inverse proportion

to their power ratings (Tuladhar et al., 1997; Guerrero 28108), i.e.n andm should be

chosen to satisfy

mS; =S (4.10)
MmS| = mS,. (4.11)

S=R+jQ S=R+jQ
= yoor <
11 ! i
Coz Vr2

Vrl Col
<~> E,09, z E,00, G)

Figure 4.2: Two C-inverters operated in parallel.
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4.2 Robust Droop Controller

As reported in (Zhong, 2013b), the conventional droop adrdirategy is not able to ac-
curately share both real power and reactive power at the sameebecause there is no
mechanism to make sure that the voltage set-points are the wdien numerical errors,
noises and disturbances exist. Also it is impossible to nsake that the per-unit output
impedance are the same because of component mismatchearanteper shifts. Hence,
the voltage regulator added to the conventional droop oblets for inverters with resistive
(or inductive) impedance proposed in (Zhong, 2013b) shaidd be added to the droop
controller for inverters with capacitive output impedandéis results in the robust droop

controller, shown in Figure 4.3, and described with:

E*
K, A<L<-_ RMS

vr
- /\/

wt+6

@ [ —
4
3
(e)
|

Figure 4.3: The robust droop controller for C-inverters¢dg and Zeng, 2011).

E = Ke(E* —V,) +nQ (4.12)
w=w"+mP. (4.13)

It is able to share both real power and reactive power acelyraven if the per-unit output
impedance are not the same and/or there are numerical ,edistsrbances and noises

because, in a steady state, one has

NQ -+ Ke(E* —Vp) = 0. (4.14)
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This means
nQ = constant (4.15)

as long a¥{c is the same for all inverters. This guarantees the accuhnaiegng of reactive
power in proportion to their ratings. As long as the systermstable, which leads to the
same frequency, the real power can be guaranteed as wehZB0613b).

According to (4.14), the load voltage is

nQ
KeE*

n
Vo=E'+ ~Q=E"+ E* (4.16)
e

which can be maintained within the desired range via chgosinigKe. Hence, the control
strategy has very good capability of voltage regulation a,w addition to the accurate
power sharing. This is the same as the inverters with resigtind inductive) output im-
pedance reported in (Zhong, 2013b). The droop coefficiersisd m can be determined
as usual by the desired voltage drop/boost rRti@and the frequency drop/boost raikp,

respectively, at the rated real powrand reactive powe®*:

R/KeE*
n= 417
o (4.17)
R w*
— . 4,18
m= R (4.18)

4.3 Small-signal Stability

It is a great challenge to analyze the stability of invertarparallel operation. Here, the
small-signal stability of a C-inverter equipped with théust droop controller (4.12-4.13)

is analyzed. Consider small disturbances around the stgbiébrium operation pointd,

Voe, Ee), WhereEe andVye are the magnitudes of the source voltage and the load voltage
respectively. & is the phase angle difference between the source voltagehanidbad
voltage. Linearising (2.12) and (2.13)

AR :Voe(coséecose-l—sinéesine) AE@+

EeVoe(—SiNdC0s0+-c0sdeSinG) AS
o

Z (9 (4.19)
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_ Voe(C0S0eSiNG —sindecosh)
- Zy

B EcVoe(Sindesing +c0sd.c0sb) AS

AE( 7

AQS 9. (4.20)

The robust droop controller for C-inverter (4.12-4.13) barlinearized around the equi-

librium as
SAE(s) = nAQ(S) (4.21)
Aw(s) = MAP(s). (4.22)
Additionally, there is
Aw(s) = sAd(S). (4.23)

Note that the real power and the reactive power are normadigsared using a low pass
filter 5. Combining (4.19-4.23), the small-signal model of the etboop system is

- wr _[Voe(coﬁesine—sinéecose) A

St Lo
[Voe(cosc‘iecosﬂ-l—sméesme) AES-
St Zo

- Ebe(SInSI0C0BE0D) 5 (420

LEé/oe(—sin5e02089+005565i”Q)M(s)].(4.25)

E®

From (4.24) and (4.25), there is

B —Nws EeVoe(SiNde SiNO + c0Sd: c0SO)
 ZoS + Zowi S— Nt Voe(COSI SING — SiNdeCOSO)

AE(s) AO(9). (4.26)

which leads to the following homogeneous equation

as*Ad(s) + bsAS(s) + csAS(S) + dsAS(s) +eAd(s) = 0 (4.27)
with

a=22 (4.28)

b = 272wy (4.29)

C = Zows (—Voe(€0S SINO — Sindec0sO) (N + MEg) + Zowy ) (4.30)

d = —Zow?Voe((€0SGeSING — SiNdeC0SA) (N+ MEy)) (4.31)

e = MNEew?V2. (4.32)
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The system stability can be analyzed by investigating tlaeadteristic equation
as’+bs®+cs? +ds+e=0. (4.33)

The rated system frequency is 50 Hz and the rated load vakddgeV. According to (4.16),
Voe remains as a constant at the equilibrium as long as the laattlsanged and, K¢, E*
are fixed. Taking inverter 1 for example, according to theapeaters in the experiment,

and considering the nonlinear load case, there are

Ve = 11.62V (4.34)

Ee = 14.24V (4.35)

Se=—17.2° (4.36)

which result in

A1 = —6.5227+ 3.5092 (4.37)

Ar = —6.5227—3.5094 (4.38)

A3 = —3.4773+3.5094 (4.39)

Ag = —3.4773—3.5094. (4.40)

As the real parts of the characteristic roots are all negatine small signal stability around

the equilibrium has been guaranteed.

4.4 Experimental Results

Experiments were carried out on the test rig consisting ielsingle-phase inverters, as
shown in Figure B.1(a). More detailed information can benfbin Appendix B. In this
chapter, only two of the three inverters of the experimese#lip are used. The capacity of
Inverter 1 is 25 VA and the capacity of Inverter 2 is 50 VA, witte rated power factor of
0.9. It is expected tha® = 2P; andQ, = 2Q;. The switching frequency is.3 kHz and
the frequency of the system is 50 Hz. The dc voltage suppl i¥,4he rated voltage is
12 V andKe = 20. The filter inductor id. = 2.35 mH with a parasitic resistance ofl@
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and the filter capacitand@is 22uF. The cut-off frequency of the power low pass filter is
10 rad/s.

The desired voltage drop rati%%i is chosen to be 10% at the rated reactive power
Qi = 0.4365", and the desired frequency boost ra%ﬁ'i is chosen to be 1% at the rated
real powerP" = 0.9§". As aresultn; =2.2 andn, = 1.1; my = 0.14 andmp = 0.07. The
capacitor is chosen &, = 479uF and the corresponding impedance at the fundamental
frequency isZ,(jw*) = —6.65Q, which is capacitive and is able to dominate the imped-
ance between the voltage reference and the terminal. Tharp@ance of the parallel oper-
ation of C-inverters is compared with the performance oh®eiters withz, = 4Q, which
are designed according to the current feedback contraltgygsed in (Zhong, 2013b). At
t = 0s, Inverter 1 was started to feed the load. Then, at abeWds, Inverter 2 was con-
nected in parallel with Inverter 1. After that, at about 9s, Inverter 2 was disconnected.

4.4.1 With a Linear Load

Experiments were carried out with a linear lodd= 9Q. The results for the C-inverter
and the R-inverter are shown in the left and right columns igtife 4.4, respectively.
The steady-state performance is shown in and Table 4.1. Abeaseen, for both these
two types of inverters, the power sharing was accurate, hed/oltage magnitude and
frequency were regulated very well:

1) the real power and the reactive power were well sharedeimatio 1:2;

2) the load voltage magnitude was close to 12 V;

3) the load voltage frequency deviation was maintained terballer than 0.5 Hz.

Note that for the C-inverter, the voltage magnitude dropfpech its nominal value,
while the frequency was boosted. For the R-inverter, bo#twtiitage magnitude and the

frequency dropped from their nominal values.

Table 4.1: Steady-state performance of two parallel opdraverters with a linear load
| Variable | C-inverters| R-inverters|
Apparent power 1 (VA) 5.3-0.75] | 4.8-0.65j
Apparent power 2 (VA) 10.6-1.5j 9.6-1.3j
RMS load voltage (V) 11.9 11.5
Frequencyf (Hz) 50.12 49.98
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Figure 4.4: Experimental results of two parallel operataceiters with the linear load:
using C-inverters (left column) and using R-inverterstftigolumn).
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In comparison to the R-inverter, the voltage regulationh&f €-inverter was slightly
better because the voltage magnitude was related to thiveepower, which was smaller
than the real power, and the frequency variation of the @+iiev was slightly higher be-
cause the voltage magnitude was related to the real powerogk voltage THD for both

these two types of inverters was kept to be approximateBo2vhich is lower than 5%.

4.4.2 \With a Nonlinear Load

Experiments were carried out for a full-bridge rectifierdoaith an LC filterL = 2.2mH,

C =1000uF andR_ =9Q, as shown in Figure A.2. The results are shown in Figure 4.5
and Table 4.2. Again, for both these two types of invertéres power sharing was accurate,
and the voltage magnitude and frequency were regulatedwelly Compared with the
cases with the linear load, the active power increased amdeidctive power decreased,

thus the voltage magnitude and frequency deviated furtber the nominal values.

Table 4.2: Steady-state performance of two parallel opdrat/erters with a nonlinear load

| Variable | C-inverters| R-inverters|
Apparent power 1 (VA)  7-2.6j 12-1.8]
Apparent power 2 (VA) 14-5.2j 6-3.6j
RMS load voltage (V) 11.9 11.2
Frequencyf (Hz) 50.16 49.96

Besides, harmonic components exist in both the load voléagethe inductor current
because of the nonlinear load. As shown in Table 4.3, thev€rier achieved lower load
voltage THD than the R-inverter. When Inverter 2 was diseated with Inverter 1, the
voltage THD of the C-inverter was approximately 18.3%, whhe one of the R-inverter
was approximately 20.8%. When Inverter 2 was connectedrallpawith Inverter 1, the
voltage THD of the C-inverter was approximately 10.2%, whhe one of the R-inverter
was approximately 14.3%. Obviously, compared with the eelsen these two inverters
were disconnected, the THD of the load voltage dropped wheset two inverters were

operated in parallel, and it dropped more when with C-irersrthan when with R-inverters.

Table 4.3: THD ofv, of parallel operated C-inverters or R-inverters (%)

Type of inverter C- | R-
THD of vy when Inverter 2 was disconnected | 18.3| 20.8
THD of vy when Inverter 2 was connected in parallel0.2 | 14.3
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Figure 4.5: Experimental results of two parallel operateeiters with the nonlinear load:
using C-inverters (left column) and using R-inverterstftigolumn).
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4.5 Summary

In order to enable parallel operation of C-inverters, theust droop controller proposed
in (Zhong, 2013b) is further developed and applied for aat®uload sharing, as well as
good voltage and frequency regulation. Experimental tesidve shown that C-inverters
can be operated in parallel without any problem. Besidet$), thie developed robust droop
controller, the parallel-connected C-inverter systenmsazzhieve better power quality than
parallel-connected R- inverter systems, while maint&@jmjood voltage regulation and ac-
curate load sharing.
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Chapter 5

Improved C-inverters with Virtual
Capacitive Resonant Impedance

In Chapter 3, it has been shown that the THD of an load voltagebe reduced when it is
designed to have capacitive output impedance (Zhong andikj@013; Zhong and Zeng,
2011), in comparison to an inverter having resistive or githe output impedance. In this
chapter, the C-inverter is further developed. A contratstyy is proposed to achieve the
virtual resonant impedance to improve the quality of thellealtage. It is based on a res-
onant impedance topology consisting of inductors and dagagcof which the magnitude
approaches 0 at different frequencies. The proposed dattabegy involves the feedback
of the inductor current through a transfer function, whistactually the expression of the
virtual resonant impedance. The coefficients of the trarigfection or the virtual resonant
impedance are selected and optimised to reduce load vditag®onics of different orders
at the same time, and thus the corresponding total harmdstmrtion (THD) of the load
voltage could be reduced.

The rest of the chapter is organised as follows. A contrafigeroposed in Section
5.1 to add the virtual resonant impedance. Control parasetalesigned and optimised
to reduce the voltage THD in Section 5.2. Three special casestudied in Section 5.3.
Experimental results are presented in Section 5.4, follbwyeconclusions and discussions

made in Section 5.5.
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5.1 Implementation of Virtual Resonant Impedance

The inverter can be modelled as shown in Figure 2.5(b) astfiessconnection of a voltage
references, and the output impedan&g. The following two equations hold for the closed-

loop system consisting of Figure 2.5(b) and Figure 5.1 (a):
u=v,—2y, and u;=(R+sL)i+Vp (5.1)

whereRis the ESR of the inductor. It is normally small but not exaétl Since the average

of us over a switching period is the samelwaghere is (approximately)
Vo=V —Z5(S) i (5.2)
with the output impedancg,(s) given by
Zo(S) = R+sL+Z,. (5.3)

As aresult, the integrator blo@, is added virtually to the original output impedance of the
inverter. This is equivalent to connecting the virtual et impedance shown in Figure
5.1(b) (inside the inverter) in series with the filter indardt.

Level 1

IL Level 2
r |7 Le.\fl 3
Level N
(b) The corresponding topology

Figure 5.1: The virtual resonant impedance.
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When the virtual resonant impedance is not added, which gi&as 0, there is
Zy(s) = R+sL. (5.4)

When the level 1 of the virtual resonant impedance is addedinierter is in fact a tradi-
tional C-inverter (Zhong and Zeng, 2011; 2014) with

1
Zy, = — 55
V= o (5.5)
whereC; can be designed to reduce the voltage harmonic componeikataén order.
When the levels 1 and 2 of the virtual resonant impedancedateds the virtual imped-

ance can be described by

C2L2$2 +1
Z, = 5.6
v S(C1 +Cp +C1CoLos?) (5.6)

whereCy, C; andL, can be designed to simultaneously reduce the voltage harroom-
ponents at two different orders.

When the levels 1, 2 and 3 of the virtual resonant impedareadded, this means

ColLoS? + C3los? + Calgs? + CoCalolas? + 1

- S(C1+Co+C3+CiCo L5s? 4+ C1C3L 22 + C1C3l 352 + CoCal3s? + C1CoCals L3$4)
(5.7)

Here,Cq, Cy, C3, Ly andL3 can be designed to simultaneously reduce the voltage hacmon

Zy

components at three different orders. Similarly, whenllévi® N of the virtual resonant
impedance are added, parameters can be designed to sienultiy reduce the voltage

harmonic components &t different orders.

5.2 Optimisation of Virtual Resonant Impedance

5.2.1 For 1 Level of Virtual Resonant Impedance

When the level 1 of the virtual resonant impedance is addeel specified order harmonic
could be addressed. This is the same as C-inverter. If aedmgh harmonic component
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is concerned, according to (5.3) and (5.5), the optidiak

1

C= e 2L

(5.8)

This forces the impedance at theth harmonic frequency close to 0, hence no voltage at

this frequency is caused, assumRg- 0.

5.2.2 For 2 Levels of Virtual Resonant Impedance

When the first two levels are added, two specified order haiceaould be addressed.
If hy-th andhy-th harmonic components are concerned, according to (B@)%&6), the

nominator of the inverter output impedance should be O:
CiCoLLys* +CiL 4+ Col +Colp+1=0 (5.9)

which forces the impedance at theth andh,-th harmonic frequency close to 0 , hence

no voltage at these frequencies is caused, assuRua@. (5.9) should be equivalent to
(S +h2w*?) (S +h3w™) = 0. (5.10)

Thus, there are
1
“ekhe = Rt (5.11)
h24h2 '
CiIL+GCL+Cly = 552

2h2ew 2
hehs w*

and

5 12 [La(hf+hd)—4Lngng—215hZng
- hl+hzi\/ 12 L21 2 1%
- 222
L. 2(fl‘l_4wh4|;]l:fh2h2 2L 5h2h2 (512)
2 | 2 2(h+h3)— -2,
_ hl+h2i\/ Rl B
2 2L L) w2ehg

As C; andC; have to be real values, there should be

4nzh3
Ly > 12 . (5.13)
hd — 2h2h2 + hd
In order to make the calculation simple, is chosen as
4hZh3
Ly 12 (5.14)

T hini—2nhg
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Then, there will be

h?+h2
Cl - l* % 2
ZL(:; 22hlh2*2 2 4 4 212 (515)
CZZ (w*ehi+w*hs5)(hi+h5—2hihs)

2Lw**h?h3 (hd-+hj+2h7h3)
Note that the following holds true:

h2 +h2

CGL=C(L+L2) = 555.
2h2h3w*2

(5.16)

5.2.3 For 3 Levels of Virtual Resonant Impedance

When the level 1, 2 and 3 of the virtual resonant impedanceadded, three specified
order harmonics could be addressedhjHth, hp-th andhs-th harmonic components are
concerned, according to (5.3) and (5.7), the nominator efitkerter output impedance
should be 0 assuming= 0. It is equivalent to

(S +hw?) (P +h3w*?) (> + h3w™?) = 0. (5.17)
Thus, there are
_ 1
C1C2C3LL2L3 = W%h%h% ) ) ,
C1CaLLp +C1Cal Lp +CaCal Lg + CoCalLg + CoCalols = Li2 505 (5.18)
h2h2+h2h2+h2h2 nee
Cil +Ca(L +Lo) +Ca(L + Lo+ Lg) = =2 51252
1'2"3
Similar to the case of level 2, set
h2h3 + h2h3 -+ h3h3
Cil =Co(L+Lp) =Cg(L+Lo+Llg) =223 23 (5.19)
3w*2hZh3h3
It means that
C,  Nihs-+hihd+h3hg
1= T 3Lw2n2n2ng
h2h3+h2h3+h3h3
C2 = 3L (520
Cam h2h2-+h2h2+h3h3

3(L+Lo+Lg)w2hZhgn2”

Then, there will be
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Lols o 27hh3hd
(CFL (Lo Ls) — (R MG 1 : 5.21
9h2h2h2 (h2-+h2+h2) (5.21)
Lo | Lpt2ls _ Shihohs(hi+hyhg
L+Lo L+Lo+L3 (h%hg‘i‘h%h%-ﬁ-h%h%)z .
Here, set
Ky — __2mihghg
1= (R R 2 5.2
Ko — 9h2hahZ (h3-+h3+h3) .
2= (Rohg+hehZ+hgng)2
Then, there are
L, = Ke-3izVKEKIiaKiKy 16K
N 2(K1—Ka+2)
La — K1+Kzi\/Kf+K22+2K1K2_15KlL (5.23)
3 = 2(K1—Kz+2) .

As L, andL3 have to be real values, there should be
K2 + K3 + 2K1Kp — 16Ky > 0. (5.24)
Similar to (5.16) and (5.19), this method could be extenddti¢ case withN levels:
N
CiL=Cy(L+Lp)=---=Cn(L+ ZzLi). (5.25)
i=

According to (5.3), (5.6) and (5.7), it is obvious that thetwal resonant impedance
has some magnitude peaks. In order to dampen these peak&ldwoel virtual resonant
outputimpedance, a virtul}. can be added in parallel wity. Besides, the overall output

impedancée(s) after taking into account the filter capacitiis

_ Z(s)
O ACES (5.26)

of which the a typical Bode diagram is shown in Figure 5.2.

This figure is obtained with the parameters of the experinggrén in Section 5.4.
The dotted line is obtained with no virtual output impedaadepted (O level), where the
inverter is an L-inverter. The dash-dot line is for the caistae C-inverter, where 1 level of
the VRI is adopted to reduce the 3rd order voltage harmoiiies.dashed line is depicted
with 2 levels of the VRI adopted, where both 3rd order and Sttepvoltage harmonics
are mitigated. The solid line is obtained when 3 levels of\tR# is adopted to handle the

3rd order, the 5th order, and the 7th order voltage harmanicsltaneously.
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Figure 5.2: A typical Bode diagram for the overall invertetmut impedance.

5.3 Special Cases Studied

5.3.1 Case I: To Minimise the 3rd Harmonic Component

This case is in fact the same as the Special Case Il in Chapteth3C;:

CL= (3;)% (5.27)
and the corresponding impedance is
Zo(jo) =R+ jarL(L 2 (5.28)
W W
At the fundamental frequency, i.e., whan= w*, the output impedance is
Zo=R— j8w'L ~ —j8w"L. (5.29)

It is nearly purely capacitive as expected becargenormally smaller than®@*L.
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5.3.2 Case Il: To Minimise the 3rd and 5th Harmonic Componens

In most cases, it is enough to consider the 3rd and 5th haomamly. This gives the

optimal capacitances

_ 17
{Cl — 225w")2L

_ 64
Co= 3825 w*)2L
and
225
L= —L.
2~ 64

As a result, the virtual impedance is

Zy(jw) = (Liw™?(w? — 17w*?)(—225))) /(w(17w? — 353w"2)).

The output impedance is

(w* + 2250 — 340’ w*?)

jw) =R+ jwlll
Zo(jw) tlw w?(170? — 353w+2)

At the fundamental frequency, i.e., whan= w*, the output impedance is

.68 .68
=R-j—w'lL~—-j—w'L

which is nearly purely capacitive.

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

5.3.3 Case lll: To Minimise the 3rd, 5th and 7th Harmonic Compon-

ents

Sometimes, 3rd, 5th and 7th harmonic components all neee tomsidered, which gives

the optimal capacitances

Cy— 1891
1= 33075w")2L

C,— ___3103726706488176928 . _ 1
2~ 165531842759615479810" )2~ 54(w*)2L
Cs 3103726706488176928 .. 1

~ 59582623070111665387%" )2L ~ 192w*)2L
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and

33634270116086
{ Lo = 164131502193988% 2L (5.36)
81310352974584p . '
L3 = 10258218887123§ ~ 8L
with
K1 =0.4853
(5.37)
K, =2.3031
As a result, the output impedance is
. . w*?(3.4e35w" 4 2.2e38w** — 2.0e37w?w*?)
®w) =R—jwl7L . (5.38
Zo(j) JOI L 3 435w + 3138w — 2337w ?) . OO
At the fundamental frequency, i.e., whan= w*, the output impedance is
Zo=R—jllw'L ~ —jllwL (5.39)

which is also nearly purely capacitive.

5.4 Experimental Results

In order to validate the proposed virtual resonant outpyieidance, experiments were
performed with the test rig consisting of three single-ghawerters powered by three
separate dc voltage supplies, as shown in Figure B.1(a)e Metailed information can be
found in Appendix B. In this chapter, only one of the threeeiners of the experimental
setup was used. The dc voltage supply is 80 V, and the a gpiglse inverter is equipped
with a robust droop controller proposed in Chapter 4. Therfilbductor isL = 3.5 mH
with a parasitic resistance offX2 and the filter capacitdC is 11uF. The PWM switching
frequency is 10 kHz, the line frequency of the system is 50 He rated load voltage of
inverters is 48 V an&e = 20. The desired voltage drop rat;%ﬁ% is chosen to be 10% and
the frequency boost ratig‘wg to be 0.5%. The load is a full-bridge rectifier loaded with
an inductorL = 0.25 mH and a resistd®. = 5Q. The R-inverter is designed to hasQ 4
virtual resistance, and parameters of VRI are calculatedrding to the equations given
in Section 5.2 witlR; = 100@. The experimental results when the inverter was designed
to have different types of output impedance and with difiefevels of the virtual resonant

impedance are shown in Figure 5.3 and Table 5.1.
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Table 5.1: Percentage harmonic values and THD of/gh(@6)
\ Harmonic Order\ 3rd and 5th\ 3rd \ R-inverter\ L-inverter \

3 1.258 2.12 4.072 21.675
5 1.273 3.956| 4.415 4.85
7 3.123 3.647| 3.083 6.242
9 2.256 2.146| 1.943 3.701
11 1.420 1515 1.501 2.563
13 1.14 1.275 1.2 2.110
15 0.932 1.025, 0.991 1.851
17 0.755 0.866 0.82 1.527
19 0.626 0.728| 0.683 1.254
21 0.508 0.621| 0.568 1.082
23 0.422 0.527 0.47 0.939
25 0.34 0.451| 0.384 0.801
27 0.276 0.386| 0.312 0.678
29 0.219 0.331| 0.244 0.568
31 0.176 0.29 0.191 0.490
THD 4.9 6.8 7.5 23.9

When the inverter was designed to have two levels of thealiresonant impedance
to reduce the effect of both 3rd and 5th harmonics, the THDimasoved by 19% from
the case with one level of the virtual resonant impedancedaae 3rd harmonic, by nearly
2.6% from the case with a resistive output impedance (Kitk= 4), and by nearly 19%
from the case with an inductive output impedance. Meanwthike3rd harmonic distortion
was improved by B6% from the case with one level of the virtual resonant inapee
to reduce 3rd harmonic, by nearly82 from the case with a resistive output impedance
and by nearly 2@19% from the case with an inductive output impedance. The &tmbnic
distortion was improved by.2% from the case with one level of the virtual resonant im-
pedance to reduce 3rd harmonic, by nearl$98 from the case with a resistive output
impedance and by nearly@x% from the case with an inductive output impedance. Note
that 2nd harmonic exists in the inductor current when theriter has capacitive output
impedance, which is caused by the nonlinear load. But thehzmchonic component of
the load voltage is maintained very low, which is 0.045% ia tse with one level of the
virtual resonant impedance to reduce 3rd harmonic, and2@0Be case with two levels

of the virtual resonant impedance to reduce both 3rd anddtindnics.
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5.5 Summary

In this chapter, the virtual resonant impedance has beeela®d to improve the load
voltage quality. It is achieved via a feedback of the induciarrent through a transfer
function, which is actually the expression of a resonantedgmce topology consisting
of inductors and capacitors. The parameters of the viresdmant impedance have been
optimised to reduce the magnitude at specified frequenciesiuce the load voltage har-
monic. The feasibility and excellent performance of theéuat resonant impedance are
demonstrated by the experimental results. It is shown ti&twvihe inverter is equipped
with the virtual resonant impedance, the voltage harmanieicreased further at the op-
timised orders and the voltage THD is also much improved @wsgpwith inverters with

inductive, resistive or capacitive output impedance.
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Chapter 6

Universal Droop Controller

As is well known, inverters could have different types offuttimpedance, which can be
inductive, resistive, resistive-inductive (Guerrero et 2005; Zhong, 2013b), capacitive
(Zhong and Zeng, 2011; 2014) or resistive-capacitive. Proontrollers have different
forms for inverters with different types of output impedari@hong and Hornik, 2013).
Because of this, it is impossible to operate inverters wifeint types of output imped-
ance in parallel, which is inevitable for large-scale métion of distributed generations and
renewable energy sources.

After thoroughly considering this problem, a droop con@nlor C-, R- and R-inverters,
called the R-controller, is proposed at first in this chapter. Then, thieqgiples of the R-
controller and the R-controller are further explored and clearly illustratedthematically.
Based on these principles, a universal transformationixn@thas been identified to de-
velop a universal droop control principle that works foreners with any types of output
impedance having a phase angle betweédnrad andj rad, for the first time, which cov-
ers any practical L-, R-, C-, R and R:-inverters. This universal droop control principle
takes the form of the droop control principle for R-investand paves the way for design-
ing universal droop controllers with different methods. this chapter, the robust droop
control mechanism proposed in (Zhong, 2013b) is added dmgaltoop control principle
to provide one way to implement it, which turns out to be thenaas the robust droop
controller proposed in (Zhong, 2013b). The contributiortte$ chapter lies in revealing
this universal droop control principle, mathematicallpying it, implementing it and val-

idating it with extensive experiments. Moreover, smaljrsil stability analysis is carried
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out for inverters with different types of output impedance.

The rest of the chapter is organized as follows. In SectiéntGe conventional droop
controller is briefly reviewed with some new insights addedSection 6.2, after reviewing
the droop control strategy that is applicable to L-, R- andif®erters, the droop control
strategy that is applicable to C-, R- and-Riverters is proposed, together with some further
developments for the two strategies (Zhong and Zeng, 204 &ection 6.3, the universal
droop control principle is developed and a universal drooptmller to implement the
principle is proposed, together with small-signal st&piéinalysis. Extensive simulation
and experimental results are provided in Section 6.5 antbé\&lidation and conclusions

are made in Section 6.7.

6.1 Droop Control for Inverters with the Same Type of
Output Impedance

In this section, the widely-adopted droop control stratisgeviewed, with many new
insights provided. An inverter can be modelled as a voltagecev, in series with the
output impedanc&,/6, as shown in Figure 2.5(b). The real power and reactive power
delivered from the voltage soureg to the terminal, through the impedancg,/0 are
described by (2.12) and (2.13). This characterizes a twatiwo-output control plant
from the amplitudde and the phasé of the sourcey, to the real poweP and the reactive
powerQ, as shown in the upper part of Figure 6.1.

The function of a droop control strategy is to generate gmaite amplitudeE and
phased for the inverter according to the measufe@nd Q, that is to close the loop, as
shown in Figure 6.1. This sounds straightforward but, tdxbst knowledge of the author,
this is the first time that the droop control of power investieas been expressed in this way.
This certainly helps understand the essence of droop darttbmotivates the design of
other droop control strategies. Indeed, so far, the mgjofithe droop controllers are static
rather than dynamic (Zhong and Boroyevich, 2013). Anywaig is not the main concern

of this chapter and will be further explored separately. facfice, it is often assumed that
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Control Plant

el g

Droop Controller

Figure 6.1: The closed-loop feedback system consistinp@fpower flow model of an
inverter and the droop control strategy.

o is small. In this case,

2

Pz(%—\%)cos(ﬁr%ésin@ (6.1)
2

0~ (%—\%)sine—%écos& (6.2)

This leads to decoupled relationships between the inputslian outputs, which change
with the impedance anglg. For example, when the output impedance is inductive- (5
rad), P is roughly proportional tad, noted asP ~ o, andQ is roughly proportional to
E, noted axQ ~ E. According to this, the well-known droop control stratetjat is to
droop the frequency when the real power increases and t@dtmvoltage when the
reactive power increases, can be adopted. The cases whiwveher output impedance
is resistive @ = 0 rad) and capacitive6(= —7J rad) can be analysed similarly, which
results in different droop control strategies (Zhong andritg 2013). The cases when the
impedance is inductive (L-inverter), capacitive (C-irteg), resistive (R-inverter), resistive-
capacitive (R-inverter) and resistive-inductive (Rnverter) are summarized in Table 6.1
for convenience. Apparently, the input-output relatiapshare different and so are the
droop controllers. This holds true for the conventionalagira@ontroller as well as the
robust droop controller (Zhong, 2013b), which is robustiasfathe value variations of

output impedance, component mismatches, parameter, diigtarbances etc.
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Table 6.1: Droop controllers for L-, R-, C-,;Rand R:-inverters

‘ Inverter type‘ 6 ‘ Input-output/Droop relationshiﬁa Droop controller‘
L . P~ E=E*—nQ
2 Q~E W= " —mP
P~E E=E*—nP
R- 0°
Q~-90 w=w"+mQ
c. o P~—0 E=E*+nQ
2 Q~—-E w=w"+mP
Rc- (-3,0) Coupled Depends orf
R - 0,7%) Coupled Depends or

As shown in Table 6.1, the droop control strategies changdaim when the output
impedanced changes, thus it is difficult to operate inverters with diat types of output
impedance in parallel. In particular, the droop controatggies for L-inverters and C-
inverters act in the opposite way and the parallel operati@C-inverter with an L-inverter

certainly does not work if these droop control strategiesssmployed.

6.2 Droop Control for Inverters with Different Types of
Output Impedance

6.2.1 Parallel Operation of L-, R- andR, -inverters

There have been some works (Brabandere et al., 2007; Yaaq, €04l1; Bevrani and
Shokoohi, 2013) reported in the literature to investightegarallel operation of inverters
with different types of output impedance, although theylianéed to the parallel operation

of L-, R- and R -inverters. This involves the introduction of the orthogbtmansformation

matrix
B sin@ —cosf (6.3)
| cosf sind '
to convert the real power and the reactive power whien(0, 5] into
P EVosing
QL Q 7 C0SO — 7

72



If & is assumed small, roughly
AR~d and Q. ~E (6.5)
which results in the droop controller of the form

E=E"— nQL (6.6)
w=w"—mh. (6.7)

This is called the R-controller in order to facilitate the presentation in tiegjgel. Here,

n andm are called droop coefficients. This controller has the saone fas the droop
controller for L-inverters but the impedance an§l@eeds to be known in order to obtain
the transformed powdt andQ_ from (6.4); see (Brabandere et al., 2007; Yao et al., 2011,
Bevrani and Shokoohi, 2013).

6.2.2 Parallel Operation of C-, R- andRc-inverters

Following the same line of thinking as in the previous subisacthe transformation matrix

—sin@ cosf
T~ = 6.8
¢ [ —cosf —sin@ ] (6-8)

can be introduced for C-, R- orRinverters with € [— 7, 0) to convert the real power and

the reactive power into

R P —EYosing
[ C] = TC[ ]: 2 V0] (6.9)
Qc Q —2C0s0+ 2
In this case, for a smadl, roughly
Pe~—-6 and Qc~ —E (6.10)
which results in the droop controller of the form
E=E"+nQc (6.11)
w=w" +mPk. (6.12)
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This is called the B-controller in order to facilitate the presentation in tiegsel and it has
the same form as the droop controller for C-inverters, whvels proposed in (Zhong and
Zeng, 2011; 2014). Again, the impedance ar@jleeeds to be known in order to obtain the
transformed active powédt: and reactive powe@c from (6.9). Apparently, this controller

does not work for L- or R-inverters because of the negative signs in (6.6-6.7).

6.2.3 Further Development of theR_ -controller and the R¢-controller

The eigenvalues of in (6.3) are sirf + jcosO, of which the real part sié is positive
for impedance withd € (0, 5]. According to the properties of the linear transformation
(Poole, 2011) and the mapping described by (6.4), it cande tbatP andQ have positive

correlations withR_ andQ, respectively. This can be described as
P~R and Q~Q. (6.13)
So the relationship shown in (6.5) can be passed BPrandQ as
P~R~d and Q~QL~E. (6.14)

In other words, for output impedance wighe (0, 7], the real poweP always has positive
correlation with the power angland the reactive powe€) always has positive correlation

with the voltageE. Hence, the R-controller can also be designed as

E=E"—nQ (6.15)
w=w"—mP (6.16)

which is directly related to the real powBrand the reactive poweD, regardless of the
impedance angl@. In other words, the effect of the impedance argjleas been removed
as long as it satisfie8 € (0, 5].

In order to better understand the transformation matri)(6he transformation (6.4)

can actually be rewritten as

R +jQL = Psin6—Qcosb + j(Pcost +Qsind)
= ez 9pP+jQ)
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Pr+jOr
PHQ -1/2-6
n/2-60 PHO
PctjQc
= R- C-
@T (b) Tc

Figure 6.2: The interpretation of the transformation ncaisif,. andTc.

wherej = v/—1. In other words, the transformation (6.3) rotates the poaxeetorP + jQ
by 7 — 6 rad onto an axis aligned with tHe-inverter, as shown in Figure 6.2(a), so that
the droop controller (6.15-6.16) can be formed.

Similarly, for the Re-controller, the eigenvalues @t in (6.8) are—sin6 + j cos@, of
which the real part-sin@ is positive for any output impedance wiéhe [—7, 0). Hence,
according to the mapping described by (6 P)andQ have positive correlations witR-
andQc, respectively. This can be described as

P~R and Q~Qc. (6.17)
So the relationship shown in (6.10) can be passed BraiodQ as
P~Pc~—-0 and Q~Qc~ —E. (6.18)

In other words, for impedance wit € [—-7, 0), the real poweP always has negative
correlation with the power anglieand the reactive pow&) always has negative correlation
with the voltageE. Then, the R-controller can also be designed as

E=E"+nQ (6.19)
w=w"+mP (6.20)

which is also directly related to the real powrand the reactive powe)p. The effect of
the impedance anglg has been removed as long as it satisfles[—7, 0).

Also similarly, in order to better understand the transfation matrix (6.8), the trans-
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formation (6.9) can be rewritten as

Pc+jQc = —Psin8+Qcosf+ j(—Pcosb —Qsind)
= d29P4jQ).

In other words, the transformation (6.8) actually rotabesgower vectoP+ jQ by —Z — 6
rad onto an axis aligned with ti&-inverter, as shown in Figure 6.2(b), to form the droop
controller (6.19-6.20).

Therefore, the R-controller (6.15-6.16) can be applied to inverters witk thutput
impedance satisfying < (0, 5] and the R--controller can be applied to inverters with
the output impedance satisfyirye [-7,0). This widens the application range of the
L-controller and the C-controller. However, the ®ontroller cannot be applied to C- or
Rc-inverters and the R-controller cannot be applied to L- o Rnverters. There is still a

need to develop a controller that is applicable to L-, R-,R;- and Re-inverters.

6.3 Universal Droop Controller

6.3.1 Basic Principles

Following the above analysis, it would be great if a transfation matrix that is able to
project the power vector onto the same axis for any impedangée 6 could be found.

The transformation matrix

T_ cqs@ sin@ (6.21)
—sin@ cosO
achieves this and it transforms the real poRemnd the reactive powé) to
=] EVo ¥
R T _| Zo | (6.22)
QR Q —Z2sind

This transformation can be rewritten as

Pr+jQr = Pcost+Qsind + j(—PsinB + QcosH)
= e 9(P+jQ).
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Figure 6.3: The interpretation of the transformation nxatri

As shown in Figure 6.3, this transformation rotates the pawetorP + jQ by —6 onto an
axis aligned with th&k—inverter, clockwise whe € [0, 7) and counter-clockwise when
6 € (-7, 0]. The eigenvalues df in (6.21) are coé = j sin@, of which the real part ca®
is positive for any output impedance withe (—Z, 7). According to the properties of
the linear transformation (Poole, 2011) and the mappingrde=d by (6.22)P andQ are

proven to have positive correlations wik andQg, respectively. This can be described as
P~P and Q~ Qr. (6.23)
According to (6.22), for a smad, there are
PR~E and Qr~ —9. (6.24)
Combining these two, there is
P~Pr~E and Q~Qr~ -0 (6.25)

for any 6 € (-7, Z). This basically indicates that the real powealways has positive
correlation with the voltag& and the reactive powed always has negative correlation

with the power anglé for any impedance ang < (—7, 5). This results in the following
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conventional universal droop controller

E=E"—nP (6.26)
w=w"+mQ (6.27)

which is applicable to inverters with any type of output irdpace satisfyin@ € (-7, 7).
Note that this droop controller (6.26-6.27) takes the forfnthe droop controller for R-
inverters. The main contribution of this chapter is acyu&dl have revealed this fact and
formally proven it. Theoretically, when the impedance isgbyiinductive @ = 7 rad) or
capacitive @ = —7 rad), this relationship does not hold but, in practice, ¢higralways an
equivalent series resistance (ESR) in series with the filthrctor so the controller (6.26-

6.27) is actually applicable to all practical L-, R-, C+,fand R:-inverters.

6.3.2 Implementation

There are many ways to implement the universal droop copthatiple revealed in the
previous subsection. In this chapter, the thinking alomglitie of the robust droop control
proposed in (Zhong, 2013b; Zhong and Hornik, 2013) is foldw

Figure 6.4: The proposed universal droop controller, whaites the form of the robust
droop controller for R-inverters reported in (Zhong, 201L3b

As reported in (Zhong, 2013b), the conventional droop adng not able to achieve
tight voltage regulation and accurate power sharing in tiesgnce of numerical errors,

noises, disturbances, component mismatches and parashdtsretc. This is the same for
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the droop control principle derived in the previous sulisectIn order to address these
issues, the robust droop control strategy proposed in (@h2813b) can be adopted to
form the universal droop controller, as shown in Figure 6A¢tually, it takes the same

form as the robust droop controller for R-inverters repite(Zhong, 2013b) with

E =Ke(E* —V,) —nP (6.28)
w=w"+mQ. (6.29)
In the steady state, there is
which means
nP = constant (6.31)

as long ax¢ is the same for all inverters. This guarantees the acculeateng of real
power in proportion to their ratting. As long as the systestable, which leads to the same
frequency, the accurate sharing of reactive power is gteedras well (Zhong, 2013b).

According to (6.30), the load voltage is

nP
KeE*

Vo=E*— E* (6.32)

which can be maintained within the desired range via chgosilargeKe. Hence, the uni-
versal droop controller has very good capability of voltaggulation and accurate power
sharing. This is the same for the inverters with resistivel (@ductive) output impedance
reported in (Zhong, 2013b). The droop coefficiemandm, as well aKe, can be determ-
ined by the desired voltage drop ra;{g—* and the frequency boost raﬁ-'gi—*, respectively,
whereP* andQ* are the rated real power and reactive power of the inverter.

Although this controller is not new and its excellent pemi@ance is known, what is
important is that it has now been proven that this contradl@pplicable to all practical L-,
R-, C-, R - and Re-inverters to address the challenging problem of operatwvgrters with

different types of output impedance in parallel.
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6.4 Small-signal Stability

6.4.1 With the Conventional Form

Here, the small-signal stability of one inverter equippdthwhe conventional universal
droop controller (6.26-6.27) is analysed. Consideringlkdisturbances around the stable
equilibrium operation point&, Voe, Ee), WhereEg is the magnitude of the inverter source
voltage, Ve is the magnitude of the load voltage adglis the phase angle difference
between the inverter source voltage and the load voltageeadrising (2.12) and (2.13)

around the equilibrium:

Voe(€0SO: 0SB + SindeSING)

Z,

+Eevoe(—sin6ec;§9 +C0S%SiNG) 51 (6.33)

Voe(coséesingo— sinéecose)AE(s>

B EeVoe(SindeSiNO + c0sd: cOSO)
Z,

AP(s) = AE(s)

AQ(s) =

AS(S). (6.34)

Similarly, the conventional universal controller (6.2&8) can be linearised around the

equilibrium as

AE(s) = —nAP(s)
Aw = mAQ(S).
Additionally, there is
Aw(S) = SAd(S). (6.35)

Taking into account the fact that it is a normal practice ttefithe active power and the
reactive power with a low pass filtg%, the small-signal model of the closed-loop system
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described above, as depicted in Figure 6.1, satisfies
AE(s) — —Nws [Voe(coséecose +sindesing)
S+ wy Zo
+Eevoe(—sm6ec;'z‘6+c056esm9)A5(S)] (6.36)
Aw(s) Mg [Voe(coséesme —SindecosH)
S+ wr Zo
B EcVoe(SiNdeSinO + cosd: cosh)
Zo

AE(S)

AE(s)

AS(3)). (6.37)

Combining (6.35), (6.36) and (6.37) results in the follogvhnbomogeneous equation

as’Ad(s) + bs?AS(s) + csAS(s) +dAS(s) = 0 (6.38)
with
a =2
b = Zywi(2Zo + NVoe(C0Sd COSO + SiNdeSiNG))
C = Zows(Zows 4 (MEe+ Nws )Voe(C0SA COSO + SiNdeSinG)) (6.39)

d = Mw?EeVoe[NVoe + Zo(Sindesind + cosdecosh)].
The system stability can be analysed by investigating tlaeadteristic equation
as® +bs®+cs+d=0. (6.40)

The root-locus plot of this characteristic equation whenithpedance angle changes
from —Z to Z is shown in Figure 6.5 using the parameters from the expeatiahgystem
to be described later in Section 6.6. The rated system frexyuis 50 Hz and the rated
load voltage is 12 V. The load is a8 resistor in series with two.2 mH inductors. The
droop coefficients are = 0.02 andm = 0.01. It is assumed th&e remains constant with
Voe = 11 V at the equilibrium independently when the inverter atiimpedance angl@
changes. According to (6.26), thereBs= 11.43 V. Under this assumption, tlde changes
with 8, as shown in Figure 6.6. As can be seen from Figure 6.5, thts e always

located in the left half of the-plane, which indicates that the stability is always gutead

81



when the inverter is equipped with the conventional droaptradler, independently from

the type of the output impedance, as long as the phase artiglites® < (-7, 7).

Imaginary Axis
o

_20 L L L N N
-25 -20 -15 -10 -5 0 5
Real Axis

Figure 6.5: The root loci of the small-signal model of theseld-loop system (6.40) when
6 changes from-J to 5.

—n/_Zofn/B—n/6 8 m/6 m/3 /2

Figure 6.6: The value ofe when8 changes from-7 to 7.

6.4.2 With the Robust Form

Similarly, the controller (6.28-6.29) can be linearisedward the equilibrium as

SAE(s) = —nAP(s)
Aw(s) = mMAQ(S).
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Additionally, there is
Aw(s) = sAd(S). (6.41)

Considering the low pass filt%r% used in the real power and the reactive power meas-

urement, the small-signal model of the closed-loop sysgeem i

AE(S) — —n. S::)L)f '[Voe(COS5eCOSZQO+ sindsing)
+Eevoe(—sinéec02:6+cos§esin6)A5(s)] (6.42)

Voe(C0S SiNO — sindecOSO

B EeVoe(SindeSinO + cosd: cosb)

Zs

AE(s)

Wy

AE(S)

AS(S)] (6.43)

which leads to the following fourth-order homogeneous #&quna

as*Ad(s) + bsAS(s) + csAS(S) + dsAS(s) +eAd(s) = 0 (6.44)
with

a =272

b =2Z2wy

C = Zowi (Voe(C0SACOSO + SinNdeSINB) (N+ MEe) + Zowy ) (6.45)

d = Zow?Voe(COS3COSA + SiNdesing) (n+ MEy)

e = MEenw?V2,
The system stability can be analysed by investigating tlaeaditeristic equation
as*+bs’+cs? +ds+e=0. (6.46)

The root-locus plots of this characteristic equation wBerhanges from-7 rad to 5
rad are shown in Figure 6.7 for three cases of different loaglag the parameters from the

experimental system to be described later in Section 6.6.
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Figure 6.7: The root loci of the small-signal model of theseld-loop system (6.46) when
6 changes from-7 to 7.

The rated system frequency is 50 Hz and the rated load voisab2V, withn = 0.48

andm = 0.03. According to (6.32)Vee is independent from the output impedance angle
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6. Thus, as long as the load is unchanged i, E* are fixed, it remains as a constant
at the equilibrium when the inverter output impedance afighanges E. changes with
impedance anglé but can be calculated according\Mg and a given load. For all these
cases, the roots are always located in the left half olsthiane, which indicates that the
stability is guaranteed when the inverter is equipped withuniversal droop controller,
independently from the type of the output impedance, as &nthhe phase angle satisfies
6 € (-3, 3). When the load is purely resistive, the roots wifechanges from-7J rad to

0 overlap with the roots whefi changes from 0 tg rad, as shown in Figure 6.7(a). When
the load is resistive-inductive the roots move in the opeodirection of those when the

load is resistive-capacitive, as shown in Figures 6.7(l)&ii(c).

6.5 Simulation Results

To demonstrate the feasibility of the universal droop caligr, simulations were carried
out with MATLAB 2013a, toolboxes such as Simulink and Sinmszavere extensively
used. The solver used in the simulations was Tustin withativel tolerance of 10° and
the sampling time is uF. More detailed information can be found in Appendix A. The
inverter system consisted of two single-phase invertengeped by two separate 400 V dc

voltage supplies and with a linear lo&d= 57Q.

6.5.1 Case I: Parallel Operation of Two Inverters

The ratings of Inverter 1 and 2 were 0.5 kVA and 1 kVA, respedyi It is expected that
P, = 2P, andQ» = 2Q1. The PWM switching frequency was 15 kHz and the line freqyenc
of the system was 50 Hz. The rated load voltage of invertess288 V ande = 10. The
filter inductor wad. = 0.55 mH with a parasitic resistance af8@ and the filter capacitor
C was 2QuF. The desired voltage drop rat'@% is chosen to be 0.25% and frequency
boost ration;—ﬁk to be 0.1%. As a result, for the universal droop controllecontroller and
C-controller, there arg; = 0.0115 anch, = 0.0057;my = 6.2832 *andm, = 3.1416“.

To verify the design, the proposed universal droop cordra applied to parallel-
operated inverters with different types of output impeaamdhich include parallel-connected
L-inverters (L&L), R-inverters (R&R), C-inverters (C&CRc-inverters (R&R¢), L-inverter
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and R-inverter (L&R), L-inverter and C-inverter (L&C), lewerter and R-inverter (L&Rc),
R-inverter and C-inverter (R&C), R-inverter angfverter (R&R:), as well as C-inverter
and R:-inverter (C&R:). Because of the filter inductor, the output impedance ofithe
verter would be inductive (the L-inverter) if no current o added to change its type.
The R-inverter is designed with a virtual resis®rE 1Q via a current loop proposed in
(Zhong, 2013b; Guerrero et al., 2005); the C-inverter isgiesd with a virtual capacitor
Co = W = 20469 uF via a current loop proposed in (Zhong and Zeng, 2011). As
shown in Figure 6.8, the Rinverter is designed with a virtual resist@r= 1Q and a vir-

tual capacitoC, = —+ or = 20469 uF via a current loop shown in Figure 6.8.

(3w")

=

R <,

S

Figure 6.8: A controller to achieve the-Rnverter.

Vr

As shown in Table 6.2 and Figure 6.9-6.18, the universalgmmtroller worked very
well for all cases of two parallel operated inverters withcausing instability:

1) the real power and reactive power were accurately sharégkiratio of 2:1;

2) the load voltage was maintained close to the rated voladdhe frequency close to
the rated frequency even when the inverters in parallel wettedifferent types of output
impedance;

3) the dynamic performance was excellent - it was fast ank vaty small overshoot.

Table 6.2: Steady-state performance of two parallel opdriaverters with UDC

‘ Variable

L&L- |

R-&R- |

C-&C- |

Rc-&Rc- |

L-&R-

Apparent power 1 (VA

306.87-242.71

i 306.44-242.79]

307.48-242.59

1306.73-242.87

1307.06-242.97]

Apparent power 2 (VA

618.05-485.69

i 618.67-485.77

617.44-485.81

j618.38-485.68

1618.04-485.56]

RMS load voltage (V) 229.64 229.65 229.65 229.65 229.65
Frequencyf (Hz) 49.98 49.98 49.98 49.98 49.98
Variable L-&C- L-&R¢ C-&R- C-&Rc- Rc-&R-

Apparent power 1 (VA

307.08-242.97

1307.49-242.728

j307.94-242.93

1307.02-242.83

i307.10-243.00j

Apparent power 2 (VA

617.84-485.43

i 617.60-485.80]

617.15-485.6(

j618.07-485.71

1617.99-485.54

RMS load voltage (V)

229.65

229.64

229.65

229.65

229.64

Frequencyf (Hz)

49.98

49.98

49.98

49.98

49.98
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Figure 6.9: Simulation results for the parallel operatibtwm L-inverters

50.1
50.05 — -0
50p_
49.95
T
0 1 234586 7 8 910
Time [s]
(c) Frequency
1500
1000} ==+, Pr= = =P
500f T L
OL__qf’*”—~ L
sol—
01 23 4586 7 8 910
Time [s]
(a) Real power
50.1 —
50.05 —h ===
50%.‘ y A
49.95]
49.9
01 234586 7 8 910

Time [s]

(c) Frequency

300
2—300\4 -
C -600 :

— OC L L L L L L L L N

01 23 456 7 8 910
Time [s]
(b) Reactive power

250

200 232
> 150
<° 100

50 228

08 1 12 14

0
01 2 3 45 6 7 8 9 10

Time [s]

(d) RMS load voltage

Figure 6.10: Simulation results for the parallel operatibtwo R-inverters

87



=

o

Frequency [Hz]

P W]

Frequency [Hz]

1500

1000, == Prm R

500! < 1
0 iy

-500

01 2 3 45 6 7 8 9 10

Time [s]

(a) Real power

50.1
50.05

50

~——®

49.95
49.9

01 2 3 4 5 6 7 8 9 10

Time [s]

(c) Frequency

Q [var]

>

[}

>

© 100

300
0
-300
—-600

0
01 2 3 45 6 7 8 9 10

Time [s]

(b) Reactive power

250
200
150

50

[

232
228
08 1 12 .14

0
01 2 3 45 6 7 8 9 10

Time [s]

(d) RMS load voltage

Figure 6.11: Simulation results for the parallel operatbtwo C-inverters
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Figure 6.12: Simulation results for the parallel operatibtwo Rc-inverters
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Figure 6.13: Simulation results for the parallel operatban L-inverter & an R-inverter.
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Figure 6.14: Simulation results for the parallel operatban L-inverter & a C-inverter.
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Figure 6.15: Simulation results for the parallel operatban L-inverter & an R-inverter.
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Figure 6.16: Simulation results for the parallel operatiba C-inverter & an R-inverter.
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Figure 6.17: Simulation results for the parallel operatiba C-inverter & an R-inverter.
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Figure 6.18: Simulation results for the parallel operabban R:-inverter & an R-inverter.

6.5.2 Case ll: Parallel Operation of Three Inverters

In order to further validate the proposed robust universabg controller, real-time sim-
ulations were carried out on an OPAL RT real-time digital giator. Three single-phase
inverters powered by three separate 400 V dc voltage sugpplkee operated together to
power a 2@ linear load. The capacities of Inverters 1 (L-inverter) CiQverter) and 3
(R-inverter with a virtual ® resistor) were 1 kVA, 2 kVA and 3kVA, respectively.
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Figure 6.19: Real-time simulation results of the paralle¢m@tion of an L-inverter,
inverter and an R-inverter.

aC-

It is expected thalP, = 2Py, Q> = 2Q1, P3 = 3P, andQs3 = 3Q1. The PWM switching
frequency was 10 kHz and the line frequency of the system WadzA The rated load
voltage was 230 V an#e = 10. The filter inductor wag = 0.55 mH with a parasitic
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resistance of @Q and the filter capacitd® was 2QuF. The desired voltage drop raq@%
was chosen as 0.25% and the frequency boost%ﬁicwas 0.1% so the droop coefficients
areny = 0.0057,n, = 0.0029,n3 = 0.0019,m; = 3.1416x 1074, mp = 1.5708x 10~* and
mg = 1.0472x 104,

The real-time simulation results are shown in Figure 6.119.-A0 s, the three inverters
were operated separately with the load connected to thedter only. Then, at = 10
s, the C-inverter was connected in parallel with the R-iteregind the two inverters shared
the real power and reactive power accurately in the ratiaf 2

At t = 30 s, the L-inverter was put into parallel operation. The¢hinverters shared
the real power and reactive power accurately in the ratiazif31 Then the R-inverter was
disconnected dt= 60s and the C-inverter and the L-inverter shared the powarately
in the ratio of 2:1. Finally, the L-inverter was disconnettd t=80 s and the load was
powered by the C-inverter only. The frequency and the veltagre regulated to be very
close to the rated values, respectively, as can be seen figurers.19(c) and (d).

The waveforms of the load voltage and the inductor currehtiseothree inverters after
taking away the switching ripples with a hold filter when theee inverters were in parallel
operation are shown in Figure 6.19(e) and (f). It can be de&tnndeed the three inverters

shared the load accurately in the ratio of 1:2:3.

6.6 Experimental Validation

In order to validate the proposed universal droop contrdie experiment was carried out
with a system consisting of three inverters operated inlighras shown in Figure B.1(a).
More detailed information can be found in Appendix B. Thdsee single-phase inverters
are powered by three separate 30 V dc voltage supplies adddagith a 38Q resistor in
series with two 2 mH inductors. Since the aim of this chapter is to addrespénallel
operation of inverters with different types of output impade, the case with a nonlinear
load is not considered. The original inverters include @ifilhductorL = 7 mH with a
parasitic resistance of(1 and a filter capacito€ =1uF. The PWM switching frequency
is 10 kHz; the line frequency of the system is 50 Hz and theoffutrequencyws of the
measuring filter is 10 rad/s. The rated load voltage of theriers is 12 V andKe = 20.
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Table 6.3: Steady-state performance of three paralleladpeinverters with UDC

| Variable | R-&L-&C-inverters |
Apparent power 1 (VA) 6.07+1.54]
Apparent power 2 (VA) 11.62+2.83]
Apparent power 3 (VA) 16.60+3.97]
RMS load voltage (V) 11.55
RMS inductor current 1 (A) 0.54
RMS inductor current 2 (A) 1.03
Inductor current 3 (A) 1.48
Frequencyf (Hz) 50.016
Current sharing errofz =% x 100% —2.4%
Voltage dropE = x 100% 3.8%
Frequency erro@ x 100% 0.03%

The desired voltage drop rati%% is chosen as 10% and the frequency boost @ﬁéis
chosen as 0.5%. Here the subscristthe inverter index.

These three inverters are operated as an R-inverter wittiieal8 Q resistor (Guerrero
etal., 2005; Zhong, 2013b), a C-inverter with a virtual 164.capacitor in series with a vir-
tual 2.5Q resistor (Zhong and Zeng, 2011; 2014), and an original lefitar, respectively.
The parallel operation of the three inverters is tested thed.-inverter, the C-inverter and
the R-inverter were designed to have a power capacity rafid?a3, withP; = 1.5P, = 3P;
and Q3 = 1.5Q, = 3Q;. The corresponding droop coefficients ake= 1.44,n, = 0.72,
nz = 0.48,m = 0.09, mp = 0.045 andmg = 0.03. The experimental results are shown in
Figure 6.20 with the measured steady-state performaneesimorable 6.3.

At t = 3 s, the R-inverter was started to supply the load. Then, @litdb= 6 s, the
C-inverter was started and began to synchronize with thevBrer. As shown in Figure
6.20 (b), the RMS load voltage of the C-inverter stepped upetalmost the same as that
of the R-inverter and the frequency of the C-inverter steljpgeto be approximately 50Hz.
At aboutt = 12 s, the C-inverter was connected to the load and thus idiglanath the
R-inverter. As shown in Figure 6.20 (a), after a short transithe R-inverter and the C-
inverter shared the real power and the reactive power witdtia of 3:2, as designed. As
shown in Figure 6.20 (b), the RMS value of the load voltage thredfrequency of both
inverters became the same. The inverter load voltage RM&w&ilghtly increased and the
R-inverter frequency decreased a little bit.
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Figure 6.20: Experimental results for parallel operatibam L-inverter, a C-inverter and
an R-inverter.

At t = 15 s, the L-inverter was started to synchronize with the iraihvoltage estab-
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lished by the R-inverter and the C-inverter. As shown in Feg6.20 (b), the RMS load

voltage of the L-inverter stepped up to be almost the sambaf the load and the fre-

guency of the L-inverter stepped up to be approximately 50Adter that, at about = 21

s, the L-inverter was connected to the load and thus in ghmith the R-inverter and the

C-inverter. As shown in Figure 6.20 (a), the L-inverter, @wnverter and the R-inverter

shared the real power and the reactive power with a ratic28las designed. As shown in
Figure 6.20 (b), the RMS value of the load voltage and theueegy of these three invert-
ers became the same. The RMS voltage of the load slightlgased and the frequency
decreased a little bit. The load voltage was regulated welltae inverter currents were
shared accurately with a ratio of 1:2:3 in the steady statehawn in Figure 6.20 (c). Note
that because of this phase resetting, the frequency of Wieetérs measured by the WT500
power analyser had some spikes but this does not matter.

6.7 Summary

In this chapter, a universal droop control principle hasnbpeposed for inverters with
any type of output impedance having an impedance angle batwé rad and7 rad to

achieve parallel operation. Moreover, it has been showntkigarobust droop controller
recently proposed in the literature for R-inverters adyuaifers one way to implement this
principle. In other words, it is actually a universal droamtroller that can be applied
to any practical inverters having an impedance angle betwegrad andJ rad. Small-

signal stability analysis has been carried out for an imregquipped with the universal
droop controller when the impedance angle changes frdhrad to 7 rad for different

loads. The universal droop controller works well for thegbi@t operation of inverters with
different types of output impedance. It is also able to ashigystem stability, accurate

proportional power sharing, tight voltage regulation aedytight frequency regulation.
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Chapter 7

Droop Controller without Voltage and
Frequency Deviations

Although a universal droop controller has been proposedhiaptr 6, which enables the
parallel operation of inverters with different types of put impedance, droop controllers
still have a trade-off between the power sharing and thelagiga of the load voltage and
frequency. Then, a question arises: Is it possible to hawerate power sharing without
any load voltage or frequency deviation?

To solve this problem, a new droop controller adopting thecstire of the robust droop
controller (Zhong, 2013b) and utilizing the transient gr@haracteristics (Guerrero et al.,
2005) is proposed. This controller can achieve proportipoaer sharing while maintain-
ing the load voltage and frequency at the nominal valuess ifi@ans that the voltage drop
caused by the inverter output impedance will be automé#gicaimpensated. Besides, this

controller needs no communication between parallel caeddoverters.

7.1 The Trade-off of the Droop Controller

Inverters can have different types of output impedancegesponding to which the droop
controller has different forms (Brabandere et al., 2007 ¥aal., 2011; Guerrero et al.,
2005; 2007). To simplify the analysis, the R-inverter isstalas an example. The proposed
droop controller can be easily extended to the case of theérier and the C-inverter.
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7.1.1 The Trade-off of the Conventional Droop Controller

The conventional droop controller of the R-inverter is

E=E"—nP (7.1)
w=w"+mQ. (7.2)

According to (7.1) and (7.2), the load voltage amplitude fteduency deviations caused
by the droop controller arenP andmQ, respectively. Obviously, the deviations exist as
long as the power is not zero. Besides, the voltage drop oimeeter output impedance
will make the load voltage amplitude deviate further.
7.1.2 The Trade-off of the Robust Droop Controller
As shown in Figure 2.9, the robust droop controller of theniRerter is
E = Ke(E* —V,) —nP (7.3)
w=w" +mQ. (7.4)

At the steady state, (7.3) becomes

NP = Ke(E* — Vo). (7.5)

According to (7.4) and (7.5), the deviations caused by tlw®mrcontroller are*KLeP and
mQ, respectively. Although by adjusting., n andm, the deviations can be controlled to

be small, they exist as long as the power is not zero.

7.1.3 Limitations of Droop Controllers Reported in Literature

This trade-off can be partly removed with the method progas€Guerrero et al., 2005).
As shown in Figure 7.1, there are

E—E* (7.6)
Ww—w =mQ (7.7)
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with

6: H(s)Q= rsrjl

Q (7.8)

whereT is the time constant of the transient droop action. Themralcg to Figure 2.5(a)

and Figure 7.1,
Vo =Vr —Zo(8) -1 (7.9)

with
Zo(S) = Ziir (S) +sL = R+K_P+sL (7.10)

wherez,;; (s) is the adaptive virtual impedance. Note that the output olapee in (Guer-
rero et al., 2005) is defined at the terminal with the loadag#tand the load current, while
the one in this chapter is defined with the load voltage andilteeinductor current. These
two are almost the same at low frequencies (Zhong and Zergh)2@ccording to (7.7),
the steady-state frequency deviation would be 0, and theivegpowerQ can be shared
proportionally.

However, the magnitude deviation of the load voltagean not be avoided. According
to (7.6), the amplitude of the inverter reference voltages set to be the nominal value.
Then, according to (7.9), the amplitude of the load voltageill deviate from the nominal
value because of the voltage drop on the inverter outputdiapee. Another issue is the

active power sharing. For the R-invertBr;> sL, and roughly

_ E—VOV0 E*—Vo

P ~
Zy R+ K.P

Vo (7.11)

which is equal to
KLP? 4+ RP+Vo(Vo—E*) =0 (7.12)

whereV, (Vo — E*) would be constant at the steady state. For equal active psiveeing,
all inverters should have the sarfg and R, which can be easily set by the controller.
However, for proportional active power sharig, andR need to be calculated according

to the value oW, (Vo — E*), which is difficult to be obtained in advance.
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X

Figure 7.1: The droop controller reported in (Guerrero t24105).

7.2 The Proposed Droop Controller

To address the problems discussed in Section 7.1, a new daupoller has been pro-
posed in this chapter. As shown in Figure 7.2(a), the prapaseop controller adopts
the structure of the robust droop controller (Zhong, 20E31) utilizes the transient droop
characteristics (Guerrero et al., 2005). This controkevary simple but effective (Zeng

and Zhong, 2014):

E = Ke(E* —V,) —nP (7.13)

w—w =mQ. (7.14)

At steady state, there should be

Ke(E* —V,) = nP (7.15)

where
P=H(s)P= rsril (7.16)
Q=H(9Q= Tsrj Q (7.17)

Obviously, under the steady-state condition, F#ndQ will be 0, thus the left-hand sides

100



RMS

H(s)

Vr
) /\/

H(s) -

wt+o

(a) The principle of the proposed robust droop controller

£
1 -

- K RMS
s e

p
E - n T P

A\

s +1 Vo

Vi /\/
N\ m Q T Q l
\( m+1
ot+0

[
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Figure 7.2: The proposed droop controller.
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of (7.14) and (7.15) will also be 0. Hence, this yields

Vo = E* (7.18)
w=w" (7.19)

which guarantee the steady-state deviations of both thek Voliage magnitude and fre-
guency to be 0. It indicates that the voltage drop on the taveutput impedance has been
automatically compensated. For the active and the regotwer sharing, there are

P=(—+1)P (7.20)
Q= (%SH)Q (7.21)

When the initial conditions of both integral 8fandQ are the same, it holds that

P:}/ Bdt + B (7.22)
7 Jo

1% .
Q:?/O Odt + 6. (7.23)

According to (7.22) and (7.23), the active powiand reactive powe® will be accur-
ately proportionally shared, as long as the transientagtowerP and the transient react-
ive powerQ are proportionally shared, which can be achieved by chgagsiopern and
m. However, the zero-pole cancellation caused by the integrandH (s) exists, which
makes the system internally unstable. As shown in Figuréb),.2o avoid the zero-pole

cancellation, the integrator positions are changed.

7.3 Simulation Results

To verify the proposed droop controller, simulations wexeied out with MATLAB 2013a,
toolboxes such as Simulink and Simscape were extensively. LiEhe solver used in the
simulations was ode23 with a relative tolerance of3@nd the sampling time is {F.
More detailed information can be found in Appendix A. Thedrter system consisted of
of two single-phase inverters powered by two separate 400%otlage supplies. The load
is a 50Q resistor. The PWM switching frequency is 15 kHz, the filteduntor isL = 0.55
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mH with a parasitic resistance of3X2, and the filter capacitd® is 20uF. The rated RMS
value of the load voltage is 230 V, and the rated system lieguency is 50 Hz K is
chosen to be 10, andis chosen to be 1. The rated capacity of inverter 1 and inv2raee
0.5 kVA and 1 kVA, respectively. It is expected that= 2P, andQ, = 2Q;. With the pro-
posed controller, the load voltage magnitude and frequeeeyjations at the steady state

will be maintained at 0. Thus, the desired voltage drop rﬁ% and the frequency boost

mS*

ratio A

do notinfluence the corresponding steady-state deviatioypsnore, but influence
the speeds of the corresponding transient responses. ddueeficy boost ratio is set to be
0.1%, and the desired voltage drop ratio is chosen to be 108tidcantee the response
speed. As aresuly = 0.46 andny = 0.23;m; = 6.2832x 10~ *andm, = 3.1416x 104,

Simulation 1 was carried out with the droop controller pregubin this chapter, while
simulation 2 is with the robust droop controller (Zhong, 3B}, which can be easily im-
plemented by settingl (s) = 1. Simulation 3 was carried out with the droop controller
proposed in (Guerrero et al., 2005). For Simulation 1 anche@ virtual resistive output
impedance is designed via a current laog v, — Ri (Guerrero et al., 2005). For all the
simulations, the virtual resistance for inverter 1 and 2iste beR; = 12Q andR, = 6Q,
respectively. For simulation & is set to be M1.

As can be seen from Figure 7.3 and Table 7.1, the robust draaipatier was able to
accurately proportionally share both the active power dedréactive power. However,
there existed load voltage amplitude and frequency deviatand were-14 V and—0.02
Hz, respectively. Thus, the voltage drop is approximatel?®of the rated voltage and
the frequency error is approximately 0.04% of the rateduesqy. The droop controller
proposed in (Guerrero et al., 2005) was able to maintain thguency at the nominal
value. However, the power sharing, and particularly thévagiower sharing, was not
good. Besides, the load voltage amplitude deviation wasoxppately—27 V. Thus, the
voltage drop is approximately 11.7% of the rated voltagdctvis larger than the desired
voltage drop. These simulation results agreed with theyaisin Section 7.1 and Section
7.2. The droop controller proposed in this chapter was abdehieve proportional sharing
for both the active and the reactive powers. Meanwhile, & @afale to keep both the load

voltage amplitude and the frequency at the exact nominakgal

103



Table 7.1: Steady-state performance of two parallel opdriaverters.

| Variable | simulation 1| simulation 2| simulation 3|
Apparent power 1 (VA) 340-220j 300-200;j 340-200j
Apparent power 2 (VA) 680-440j 600-400j 500-340j
RMS load voltage (V) 230 216 203
Frequencyf (Hz) 50 49.98 50
E"—Vo 0 0 0
\oltage dropE—ifx 100% 0 6.1% 11.7%
Frequency errOlfL: x 100% 0 0.04% 0
1380 P1 S ‘Pz 1383 P1 - ‘Pz 1380 P1 - ‘Pz
2 600 - 2 600 2 600
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200}/ 200}/ 200
% 1 23 4506780910 % 1 23 4506780910 % 1234506780910
Time [s] Time [s] Time [s]
(a) Active power
%203 g -I g, - 208 X %203 Y
=3 —200&.- ___________ > —200& ———————————— =3 —200& —————————————
© —400, : ‘ ‘ © -400 . . ‘ © —400, g ‘ :
-600 -600 -600
012345678 910 012345678910 012345678 910
Time [s] Time [s] Time [s]
(b) Reactive power
200 500 200
= 150’ : g:(l) S 150 ;g = 150, 28;‘
>° 128 299 >’ lgg 215 >° 128 202
0 7.72 1.4 .76 0 7.72 14 7.4 0 7 .72 7.4 :7.6
0123 45¢6 7 8 9 10 012345678 910 01234567 8 9 10
Time [s] Time [s] Time [s]
(c) Load Voltage RM%/,
¥ 500 ¥ 50.04 T 50,04
%50.02 ——h-=ch % 50.02 ——h-=ch %50.02 ——h-=ch
$ 50 S 50 $ 50
= 49.98 Z 49.98 & 49.98
I 49.96 I 49.96 L 49.96
012345678 910 012345678 910 012345678 9 10
Time [s] Time [s] Time [s]
(d) Frequency
_ 9 _ . 9 .
<6 < < 6 ===l
2 3 2 2 3k = e
£ o 2 g o
6 :g 6 6 :g > ~
3 301 302 303 3.04 3.05 3.06 3 301 302 303 3.04 3.05 3.06 3 301 302 303 304 3.05 3.06
Time [s] Time [s] Time [s]

(e) Current at the steady state

Figure 7.3: Simulation results with the linear loRd= 50Q: simulation 1 with the pro-
posed droop controller (left column), simulation 2 with théust droop controller (middle
column), and simulation 3 with the droop controller progbse (Guerrero et al., 2005)

(right column).

As the magnitude of the load voltage in simulation 1 was naairetd at the nominal
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value, while both the load voltage magnitude of simulatioan2l 3 dropped, the power
generated in simulation 1 was the largest. Meanwhile, th&age drop in simulation 3
caused by the virtual impedanée+ K P + sL was larger than the one of simulation 2
caused by the robust droop controllé%) and the output impedanée+ sL. The active

power and the reactive power of simulation 3 were smaller tha one of simulation 2.

7.4 Summary

In this chapter, the trade-off of the conventional drooptaarscheme has been pointed
out. Conventional droop controllers have voltage and feegy deviations when the load
power is not zero. A droop control method has been proposé@uerrero et al., 2005)
to address this problem. However, as this method can not epsape the voltage drop
caused by the inverter output impedance, it can not avoigtdhage amplitude deviation.
Besides, it does not work well when the active power sharaim ris not 1:1. To solve
these problems, a new droop control strategy is proposehisnchapter. It adopts the
structure of the robust droop controller and utilizes tlamsient droop characteristics. It is
able to achieve proportional power sharing while maintagrthe inverter output amplitude
and frequency at the nominal values. However, limitatiomshe initial conditions of the

integrators and the per-unit output impedance are vert sind need to be further studied.

105



106



Chapter 8

Current Droop Controller

Droop controllers studied in the previous chapters aretaduaithe control of the power.
However, even if the power is controlled, currents are solllimited when a sudden load
change or short-circuit occurs. A possible solution is alyecontrolling the active and
the reactive currents (Brabandere et al., 2007; Liu et 8122 Khodadoost Arani et al.,
2013). In this chapter, a current droop controller is pregbslt first develops a new
current calculation unit to obtain the active and the reaaturrents only according to the
angle of the load voltage. This unit is simpler than the org®rted and does not need
any information of the inverter output impedance. Thens¢heurrents take the places of
the power as the control variable to limit the current RMSueaht the steady state. Next,
the structure of the robust droop controller is adopted arguotee the robustness, based on
which the CDC is developed. With an adaptive coefficient dddehe voltage magnitude
loop, this controller is able to better limit the currentththe proposed ones. After that,
the small signal stability is analysed. Finally, experitaémesults are provided to verify

the feasibility of the proposed current droop controller.

8.1 Limitations of Droop Controllers Reported in Literat-
ure

The droop controller has different forms for inverters wdifierent types of output imped-
ance. In this chapter, the inverter with resistive outpytethance is taken as an example.

The conventional droop controller (2.16)-(2.17) (Diaz let 2010) and robust droop con-
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troller (2.18)-(2.19) (Zhong, 2013b) are not able to linmétcurrents well when the load
voltagev, deviates far away from its nominal value. The conventionatent droop con-

troller takes the form

= E*—nl, (8.1)

W = w+mlg (8.2)

wherel, andlq are the RMS values of the active and the reactive currerdpentively. It
has better performance but the response speed has not b@ewéch enough (Brabandere
et al., 2007; Liu et al., 2012; Khodadoost Arani et al., 2013)

In both (Brabandere et al., 2007) and (Liu et al., 2012)vaand reactive currents are

b | 1 -8 P
M‘Vo ”Q] &)

whereR is the resistance of the inverter output impedanceansl the reactance of the

calculated with

NIZo N[X

inverter output impedance. Thus, the power, the magnitdideeoload voltage, and the

ratios% and % are needed.

Fourier Blocks
) AMP
[
ANGLE
1
sin L
AMP
Vo
] + 1
ANGLE O /180 | cos |—=[X}—=

Figure 8.1: The current calculation unit reported in (Khdolast Arani et al., 2013).

As shown in Figure 8.1, for the current calculation unit preed in (Khodadoost Arani
et al., 2013), two Fourier blocks are firstly adopted to abthe angle of the inverter load
voltagevy, the angle and amplitude of the currentThen, the current amplitude and the
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angle difference are used in the calculation of the activktha reactive currents:

lp = lcog&—6) (8.4)
lg = Isin(6,— &) (8.5)

wherel is the RMS value of the currentAs the controller proposed in (Khodadoost Arani
et al., 2013) adopts the control structure of the conveatidroop controller, it has some
strict limitations, such as the same per-unit output impeddor all the parallel operated

inverters.

8.2 The Proposed Current Droop Controller

In this chapter, a new droop control method named curremcontroller is proposed.
It is based on a new current calculation unit and adopts tiuetstre of the robust droop
controller, which makes it robust to numerical errors,utisances, component mismatches
and parameter drifts. Besides, it adds an adaptive coeffitctevoltage magnitude and
frequency loops, so that the short-circuit current couldirbéed.
8.2.1 The Current Calculation Unit

i
sin »Q R
PLL Block m+1
& I
Yool ANGLE24—=] cos | V2 e

Figure 8.2: The proposed current calculation unit.

As shown in Figure 8.2, following applies

lp = Ts\/flisine\,zlcos(e\,—e,) (8.6)
—V2. .
lg = Tsi_llcosﬂvmlsm(a,—e.). (8.7)

wherei is the inductor curren®; is the angle of the inductor current, afdis the angle of
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the inverter load voltage. Note that this unit only adopts Bourier block and only needs

the angle of the inverter load voltagg

8.2.2 The Current Droop Controller

Based on this current calculation unit, a current droop rodiet with robust form is pro-

posed, which adopts the structure of the robust droop cléegrtro

E = Ke(E* — Vo) —nlp (8.8)
w=w" +mlg (8.9)

However, its current limiting ability is very weak. As showmFigure 8.3, an adaptive
coefficient is added to the voltage magnitude loop:

g
K, O RMS

E| 1 - I
- = n K, .
S vV,
; o ?
f=1
=]
a
=
=l
v 0
- /\/ =
(o]
£
2
o
\ =
\
\
\
\
1 \\Iq i

|-—o] — m - ’
s \
wt+o . \
@ \
-1 RMS

Figure 8.3: The proposed current droop controller.

E =Ke(E* — Vo) — K1 (8.10)
W= w"+mlg (8.11)

where
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and
h=1,23...

(8.12)

Here,n andm are set according to the voltage drop rd®ipand frequency boost ratiRs,

with currentl = ljyax:
_ KeE*Ry

|max

_ W'R¢

| max
8.2.3 Current Limiting

For conventional current droop controller, one has

N E*R,
I max
w*Rs¢

m = .
| max

According to (8.1), (8.2), (8.15) and (8.16), at the steadtes there should be

| :E*—E:E*—EI
P n RE* ™
| L W-w w-w
T m w*Rs¢ e

Assuming tha" = IyaE*, for robust droop controller, there are

n o KeRy
I max

m o w*Rs¢
" lyaxE*

According to (8.8), (8.9), (8.19) and (8.20), at the steadtes there should be

Ke(E*—Vo) E*—Vo

|max

| — —
P A RV,
| _w—w*_(w—w*)E*I
T M,  wRiV, ™
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(8.15)

(8.16)

(8.17)

(8.18)

(8.19)

(8.20)
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(8.22)



For the CDC proposed in this chapter, according to (8.10),1(8 (8.13) and (8.14), at the
steady state, there should be
| _ Ke(E"—Vo) _ Kelma(E"—Vo) _ E* Vo
P nK, KeR/E*K| R/E*K|

w—w w—w
lg= = | max- 8.24
o} m *Rf max ( )

lmex (8.23)

Ignoring the voltage drop on the inverter output impedatiem\V, ~ E. When the inverter

is working at the rated curreht= I, there will beK; = 1 andV, ~ E*. Then

I_E*—v0 _E*-E NE*—Vol
P RE* ™7 RE* ™7 RN, &

(8.25)

This indicates that when the inverter is working at the ratedent, the active current
of the proposed CDC is almost the same with the ones of theecional current droop
controller and the robust droop controller. When the irefeis working above the rated

currentl > I, there will beK; > 1 andV, < E*. Then

E*—Vo E*—E E*—Vo

max ~ == lmax <

R/E* RMo

limex. (8.26)

Thus,l, with the proposed CDC is better limited than the ones witltdreentional current
droop controller and the robust droop controller. The bigge current, the stronger the

limitation onlp. Similarly, K can be used in thig droop to limit the reactive current.

8.2.4 Power Sharing

In this chapterh is chosen to be 2 as an example:
h=2. (8.27)
According to (8.6) and (8.7), there is

12=15+1§. (8.28)
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According to (8.10), there is

I
Ke(E* — Vo) _n(I )2 lp. (8.29)
r
By solving (8.11), (8.28) and (8.29), one gets
w—w*
lq= .
q - (8.30)
IAKZ(E*—Vp)2 w*)8 | 12Ke(E* Vo —w*
| \/ 4n2 w27mﬁ) + (Zn )>2/3 - (wmw )2 (8.31)
IAK2(E*—V,)2 —w*)® | IPKe(E* Vo ' '
When two inverters are operated in parallel,
I*
Mm_Mm_2_y (8.32)
m N I3
According to (8.30) and (8.31), there will be
I I 1
S L (8.33)

which guarantees the current sharing of the parallel opératverters. Especially, when

the short-circuit happens, there will b= 0 and

IAK2E*2 | (w—w*)8 | 12KeE*\2/3 W—w*\2
3(\/ e T s ) = () (6.34)

|, =
P 3(\/I;‘K§E*2+(w—w*)6+lr2KeE*)1/3

4n? 27mP 2n

w— w*
lg= — (8.35)

Obviously, the current sharing is also guaranteed whenhbg-sircuit happens.

8.3 Stability for the Current Droop Controller

It is very complicated to analyse the system stability whté turrent droop controller with
the adaptive coefficient (8.10-8.11). Thus the case withecirdroop controller without
the adaptive coefficient (8.8-8.9) is analysed here.
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8.3.1 Small-Signal Stability

Consider small disturbancésaround the stable equilibrium operation poidy, Ee), where
Je, Ee represent the phase angle difference between the inventecesvoltage and load
voltage, and the magnitude of the inverter source voltaggnectively. Consider the low
pass filter, the linearised forms of (8.8-8.9) for a smaltutisance around the stable equi-

librium point become

B —NWx .
AE(s)s= ST o Alpi(s) (8.36)
B Maws _
Aw(s) = st o Algi(s). (8.37)
Then
E Vo E . .
lp = (=—c0sd — —)cosO + —sindsinb 8.38
p (Zo Zo) Z (8.38)
E Vo. . E .
lg=(=—c0sSd — =—)sin@ — —sind cosob. 8.39
q (Zo Zo) Z (8.39)

It is assumed thaf, is constant, thus this term could be ignored

o — E(cosécosGZ:- sind sing) (8.40)
o= E(cosésm@Z; sindcosh) (8.41)
and hence
Alp(s) = coséecosez—i; sinéesineAE(s)
+Ee(—sinéecosz(iJr coséesinB)A6<s) (8.42)
Alo(s) = coséesinez—osinéecoseAE(S>
B Ee(sinéesinezz— coséecose)Aé(s). (8.43)

114



Thus

—Nws C0SA:COSO + SindeSINO

AE(s)s= P [ 7 AE(s)

+Ee(—sméecoszi+ 005595|n6)A6(S>] (8.44)
_ Mwr C€0SOeSiNG —sindecosb

Aw(s) = P [ Z: AE(s)

B Ee(Sindesind + coséecose)Aé(s)]. (8.45)
Zo
Additionally, it holds true that

Aw(s) = sAd(S). (8.46)

According to (8.44), (8.45) and (8.46), the homogeneousieg will be

as’Ad(s) + bs*AS(s) + c?Ad(s) + dsAS(S) +eAd(s) = 0 (8.47)
where
a =272 (8.48)
b =2Z2w; (8.49)
C = Zowi ((C0SAC0Sh + sindeSiNG) (N+ MEe) + Zowy ) (8.50)
d = Zow?(CoSdCOSh + Sindesing) (n+ mEe) (8.51)
e = mEenw?. (8.52)

The system response can be analysed by the characteristitay
as’+bs®+cs? +ds+e=0. (8.53)

To make the analysis simpler, the load is assumed to be presistive, which indicates
that the reactive power would be 0 and the frequency would d@tained atv*. As can
been seen from Figure 8.4, for one inverter equipped withectirdroop controller (8.8-

8.9), the system is always stable wh€&nandn are positive.
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Figure 8.4: The root-locus for the current droop controlesuob.

8.3.2 The Stability of the Load Voltage Dynamics

When the load is compleR+ jX, where the output impedanceRs + jX,, there are

E Vit (RoR++j?<;)Vo _ R+j>;i?§(+jxo . (8.54)
Thus
c_ \/(R2+RRo+x2F:;i>><(02)2+(Rxo—XRo)2VO (8.55)
thereby
Vo = R+ X E (8.56)

V/ (R2 4+ RRy + X2 4 XX)2 + (RXo — XRy)?
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and
Vo R—jX

TREX T REpx2 (8:57)
R
Thus R\ R2 )
. Ke+ 2 v7 + X
E — KeE* — (Ke T reixe)( ) (8.59)

E
V/(RP+RRo + X2+ XXo)2 + (RXo — XRy)?
Thereby, wherKg is positive bounded and is positive, the system would be stable. Be-

sides, wherK is fixed andn is increased, the system would be more stable.

8.4 Experimental Results

To validate the proposed current droop controller, expenits were carried out on the test
rig consisting of three single-phase inverters, as showrigare B.1(a). More detailed
information can be found in Appendix B. In this chapter, oty of the three inverters
of the experimental setup were used. The dc voltage suppiee80 V. The filter inductor
isL =7 mH with a parasitic resistance of2land the filter capacitcC is 1 yF. The PWM
switching frequency is 10 kHz, the line frequency of the egsis 50 Hz. The rated load
voltage of inverters is 12 V anle = 20. The desired voltage drop ratiy is chosen to
be 10% and the frequency boost raRg to be 0.5%. Since the aim of this chapter is
to address current droop controller for the parallel opanadf inverters, the case with a
nonlinear load is not considered. Besides, these two iexsedre operated as an R-inverter
with a virtual 42 resistor. For the proposed current droop controller, theitwerters were
designed to havhx = 2.5 A, andlnae = 5 A, with the droop coefficients af; = 0.62,

n, = 9.6,m; = 0.31 andmp =4.8. Besides, the rated currents are sdtas- 0.5 A, and

lro =1 A. It was expected thag = 24 in parallel operation, and thatis in phase with.
For the robust droop controller, the corresponding powpacties weres; =30 VA, and

S, =60 VA, with n; =0.052,n, = 0.8,nm; = 0.026 andm, = 0.4.
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Figure 8.5: Experimental results with the load changed ft@® to 8 Q and then back to
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(right column).
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8.4.1 Case I: Load Changed from 122 to 8 Q and Then Back to 12Q

As shown in Figure 8.5 and Table 8.1, the load was changed @ to 8 Q at time

t = 6s and then back to 1Q at timet = 24s. As shown in Figure 8.5(a), for both current
droop controller and robust droop controller, currenivas changed from 0.33 Ato 0.5 A
andl, was changed from 0.67 A to 1 A at tinhe= 6s. Then, currenb was changed back
to 0.33 A andl, to 0.67 A at timet = 24s. The voltage magnitude had a small drop at
timet = 6s and a small jump at tinte= 24 s. While the voltage magnitude with the3
load is slightly lower than the one with X2load that is approximately 12 V, the frequency
remains almost the same at approximately 50 Hz before aed th# load change. The
instantaneous currents and voltage were shown in 8.5(bY@ndThe current dynamic
response of current droop controller (approximately 0.&/&3 faster than the one of the
robust droop controller (approximately 3 s). For both coliers, i, is in phase with; at
the steady state.

8.4.2 Case Il: Load Changed from &2 to 2 Q and Then Back to 8Q

As shown in Figure 8.6 and Table 8.1, the load was changed &dinto 2 Q at time

t = 6s and then back to @ at timet = 24s. As shown in Figure 8.6(a), for current droop
controller, current; was changed from 0.5 A to 1.3A amglwas changed from 1 A to 2.6
A attimet = 6s. Then); returned to be 0.5 A anlg returned to be 1 A at time= 24s.
For robust droop controller, currentwas changed from 0.5 A to 1.8A ahglwas changed
from 1 Ato 3.6 Aattima = 6s. Then); returned to be 0.5 A anld returned to be 1 A at
timet = 24s. Thus, in the case with@ load, in which case the inductor current is larger
than the rated current, the current droop controller is tblienit the current approximately

28% lower than the robust droop controller.

Table 8.1: Steady-state performance of two parallel opdriaverters with CDC.

Variable With CDC With UDC
120[8Q[20Q]120[8Q [2Q
RMS load voltage (V) 119[116] 8 [ 11.8]11.6] 11

RMS inductor current1 (A) | 0.33| 0.5 | 1.3 0.33| 0.5 | 1.8
RMS inductor current 2 (A) 067, 1 | 26|067| 1 | 36
Response time for load change (s) - 06| 1 - 3 6
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When the load was 8, the load voltage magnitude when equipped with the current
droop controller was approximately 8 V, while the one whenipged with the robust
droop controller was approximately 11 V. In this case, theent droop controller is able
to reduce the load voltage magnitude by approximately 26 fhe one when equipped
with the robust droop controller. Besides, the load voltaggnitude when equipped with
the robust droop controller had a deep drop (approximat&wl at timet = 6s and a
big jump (approximately 4V) at time= 24 s, while the voltage magnitude when equipped
with the current droop controller changed very smoothlye Tiequency remained almost
the same at approximately 50 Hz before and after the loadgehan

The instantaneous currents and voltage are shown in 8.6¢c As can be seen, the
current dynamic response when equipped with the currewfpdrontroller (approximately
1 s) was much faster than the one when equipped with the rdbusp controller (approx-
imately 6 s). Besides, for both the two controllekswas in phase with; at the steady

State.

8.5 Summary

For the parallel operation of inverters, a new droop conttethod named current droop
controller is proposed in this chapter. A new current catah unit is first proposed to ob-
tain the active and the reactive currents. It only needs tigéeeof the load voltage, which
is obtained by a PLL block. These currents are then used aotiteol variables of the
droop controller to limit the current RMS value at the steatite. To make the controller
robust to numerical errors, disturbances, component nigdraa and parameter drifts, the
structure of the robust droop controller is adopted. Todvéimnit the currents, an adapt-
ive coefficient is added to the voltage magnitude loop. Expental results in different
cases have demonstrated the effectiveness of the proposeatcdroop controller. It is
able to achieve faster response during the the load charyes able to better limit the
current RMS value at the steady state. Meanwhile, accuratedharing, good voltage and

frequency regulation are maintained.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

In this thesis, the inverter output impedance has beenmedig improve the power quality
and the droop controller for the parallel operation of itees has been investigated. Small
signal analysis has been adopted to analyse the stabilityeoihverter system equipped

with the proposed controllers.

9.1.1 Design of the Inverter Output Impedance

Mainstream inverters have inductive output impedancen(leiiter) because of the filter
inductor and could also have resistive output impedance&+er) in some low-voltage

applications. In order to improve the load voltage THD, than@rter has been proposed.
Its output impedance is capacitive over a wide range of bmthand high frequencies al-
though it still has the inductor connected to the invertétde. The C-inverter is achieved
via an inductor current feedback through an integrator, loictv the time constant is the
desired output capacitance. As the capacitor is a virtual threre is no limit on the current
rating and can be applied to any power level. The capacitaanebe selected to guar-
antee the stability of the current loop. Besides, the valuh® output capacitance can
be optimised so that the THD of the load voltage is minimisgdhen compared to an

inverter having resistive or inductive output impedante, €-inverter is able to achieve
lower voltage THD. Moreover, some guidelines are develdpddcilitate the selection of

the filter components for C-inverters.
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After that, the output impedance of the C-inverter has beethér developed to be a
virtual resonant impedance. Its principle generates framsanant impedance topology
consisting of inductors and capacitors, of which the maglgtapproaches 0 at different
frequencies. The improved C-inverter is achieved via aldaek of the inductor current
through an transfer function, which is the expression ofsmmant impedance topology
consisting of inductors and capacitors. The virtual reabimapedance could be designed
to have different levels. It is exactly the same with a viFeagpacitor when it only has one
level. When it is designed to haw levels, whereN is larger than one, the coefficients
of the transfer function or the virtual resonant impedaneeselected and optimised to
minimise the load voltage harmonics at N different ordersj thus the corresponding
total harmonic distortion (THD) of the load voltage couldh&imised. Simulation and
experimental results are provided to demonstrate thelfdigsand excellent performance
of C-inverters and Improved C-inverters. The filter pararebdf the test rig are selected
according to the guidelines developed. Itis shown that) thie same hardware, C-inverters
are able to achieve lower voltage THD than L-inverters andwerters, and Improved C-

inverters are able to achieve even lower voltage THD thanv@rters.

9.1.2 The Development of the Droop Controller

After the C-inverter is proposed, in order to facilitate gagallel operation of C-inverters,
the robust droop controller has been further developed.aljsiuhe Q ~ E andP ~ w
droops are used when the output impedance is inductiv&) thev andP ~ E droops are
used when the output impedance is resistive; for a compl@edance, a transformation
involving the impedance phase angle needs to be introdgedr(ero et al., 2006b; Yao
et al., 2011). For the C-inverter, tlig ~ —E andP ~ —w droops are adopted. For the
improved C-inverter, as the virtual resonant impedanckls@se@pacitive at the fundamental
frequency, th&) ~ —E andP ~ —w droops could also be used.

In order to enable the parallel operation of inverters witfedent types of output im-
pedance, a universal transformation maffidhas been identified to transform the actual
active power and reactive power into the virtual ones. WithrhatrixT, a universal droop
control principle that works for inverters with any type aftputimpedance having a phase
angle between-7 rad and7 rad is developed. Coincidently and interestingly, thisipri
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ciple takes the form of the droop control principle for Renters and paves the way for
designing universal droop controllers with different neath. In this project, the robust
droop control mechanism proposed in (Zhong, 2013b) is atméds droop control prin-
ciple to provide one way to implement it, which turns out talsesame as the robust droop
controller proposed in (Zhong, 2013b). Note that the pregasiversal droop controller
enables the parallel operation of inverters with any typsutput impedance having a phase
angle between-7 rad and rad, for the first time, which covers any practical L-, R-, C-,
RL- and R:-inverters. This finding is mathematically proven and \atietl experimentally
with a test rig consisting of three inverters operated irajbal:

Then, in order to achieve accurate power sharing withoutlaag voltage amplitude
or frequency deviation, a droop controller that adopts tinecture of the robust droop
controller and utilizes the transient droop charactesstias been presented. It is able to
achieve proportional power sharing while maintaining tineerter output amplitude and
frequency at the nominal values. Besides, in order to lihet¢urrent RMS value at the
steady state when a sudden load change or short-circuitsga@gurrent droop controller
(CDC) is proposed. It is based on a current calculation wtich has been proposed to
obtain the active and the reactive currents only accordirthe angle of the load voltage.
These currents are used in place of the power as the contiables. It also adopts the
structure of the robust droop controller to guarantee thastmess. An adaptive coefficient
is added to voltage magnitude loop to better limit the ireecurrents. This controller is
able to better limit the current and response faster tharotest droop controller, and the

conventional current droop controller.

9.2 Future Work

Based on the study carried out in this thesis, much more waukddoe done in the future.
The inverter output impedance can be further developed poawe the power quality, the
limitations of proposed droop controllers should be adsdsand the application of the

controllers can be extended to three-phase inverters ahagnnected inverters.
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9.2.1 Further Development of the Inverter Output Impedance

As has been mentioned in Chapter 3, the output impedance iof/arter can be defined
at different terminals that have different pairs of voltagel current and hence can be
different. According to (3.49), the overall output impedans more or less the same as
the output impedance without considering the filter capaeit low frequencies, where the
major voltage harmonics are concerned. Thus, the filterattgpdnas little influence on the
optimal virtual capacitoC,. However, the influence of the filter capacitor on the whole
inverter system should be further investigated. Take @+tev for example, according to

Figure 2.5(a) and Figure 3.1, there are
u=v,——(>o+ic) (9.1)
r c \oTle .

and

Since the average of; over a switching period is the samelwgghere is (approximately)

1 . Vo , Vo
Vi ———(lp+——)=(R+5sL)(lp+ ——) + V. 9.3
g lot o) = R lot o) e ©3)
which gives
Vo = KuVr —Z(8)io (9.4)

whereZ(s) is the overall output impedance described by (3.51), and

Ro+ &
Ky = — - (9.5)
R+sl+ & +Ro+ ¢

At low frequenciesK; could be simplified to

1
K ~ —= . (9.6)
o +1

At the fundamental frequencies, according to (3.55), tiere

C <G, (97)
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SO
Ky ~ 1. (9.8)

This fact indicates tha@ andR, have little impact on the output voltage at the fundamental
frequency. For frequencies higher than the fundamentquéecy, take the 3rd harmonic

for example, Figure 9.1 shows the Bode plot¥Kgf.

N
o

IK, ()] (dB)
NN e ow
O O O O O O

O er(joo) (degree)

1 35 7 911131517192123252729313335
Harmonic number (h)

Figure 9.1: The Bode plot df,; with L = 2.35 mH andC, = 479uF, under four different
conditions: (a)C = 22uF, R=0.1Q andR, = 0.1Q; (b) C = 44uF, R=0.1Q andR, =
0.1Q; (c) C = 22uF, R=4Q andR, = 0.1Q; (d) C = 22uF, R= 0.1Q andR, = 1Q.

As can be seen, whdhincreases, the peak of the magnitude curve shifts lefehgtt
and the phase curve shifts left. It indicates that the filsgracitor has an effect on voltage
harmonics if the reference voltagecontains some harmonic components. WRamdR,
increases, the peak of the magnitude curve falls a lot apth#se curve becomes smoother.
To avoid energy loss caused by the real resistor, the virésédtor can be introduced to the
virtual resonant impedance. On the one hand, the virtuétogswould raise the mag-
nitude of the voltage harmonic components at a wide rangeegluiencies. On the other
hand, it could decrease the magnitude of the voltage hammomponents at the resonant
frequencies of the virtual resonant impedance. Besidesyittual resistor offers the sys-
tem stronger damping and stability. Then, how to wisely glesine parameters to achieve
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lower voltage THD while maintaining good damping needs tstoelied.

Furthermore, the concept of the smart impedance can bealudea. In fact, the res-
onant impedance has been widely investigated (Mallett418@uma, 1931; Moheimani
and Behrens, 2004), and its principle has been introduagethier with the proportional-
resonant controller (Herman et al., 2014) to achieve actipedance(Da Silva et al., 2009),
hybrid active impedance (Gonzatti et al., 2013) and smasentance (Gonzatti et al., 2015).
The smart impedance can be regarded as a new way to look adl lagbive power filters
(Gonzatti et al., 2015), where the proportional-resonantroller is often used to gener-
ate resonant peaks to extracting the selected harmonigef@rating harmonic command
reference (Teodorescu et al., 2006). To handle the harnppaldems with smart imped-
ance, an extra active converter, a coupling transformexpaditive unit and corresponding

controllers are needed.

9.2.2 Improvement of Proposed Droop Controllers

For the droop controller proposed in Chapter 7, the linotaion the initial conditions
of the integrators and the per-unit output impedance arg steict. How to remove this
limitation is a critical problem. For the current droop aatler proposed in Chapter 8,
at least one period delay exits in the transient responsausef the current RMS block.
This delay could cause the system failure in some extrenescasd needs to be addressed.
Moreover, proposed droop controllers all focus on the @brif single-phase voltage-
controlled VSI with local load. The application of the caniters can be extended to the
case of three-phase inverters and grid-connected ingerter

For three-phase inverters, the voltages and currents cdadmeibed in different refer-
ence frames, including the naturab€) frame, the stationary referencef§) frame, and
the synchronously rotating referenag) frame. Thus, the controller should be designed
in different coordinates. For the droop controller, thedyonously rotating referencdd)
frame is often adopted, as the voltages and currents unddrdame are no longer depend-
ent on time, and the real and reactive power components oflteege and the current can
be obtained, respectively. This facilitates the droop mler design and analysis. For the
grid-connected inverters, the droop controller has dffieéforms with the the droop con-
troller for stand-alone inverters. Take the L-inverter émample, the conventional droop
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controller for the L-inverter in grid-connected mode is

E=E"+n(Qu—Q) (9.9)
w=w" +m(Pst —P). (9.10)

Besides, the filter for the grid-connected connected ievedre often LCL filters, as shown

in Figure 2.4(b), which needs to be carefully designed.

9.2.3 Small Signal Stability

The small signal stability analysis in this thesis focuse®oe inverter equipped with the
proposed droop controller. However, the parallel operatedrter system equipped with
the droop controller is much more complicated, and need fartieer studied. The method
presented in (Coelho et al., 2002) could be adopted. The kagiple is to consider a

commond — q reference frame for all inverters, and represent the vécas

E=egtje (9.11)
where
eg = Ecos(9d) (9.12)
= Esin(d) (9.13)
0 = arctan(%). (9.14)

Linearising the equation fa¥, which is the angular position of the vectey

Ad = mgAeg + MgAey (9.15)
where
&
mg = — (9.16)
€+
&
= . (9.17)
T e
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According to (4.23) and (9.15), one has

Aw = myAey + mgAey. (9.18)
Then, considering that
E=|E|=/&+6] (9.19)
after linearisation, there is
AE = nghey+ngley (9.20)
where
ng = —2 9.21)
&+
g = —— (9.22)
&+
It follows that
AE = ngA\&q + Nl (9.23)

Take two parallel operated L-inverters for example, coasidy (2.25), (2.26), (9.18),

(9.20) and (9.23), we can obtain the following state equatihich describes each inverter

A Aw

) AR
Negi | = [Mi] | Aegi | +[C] AQI- ] (9.24)
Aeyi ey !
where
— Wi 0 0
Ngi i Ngi W i Ngj (W
[Mi] = mdinqi_qmqindi md:TrEi —quifndi m?rzi jmq]i(ndi (9.25)
Ngi My Ngii Wt My Ngji W
MgiNgi —MgiNgi~ MgiNdi —MdiNgi  Mgi Nati —Mdi Ngi
0 my ws
N Mg Wt
Cl= | wang-mgng O (9.26)
Nj My Wt 0
Mg Ngti — Mg Ng;
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Considering the relationship between the current and thag®

[Ai] = [Ys][Ae].

and the active power and the reactive power supplied by eaenter

There are

where

P = edildi +&ilgi
Q = eilgi—&ildi-

[AX] = [Al[AX]

[Es|] =
° 0 0 ep ep
0 0 —ep ep
Gi11 —Bi1 G2 —Bpo
Yy Bi1 Gi1 Bz Gp2
] =
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(9.28)
(9.29)

(9.30)

(9.31)

(9.32)

(9.33)

(9.34)

(9.35)

(9.36)



010000
001000
K = 9.37
K 000010 (937
000001

This equation describes the behaviourwb;, Aeyr, Aeqr, Aw,, Agyr and Aeg around
an operating point defined by:, €41, €q1, W2, €42 and ep from a given small initial
condition. However, the small signal stability analysi$yomorks well for linearised case.
As the parallel operated inverter system with the drooprodliet is strongly nonlinear,

some nonlinear stability analysis methods need to be stwahid applied.
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Appendix A

Simulation and Experimental Software

Simulations were carried out with MATLAB 2013a, toolboxegk as Simulink and Sim-
scape were extensively used. The solver used in the simoogawas ode23/Tustin with
a relative tolerance of 1® and the sampling time is (F. The control algorithms for
the experiments were programmed and downloaded from MATtaAfBe microcontroller
TMS320F28335 of Texas Instruments (TI) with Code Composedi8 (CCS) and Black-
hawk USB2000.

A.1 Electric Circuit Representation

PWM Generator

W Signal(s) Pulses—‘ »( 1)
i

c

Conn1
Lol |2 e | 2l
T_I_E' B

Universal Bridge

'AM'J“F'H"'-i »  Load
) Q:JJ—'L ._T
TC
" I

Figure A.1: The circuit of the inverter for the simulation.

As shown in Figure A.1, the inverter can be modelled by thes8ape/SimPowerSystems/

Power Electronics/Universal Bridge block. As the inveitesingle phase, the number of
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bridge arms is chosen to be 2. As IGBT are used in the expetjrttenpower electronic
device of the bridge in the simulation is chosen to be IGB®dais. Other parameters such
as the snubber resistance and capacitance, as well as dovelgages are kept as the de-
fault values. It is controlled by the signal generated frown $imscape/SimPowerSystems/
Control and Measurements Library/Pulse & Signal Genes# WM Generator block ac-
cording to the control signal. The inverter is powered by a dc voltage source and the
output voltage is sent to the load through an LC filter. Thealtage source can be found
in the path Simscape/Foundation Library/Electrical/Eieal Sources. The filter inductor
and capacitor can be found in the path Simscape/SimPower8gsElements. The in-
ductor current and load voltage, are measured by the current and voltage measurement
block, respectively. These blocks can be found in the patis&ape/SimPowerSystems/

Measurements.

Lo TR

Universal Bridge

Figure A.2: The nonlinear load for the simulation.

As shown in Figure A.2, the nonlinear load for the simulati®a full-bridge rectifier
loaded with an LC filter and a resistor. The full-bridge rietican be modelled by the
Simscape/SimPowerSystems/ Power Electronics/Univ@rsaddje block, and the number
of bridge arms is chosen to be 2. As diodes are used in theimgds the power electronic
device of the bridge in the simulation is chosen to be Diodés inductor, capacitor and

resistor can be found in the path Simscape/SimPowerSySEeraents.

A.2 Control Block Diagrams

The controllers proposed in this paper can be achieved in IMYSI with the following
control block diagrams, wheté, = v/2, Eg andWp denote the rated voltage RMS value

and system frequency.
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A.3 CCS Configuration

As shown in Figure A.10, CCS should be configured as follows:
1) Under the Family drop down menu, select C28xx.
2) Under the Platform drop down menu, select Blackhawk USBatbntroller.
3) Select Blackhawk USB2000-F28335 controller.
4) Click Add, click Save & Quit and then click Yes to launch C@%exit.

Tde(}og\goser
File Edit Yiew Help

} System Configuration Available Factary Boards (it Moty Bk

- llcamec = |lbh-ush2000 cont = flan x|

E vy System] B Blackhawk USB2000 - C28343 Controller 8 bh-usb2000 contr... *
B Blackhawk USB2000 - C28346 Controller C28ox bh-usb2000 contr... ™
B Blackhawk USB2000 - C2834F Controller C28ox bh-usb2000 contr... *
B3 Blackhawk USB2000 - F2801 Controller C28x bh-usb2000 contr.. *
B3 Blackhawk USB2000 - F28015 Controller C280x bh-usb2000 contr.. =
BH Blackhawk USB2000 - F28016 Controller C28mx bh-usb2000 contr... *
B Blackhawk USB2000 - F2802 Controller C28x bh-usb2000 contr... ™
B Blackhawk USB2000 - F28022 Controller C28mox bh-usb2000 contr... *
B8 Blackhawk USB2000 - F28023 Centroller C28x bh-usb2000 contr.. *
B Blackhawk USB2000 - F28024 Controller C28mx bh-usb2000 contr..
B Blackhawk USB2000 - F28025 Centroller C280x bh-usb2000 contr... ™
B Blackhawk USB2000 - F28026 Controller C28Box bh-usb2000 contr... *
B Blackhawk USB2000 - F28027 Coentroller C28x bh-usb2000 contr.. *
8 Blackhawk USB2000 - F28032 Controller C28x bh-ush2000 contr... *
B Blackhawk USB2000 - F23033 Controller C28mx bh-usb2000 contr...
B Blackhawk USB2000 - F28034 Controller C28x bh-usb2000 contr... ™
B Blackhawlk USB2000 - F28035 Centroller C28ox bh-usb2000 contr... *
B Blackhawk USB2000 - F28044 Controller C28x bh-usb2000 contr.. =
BF Blackhawk USB2000 - F2806 Controller 28 bh-usb2000 contr., *
B Blackhawk USB2000 - F2308 Controller C28ox bh-usb2000 contr... ™
B Blackhawk USB2000 - F2808 Controller C28ox bh-usb2000 contr... *
B Blackhawl USB2000 - F2810 Controller C28ox bh-usb2000 contr... *
¥ Blackhawk USB2000 - F2811 Controller C28x bh-usb2000 contr.. *
B Blackhawk USB2000 - F2812 Controller C28mx bh-usb2000 contr...

Figure A.10: J.3 CCS Configuration.
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Appendix B

Experimental Setup

L L L ) +BUS
Gird ac Isolation Diode HY Solarde-- [
voltage Transformer Transformer Bridge ac board  |— ey

N N N GND

(b) The topology of the main circuit

Figure B.1: The experimental set up consisting of threertevs.

Experiments were carried out on a test rig consisting oktbnegle-phase inverters powered

by three separate dc voltage supplies, as shown in Figu@)B.JBAccording to Figure
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B.1(b), the grid ac voltage was first transformed and isdlati¢h the transformer and isol-
ation transformer, respectively. Then, the ac voltage wawerted to the dc voltage with
the non-regulated diode bridge to power the inverter. A agontroller TMS320F28335
from Tl was adopted to control the TI HV solar dc/ac board, trednverter output voltage
was sent to the load. Note that the Tl HV solar dc/ac boardtsasan LC filter, thus no

extra LC filter is needed.

600V IGBT

3.5mH Inductor

Hall Current

IGBT driver
Sensor

Figure B.2: The board picture of the Tl dc/ac board (TI, 2015b

Three Tl high voltage solar inverter dc/ac boards were aathtf which the board pic-
ture is shown in Figure B.2. As can be seen from Figure B.2 agqur€ B.5, a 47QF/450
V capacitor was used in the dc side to handle the ripple of theottage generated by the
non-regulated diode bridge. 4 IGBT (IRG4PC30FD) driven B&BT driver boards were
used, which were optimised for medium operating frequencighe maximum collector-
to-emitter voltage of the IGBT (IRG4PC30FD) is 600 V, and thaximum continuous
collector current is 17 A when the temperature of the catleis 100°C. The onboard LC
filter consisted of two 3.5 mH inductors and ong:E capacitor. One hall current sensor
was installed between the filter inductor and filter capadibomeasure the inductor cur-
rent. Two relays were installed after the filter capacitod ane 10 A/220 V ac fuse was

installed after the relay.
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B.0.1 PCB Layout

Soard Edge
=2.75mm

Board Edge

Figure B.3: The PCB layout of the IGBT driver board (TI, 20L5a
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B.0.2 Measurements of the Voltage and the Current

The inductor current is measured with the hall current semgale both the dc bus voltage
and the ac output voltage were measured via resistors. dicgpto Figure B.5, it is very

simple to get the sample ratio of the dc bus voltage:

Re

=0.003322 B.1
Rs+Rs+Ris+Rs B.1)

Krdc -

According to Figure B.5 and Figure B.6(a), for the ac outpaltage, the differential

circuit is used and the sample ratio is:

Rsg
Kiac = =0.003311 B.2
" Rog+ Ro7+ Rog+ Rsa (B2)

For the inductor current sensing, both the sample ratioeohtil sensor and the differential

circuit need to be considered:

Ra1
Kic = Khg| —————— = 0.15974 B.3
e = Knall o "o - (B.3)

where
Khai = 0.8. (B.4)
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(a) The measurement of the ac output voltage
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(b) The measurement of the inductor current

Figure B.6: The measurement of the ac outout voltage anahthetor current (T1, 2015a).
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