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Aurinkosdhkogeneraattori on teholahteend haastava, koska sen sdhkoiset omi-
naisuudet riippuvat sen toimintapisteestd. Generaattori voi kiayttaytya joko tasavirta-
tai tasajanniteldhteen tavoin. Toimintapisteen vaihtelu vaikuttaa siihen liitetyn
systeemin dynamiikkaan, koska generaattorin vaihtuva dynaaminen resistanssi (eli
lahtoimpedanssi) aiheuttaa rajoitteita invertterin sdatosuunnitteluun. Témén vuoksi
on tarkedd, ettd ldhteen vaikutus sisdllytetdédn johdettavan mallin dynamiikkaan,
jotta invertterin kayttaytymista pystytddn ennustamaan tarkasti.

Tasséa diplomityossd johdettiin kattava piensignaalimalli kolmivaiheisesta VSI-
pohjaisesta aurinkosdhkoinvertteristd LCL-tyypin verkkosuotimella. Malli ottaa
huomioon myos ristikkéisvaikutukset ja parasiittiset elementit kuten tehoh&viot
keloissa, kondensaattoreissa ja kytkimissd. Téten mallia voidaan kédyttaad sellaisen
jarjestelmén analyysissé, jossa ristikkéisvaikutukset ovat erityisen suuret, esimerkiksi
silloin, kun kéaytetdédn suuria passiivikomponentteja suuritehoisissa sovelluksissa.
Analyyttinen malli johdettiin synkronisessa koordinaatistossa (eli dg-tasossa), jossa
invertterin tasapainotila linearisointia varten voitiin ratkaista. Liséksi epdideaalisen
kuorman ja ldhteen vaikutukset otettiin huomioon mallia johdettaessa, silld ndma
tekijat vaikuttavat invertterin dynamiikkaan merkittavasti.

Kehitetyn piensignaalimallin on todettu ennustavan tarkasti séddon suunnittelussa
tarkeét siirtofunktiot. Lisdksi takaisinkytketyn jarjestelméan malli mahdollistaa tulo-
ja lahtéimpedanssien tarkan ennustamisen, joka on térkeédd analysoitaessa impedanssi-
pohjaista stabiilisuutta verkkoonkytketysséa aurinkosdhkoinvertterissa.

Mallin oikeellisuus varmennettiin taajusvastemittauksilla, jotka suoritettiin pien-
itehoisella prototyypilld. Piensignaalimalli kdyttaa kaskadisdétod reguloimaan DC-
puolen jannitettd ja verkkovirtoja, seké vaihelukittua silmukkaa (phase-locked loop,

PLL) verkkosynkronointiin. Mitatut siirtofunktiot vastaavat tarkasti ennustuksia.
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ABSTRACT
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AAPRO, AAPO: Modeling dynamics of photovoltaic inverter with LCL-type
grid filter

Master of Science Thesis, 58 pages, 15 Appendix pages
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Examiner: Prof. Teuvo Suntio

Keywords: small-signal modeling, current-fed VSI, photovoltaic generator, control de-
sign, LCL-filter

Photovoltaic generator is a unique power source with both constant-current and
constant-voltage-like characteristics depending on the operating point. The oper-
ating point affects system’s dynamic response, because the generator has a varying
dynamic resistance, which causes design constraints, e.g., to the control system de-
sign. Therefore, it is necessary to include the source-effect to the full-order dynamic
model to predict inverter behavior accurately in its application area.

A full-order small-signal model of the three-phase VSI-based photovoltaic inverter
with an LCL-type output filter was derived in this thesis, which does not neglect
cross-coupling effects or parasitic elements such as ohmic losses in inductors, capac-
itors and switches. Therefore, the model is also suitable for analysis in cases where
strong cross-coupling between the d and g-channels is expected, e.g., when output
filter components have large values at high power levels. The model was derived
in the synchronous reference frame (i.e., in dg-domain), where the steady-state op-
erating point required for linearization can be solved. Additionally, the effect of
non-ideal source and load impedances were included in the model as they have a
significant effect on inverter dynamics.

The model is shown to give accurate predictions on the control-related trans-
fer functions, which are essential in deterministic control design. Moreover, the
closed-loop model allows the full-order output and input impedances to be accu-
rately predicted which is important when analyzing the impedance-based stability
of grid-connected PV inverter.

The small-signal model has been verified by extracting frequency responses from
a scaled-down prototype. The model uses a cascaded control scheme to regulate
DC-link voltage and output currents as well as phase-locked-loop as the grid syn-
chronization method. Furthermore, more sophisticated control systems, e.g., feed-
forward, space-vector modulation with DC-link voltage sensing etc. can be included
in the model. The measured transfer functions were found out to correlate very

closely with the predictions.
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Real component in stationary reference frame
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Gain of the pulse width modulator

D- and g-channel current controller transfer function

Input voltage controller transfer function

D-channel open-loop (ol.) control-to-input transfer function
QQ-channel ol. control-to-input transfer function

D-channel ol. control-to-inductor-current transfer function

D-channel to g-channel ol. control-to-inductor-current transfer function
Q-channel ol. control-to-inductor-current transfer function

Q-channel to d-channel ol. control-to-inductor-current transfer function
D-channel to g-channel cross-coupling transfer function at open loop
Q-channel to d-channel cross-coupling transfer function at open loop
Matrix containing transfer functions of a current-to-current converter
D-channel ol. input-to-output transfer function
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Q-channel ol. input-to-output transfer function
Output-filter capacitor current

Diode current

Input capacitor current of the converter

Input current of the converter

Output current of the converter

Space-vector of three-phase inductor currents
Space-vector of inductor currents in synchronous frame
Inductor current of phase i

Inverter-side inductor current d-component

Inverter-side inductor current d-component steady-state value
Inverter-side inductor current g-component

Inverter-side inductor current g-component steady-state value
Grid-side inductor current d-component

Grid-side inductor current d-component steady-state value
Grid-side inductor current g-component

Grid-side inductor current g-component steady-state value
Input current of a non-ideal source

Identity matrix

Input voltage controller gain

Output current controller gain

Inductance

Input voltage control loop

Output current control loop

Quadrature component of a space-vector transformed variable
Laplace variable

Switching period

Output-to-input transfer function

Ideal output-to-input transfer function

Vector containing Laplace transformed input variables
Vector containing input variables

Voltage of non-ideal load

Vector containing state variables

Average value of variable x

AC-perturbation around a steady-state operation point
Time derivative of variable x

Space-vector

Complex-conjugate of a space-vector

Vector containing Laplace transformed output variables
Vector containing output variables

D-component of inverter output admittance

Q-component of inverter output admittance

Short-circuit output admittance

Ideal output admittance

Output admittance of a non-ideal source
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Zin—oco Open-circuit input impedance

Zin—oo Ideal input impedance

Zin Input impedance

Zq Load impedance
ABBREVIATIONS

AC Alternating current

CcC Constant current

CF Current-fed

CV Constant voltage

COs Carbon-dioxide

DC Direct current

MPP Maximum power point

MPPT Maximum power point tracking

0C Open-circuit

PCC Point of common coupling

PLL Phase-locked loop

PVG Photovoltaic generator

PWM Pulse-width modulation

RHP Right-half plane

SC Short-circuit

VSI Voltage-sourced inverter
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1. INTRODUCTION

The utilization of renewable energy resources will play a significant role in the near
future. Globally, approximately 87% of the total energy produced is generated by
fossil fuels and majority (i.e., 38%) comes from oil [I]. Only 7% is produced by
renewable resources. Since the amount of fossil fuels in the world is decreasing, re-
search in renewable energy resources must increase. Photovoltaic (PV) applications
are one of the most studied topics in the field of renewable energy, and also the most
promising alternative for fossil fuels.

PV generators are connected to the utility grid using PV inverters. Inverters
have to be designed such that they supply as high quality power as possible into the
utility grids. Since the number of the inverters and PV systems connected to utility
grids is increasing, the stability and reliability of the connected power electronic
systems have to be considered in more detail. In order to design reliable and stable
PV systems, accurate behavior of the PV generator has to be known thoroughly.
PV generators are often considered as a pure voltage sources. However, in reality
they act as an operating point dependent current source [2], which will be discussed
later in detail.

In order to provide undistorted currents to the utility grid, different type of grid-
filters are used. Often a simple L-type filter may not attenuate current harmonics
sufficiently without compromising size or performance. Therefore, a three-phase
grid-connected PV inverter with LCL-type grid-filter is treated in this thesis. In ad-
dition, LCL-filters are also gaining popularity in industry due to their good filtering
performance.

This thesis presents a full-order small-signal model for a grid-connected PV in-
verter with a cascaded control scheme, where the PV generator is modeled as a
current source. The purpose of this thesis is to derive a model, which can be further
used to analyze the effect of an LCL-filter on dynamic performance of the inverter.
Chapter 2] shortly presents the basic operation of a PV generator and features re-
lated to its operation. In Chapter [3] a small-signal model of a two-level CF-VSI is
derived in synchronous reference frame, which can be used to analyze the dynamic
behavior of the aforementioned inverter. Chapter (] presents measurements from
a scaled-down prototype inverter with an LCL-filter in order to verify the derived

inverter model. The conclusions are drawn in Chapter



2. PHOTOVOLTAIC GENERATOR

According to [2], a PV generator is a non-linear current source with both constant-
current-like and constant-voltage-like properties depending on the operating point.
The PV generator is often treated as a voltage source although it is basically a cur-
rent source. As a consequence, the dynamic behavior of the interfacing converters is
usually not properly revealed and leads to different dynamical model of the inverter.

Generally a PV generator can be presented using a one-diode equivalent model
as depicted in Fig. [2.1] which contains a photocurrent source i,, as well as the
parasitic elements of the PV cell and where i, and u,, are the output current and

the output voltage of the PV generator, respectively.

l
’ — AN —o
Jr‘ ll' e+

d cpv rsh

9
(D ut ! LT, ; ) U,

d pv sh

Figure 2.1: Simplified one diode model for PV cell.

The shunt resistance rg, and the series resistance ry represent various non-idealities
in a real PV cell. The PV generator also contains parasitic capacitance c,, and the
current through the capacitance is denoted as i.p,. Usually the value of the parasitic
capasitance is small compared to the input capacitance of the interfacing inverter
and, thus, it may be neglected. A commonly used equation for the current-voltage

characteristics is presented in (2] as

upv+Tsipy Uy + Tsl
. . - pv spv
ipv = fph — o [e SC e (2.1)
S.

where A is diode ideality factor, £ Boltzmann constant, g elementary charge and T’
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the temperature of the PV cell.

It is known that the PV generator has constant-current (CCR) and constant-
voltage (CVR) regions as depicted in Fig. 2.2, which also illustrates the behavior
of operating-point-dependent dynamic resistance 7, as well as dynamic capacitance
cpv- The PV generator resembles a current source at the voltages below the maxi-
mum power point (MPP) voltage since the current produced by the PV generator
is practically constant and the generator has high output impedance. Moreover,
the generator behaves as a voltage source at the voltages above the MPP voltage
due to nearly constant voltage and low output impedance. The point where the
maximum power is extracted from the PV generator is called MPP. Control system
of the interfacing converter regulates its input voltage equal to MPP for maximum

power extraction.

N e
~ @) oo

e
Y

Current, power, resistance
and capacitance (p.u.)

S
o

0.0 0.2 0.4 0.6 0. 1.0 1.2
Voltage (p.u.)

Figure 2.2: Voltage-current curve of a PV generator.

Moreover, non-linear behavior of the dynamic resistance and capacitance is evi-
dent. The dynamic resistance is highest in the CCR and the dynamic capacitance is
highest in the CVR. Especially, the dynamic resistance affects the system dynamics
and, thus causes design constrains, which are discussed later in this thesis.

The dynamic behavior of the PV generator is determined mostly by its dynamic
resistance 7, which also represents the low-frequency value of the impedance. The

dynamic resistance can be given by

Tov = Td || Tsh + 7, (2.2)
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where rq is the dynamic resistance of the diode, thus yielding a non-linear resistance.

The dynamic capacitance can be expressed by

1

7 23
2770 f - 3db (2:3)

Cpy R
where f_ 34, is the cut-off frequency of the impedance magnitude curve. According
to [2], Eq. (2.3) models the ¢, with sufficient accuracy in CCR, whereas in CVR it
slightly underestimates cpy,. As is shown in [2], the impedance of the PV generator
behaves as an RC-circuit between frequencies of 1 kHz to 100 kHz, hence, the source

impedance Zg can be given according to Fig. by

1
ZS =7Ts+Tq ” T'sh || se (24)

pv

Eq. (24) can be simplified by considering rs & 0, thus yielding

1
~ TPV H sc ) (25)

pv pv

ZS ~ Tq || T'sh ||

which at low frequencies can be reduced to

ZS N Tpy- (26)

The output impedance of a PV generator can be approximated as in (2.6]) since the

input capacitance of the interfacing converter is much greater than cp,. [2]



3. SMALL-SIGNAL MODELING OF A VSI-BASED
PV INVERTER

This chapter presents a small-signal model for a three-phase VSI-based PV inverter
with LCL-type grid-filter in Laplace-domain. This modeling technique, first in-
troduced by Middlebrook in the 70’s, is accurate up to the half of the switching
frequency. Some studies also suggest z-domain modeling as nowadays the use of dig-
ital controllers is rapidly increasing [3], however, it is not used in this thesis. There
are multiple studies, where the inverter and the filter are insufficiently modeled as
the cross-couplings (due to the modeling technique) and the parasitic elements may
not be included in the model as e.g. in [4H§]. Also there are publications analyzing
only the time-domain behavior such as [4,/5[9]), which may not reveal the special
dynamic characteristics found in frequency-domain analysis.

Often a simple L-type filter may not attenuate the switching ripple currents suf-
ficiently. High power applications require higher value for inductance when using
L-type filter and the dynamic response of the system may deteriorate. An LCL-filter
enables a wide range of power levels with relatively small values for inductances and
capacitance to achieve the same filtering performance as with only a L-type fil-
ter [10-12]. However, it is worth noting that an LCL-type filter causes also design
constraints because of the resonant phenomenon and more complicated dynamic
response requirements. High resonant peaking can be attenuated by passive or ac-
tive damping methods [13],[14]. Passive damping is performed by adding a resistor
in series with the output filter capacitor, whereas the active damping is performed
with linear or nonlinear control methods to provide sufficient damping for the reso-
nance. [14]

The inverter analyzed, in this thesis, is a two-level three-phase inverter based on
the conventional VSI-topology, depicted in Fig. B.Il The inverter is connected to
the grid with an LCL-type grid-filter. According to the topology, the magnitude of
the input voltage u;, has to be 2-or /3 -times greater than the magnitude of the

grid phase voltages in order to achieve undistorted grid currents.
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Figure 3.1: Three-phase grid-connected PV inverter with LCL-type grid filter fed from
a current source.

As presented in Fig. B the system inputs are the input current ¢;, and the
output phase voltages a,b.c)n- According to the control engineering principles, the
inputs of a dynamic system cannot be controlled, thus, they act as disturbance
elements. Here the system outputs are the input voltage u;, and the output phase
currents ira(an.c). Generally, the system outputs are also the controlled variables,
however, in this thesis the inverter-side inductor (i.e., the boost-inductor) currents
iL1(ab,c) are selected also as the controlled outputs. This selection is discussed later

in detail.

3.1 Average model

Small-signal modeling begins by deriving equations according to circuit theory for
inductor voltages and capacitor currents over one switching cycle. Equations can be
obtained from Fig. Bl where r., denotes the sum of the switch on-time resistance
Tew and the inductor ESR value ri, as well as rcb,) which corresponds to the
ESR and the damping resistor of the grid capacitor. Equations for aforementioned

inverter can be presented by

<uLla> = dA<uin> - (Teq + rCa) <iL1a> - <uCa> - rCa<7;Ca> - <USN>, (31)

<uL2a> = _(TLQa + rCa) <iL2a> + TCa<iL1a> - <uan> + <uSn> + <uCa>7 (32)

(ur1b) = dp(Uin) — (Teq + 7o) (fLan) — (Uch) — reb(icn) — (usn), (3.3)
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(uran) = —(rap + 7ow) (inzb) + rew (i) — () + (usa) + (ucn), (3.4)
(uric) = do(uin) — (req + roe){itie) — (uce) — reelice) — (usy), (3.5)
(urae) = —(rrzc +ree)(inze) + reclivie) = (ten) + (usn) + (uce), (3.6)
(ica) = (ir1a) — (iL2a), (3.7)
(icn) = (L) — (ivab), (3.8)
(ice) = (iv1e) — (ivac), (3.9)
(uin) = (ucin) + re(icm), (3.10)
(icin) = (i) — dalivia) — dp{ivi) — dc(iLic), (3.11)
(ioa) = (iL2a), (3.12)
(ion) = (iLan), (3.13)
(ioc) = (iLac)- (3.14)

Since the average model is derived for a three-phase system, it can be analyzed
by applying the space-vector theory. The analysis can be performed in synchronous
reference frame, where the steady-state operating point required for linearization can
be solved. Linearization is required for the sake of Laplace-transformation, which
is applicaple only for linear systems. According to the space-vector theory, a three-
phase variable can be expressed as a complex valued variable x(¢) and real valued
zero sequence component x,(t). However, since symmetrical and ideal grid condition
is assumed, the zero sequence component is negligible.

Fig. depicts a space vector e in synchronous and stationary reference

frames.
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Figure 3.2: Space-vector in both stationary and synchronous reference frames.

In Fig. B2 the real and imaginary parts of the space vector U ref, 1.€., the alpha

and beta components can be expressed by
2 : , ,
2(t) = 3 (za(t)e” + ()7 e ()7) = wa(t) + jus(t), (3.15)

2,(1) = 5 (alt) + (1) + (1) (3.16)

The coefficent 2/3 in ([B.I5) is a scalar, which scales the magnitude of the space
vector equal to the peak value of the phase variables in a symmetrical and ideal grid
conditions. In general, the coefficent can be either 2/3 or \/2/_3 depending on if the
amplitude or power-invariant transformation is used, respectively.

According to ([B.15]), the boost-inductor voltages, i.e., (3.1) - (8.6) can be expressed
by

(ur1) = —(Teq + 7ca) (1) + d(Uin) — (Uca) + rcaltre)
_ ;(ejo eI L T (e (3.17)

As the coefficent of the common-mode voltage ugn becomes zero, (BI7) can be

presented by

<’LLL1> = —(Teq + Tc)<iL1> + d(uin) — <Uc> + Tc<iL2>. (318)
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Equation for the grid-side inductor voltage can be expressed by

<’U,L2 > = —(TLQ + TC)<7:L2> + Tc<iL1> + <’LLC> - <uo>, (319)

where 211, 212, uc and u, are the vectors of space-vector transformed inverter-
side inductor currents, output-currents, output filter capacitor voltages and output-
voltages, respectively. Moreover, the grid capacitor current can be presented as

space-vectors by

(ic) = (i11) — (iL2)- (3.20)

Many publications analyze the inverter in a stationary reference frame in order to
decrease the complexity of the analysis and the computational burden as discussed,
for example, in [7,[I5H19]. However, there are also some inconsistencies since in a
stationary reference frame the steady-state operating point cannot be solved nor
the linearization performed in a consistent manner. Furthermore, the synchronous
reference frame may simplify the analysis and controller design as discussed in [9].

In the rotating or synchronous reference frame, the AC-quantities become con-
stant in the steady state, which makes the use of conventional Pl-type controller
possible. Analysis in the synchronous reference frame also enables the study of
cross-coupling effects, which are not present if stationary reference frame is used.
Cross-couplings should be included in the analysis as they may have an effect on the
dynamic behavior of the system if, for example, large filtering components in high
power applications are used.

Control method is also dependent on the frame selection. It is known that clas-
sical PI-type controllers do not provide sufficient performance with sinusoidial ref-
erences present in a stationary reference frame. Therefore, a proportional-resonant
controllers (PR-controllers) are often used to track the sinusoidial references as pre-
sented in [16]. Although the performance of a PR-controller in a stationary reference
frame matches the PI-controller in a synchronous reference frame, possible effects of
high resonant peaks caused by the controller as found, for example, in [20,21] have
to be considered carefully.

In this thesis, the small-signal modeling is performed in the synchronous reference
frame as done in [6L13,16,22]. With the space-vector theory a variable can be pre-
sented in a synchronous reference frame by z*(t) = x(t)e 7**!, where the superscript
’s” denotes the synchronous reference frame and wy is the angular frequency of the
reference frame. The synchronous form for (B.I8]) - (8.20) can be derived by
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) d{z d{1® )
(i) = (a5 it o D) _ A

- ) Jwst
o o + jwg (i} ) e’ (3.21)

By substituting ([B.2]) into (3.18) and rearranging yields

d(} 1
<;I£1> h L d*(Uin) — (Teq + 70 + jwsLa)(211) +re(ile) — (ue) |- (3.22)

Now by performing the same procedures, the time derivative for the grid-side induc-

tor current can be expressed by

ALy Zi — (ria + 7o + jwnLa) (i) + relil,) + (ue) — (u3)]. (323)

Moreover, the time derivative of the output capacitor voltage in synchronous refer-

ence frame can be given by

Ae) _ 2 [¢i52) — tisa) — O] (3.21)

The input capacitor current ic;, can be expressed in dg-domain with inverse Park’s

transformation as da (ir1a) + dp{iLin) + doinie) = SRe{d(i},)*} by

(icin) = _g [dd<iL1d> + dy(it1q) | + (im)- (3.25)

Now the time derivative for the input capacitor voltage can be expressed by

d<7§2m> = CL [ - ;(dd<iL1d> + dq(iLig)) + <iin>]' (3.26)

Furthermore, the input voltage and the ouput current can be expressed by

(1) = 3 romdativia) — 3ciadiaa) + (1) + e, (3.27)
(33) = (i12)- (3.28)

Finally, (8.22)) - (8.28)) in the synchronous reference are divided into direct and
quadrature components as €°(t) = z4(t) + jzq(t). By substituting (8.27) into (3.22)
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and dividing equations into d- and g-components yields

d(i 1 3 - ; ;
<;t1d> - [ — (req +7rc + §T0md3> (iL1a) + (wsLl + ETCindddq> (iL1q)

+ ro(inea) — (uca) + daucin) + TCindd<7;in>i|; (3.29)

d<§t1q> _ Lil [ - (Teq +re+ grcmdi) (iL1q) — <wsL1 + grcmdddq> (ir14)
+ re(iLeg) — (ucq) + dqfucin) + rCindq<7;in>i|; (3.30)
d<;Lt2d> — L% [ — (o2 +ro){ir2a) + wsLa(iLaq) + 7c(iLa) + (uca) — (u0d>], (3.31)
d<§t2q> _ L% [ — (rL2 +7¢)(iL2q) — WsLa(iraa) +rclivig) + (Ucq) — <u0q>], (3.32)
d<z(;in> = C%l [— ;(dd<iL1d> + dq<iL1q>> + <7;in>i|; (3.33)
d<§$d> — é[(%ld) - <iL2d>) +wSC’<qu>], (3.34)
d<ZSq> — é[(%lq) - <Z'L2q>) - wSC'<qu>], (3.35)

3 : 3 , _

<uin> = _§TCindd<7led> - §TCindq<ZL1q> + <U'Cin> + TCin(%n>, (3.36)
<?;Od> = <iL2d>a (337)
Vioa) = (i2q)- (3.38)

Egs. (829) - (B38)) represent the synchronous-reference-frame average-valued model
for a current-fed VSI.

3.2 Steady-state operating point

The steady-state operating point of the system can be solved from the average-
valued model by setting the derivatives to zero and replacing the average-valued
terms by their corresponding upper case steady-state values. It should be noted

that the equations are simplified and rearranged as the derivation of the steady-
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state operating point is otherwise relatively complex. In this thesis, the inverter-side
inductor currents are controlled, thus, the dynamical model is derived with current
feedback from the inverter-side inductors (i.e., the boost inductors). These currents
are synchronized with the phase-voltages, which are measured from the grid-side.
This feedback arrangement is often selected for safety reasons as otherwise there is
no control in the inverter-side currents.

Here it is assumed that It = 0 and U,q = 0, thus, the boost inductor currents are
synchronized to the grid voltages and a small amount of reactive power is transferred
to the grid (i.e., Iroq # 0). It should be noted that if the inverter is desired to produce
reactive power to the grid, aforementioned g-channel inverter-side inductor current
It14 is not zero. This leads to more complicated steady-state calculation which,
however, is not presented in this thesis.

The steady-state can now be derived as

0= —(Req + 3 Dircin) fuaa + relian — Uca + Dl + rcinDali (3.39)
0=—(ks+ ngqucm)IMd + rcliaq — Ucq + DqUin + 7cinDoin, (3.40)
Uin = Ucin, (3.41)
0= —%DdIle + I, (3.42)
0 = —kyIpoq — Uca, (3.43)
0 = kilroq — kilria — Ucq, (3.44)
0 = koUcq — ko RIvaq — I14, (3.45)
0 = Rkol12q — korcliia — k2Ucq + k2Usq — I1.2q, (3.46)
where k; = w%()’ ko = ﬁ, ks = wsLi, Req = Teq +rc and R = 119 + rc. Now by

substituting ([3.43) and (3.44) into (B.45) and ([3.46) and solving for I11q, I1.2d, Tr2q,



3. Small-signal modeling of a VSI-based PV inverter 13

Ucq and Ugq yields

g = ??LDid’ (3.47)
Lot = QIinKILZd))l;d?[’(DdRUod7 (3.48)
g = — e . g’f;RUMKU", (3.49)
Uoy = 2]ink1KUcd3‘;j[€dUodleUo7 (3.50)
e — 1 @lnKocy + 3D4RUsa) 1)

3DqK ’

where K1 g = k7 — kiky + Rrc, King = korc +kiR—kire, Kyea = Rk1 — kire + kare,
Kveq = R* + k3 — Rrc — kiks, Kuo = k1 — ko and K = R* 4 (k; — ko). Now the
steady-state values for Dy and D, can be calculated by substituting (3.47) - (B.51))
into (8.39) and (B.40). However, the final symbolic values for Dq and D, are too
complex to be presented with all the parasitic elements. Appendix [A] provides a
complete MATLAB-code for calculating the steady state values. Simplified values

for Dq and D, without any parasitic elements can be presented by

[]OdWQévL2
Dy = = : (3.52)
Uin(wgCLz o ]'>
2]1 - wSL + Ly
Dy = (Ge 1 F Gon) (3.53)

1
3Uod w2CLa

The linearization process is described in detail in the next section.
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3.3 Linearized model

The average-valued model is non-linear due to multiplication of duty ratios with
other variables. Therefore, it has to be linearized at the operating point derived in
the previous section. Linearization is performed by developing partial derivatives for
all state, input and output variables, i.e., first-order approximation of the Taylor-

series. Obtained linearized equations can be given by

di 1 3 R 3 R
stld = oL (req +7c + §TCinD§)ZL1d + (wsLy + §TCinDqu)lL1q
+ TC%LQd — Ucq + Daticin + TCinDd%in — (remlin + Uin>czd ., (3.54)
dir, 1 3 A 3 A
Tq = L_1 |: - (Teq + rc + §TCinD§)ZL1q - (WsLl + §TCinDqu)7fL1d
s ~ ~ 2 2Dyr inIin 7 7
+ TCiL2q — Ucq + DqUJCin + TCianZin + (_%ﬁld + Uindqi| ) (355>
di 1 A s A R R
dL; d _ R [ — (P2 4 7¢)ir2d + wsLotroq + reinig + tod — uod} : (3.56)
2
di 1 R . . . X
—_ [ — (rr2 + 7¢)iL2q — WsLotrod + ot + Ueq — qu} ; (3.57)
dt Lo
dﬂcm 1 3 o 3 2 A Iin A
_ Lt 3pi. _3p in——d], 3.58
1 c. [ 5 d?L1d 5 qlLig T2 Da d ( )
dlcq 11 A .
T C [ L1d — L2d T wscucq]> (3.59)
d'&c 1 A A ~
dtq = C [lqu — L2q — wsCUCd] ) (3.60)
A ~ 3 ~ N o Iinr in 7
Uiy = —§Dd7‘cmlmd — §Dq7‘cmlL1q + Ucin + TCinlin — S (3.61)
d
lod = %LQda (3.62)

loq = 112q- (3.63)
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Now ([B:54) - (B:63)) can be expressed as a linearized state-space by

a N (3.64)
3(t) = Ci(t) + Dt

~—

where £ = [iL1d7iL1qaiL2daiL2q7qu7qu7uCin], u = [iinauodauoqud7dq] and Yy =
[201d5 21, Uins Tod, Log] are the state, input and output variables, respectively. It is
worth noting that the state variables i1,1q and i1,4 are also considered as output

variables since they are the controlled variables at the inverter output. The state

matrices in (3.64)) can be given according to (3.:54)) - (B.63)) by

—(reqtre+3rcnDi)  —(-wsLi+3rcinDaDq) rc 0 1 9 D
L1 Ly L1 L1 L1
—(Teq+7rc+3rcinDaDq) —(wsLi+3rcinD3) 0 e 0 —L Da
L1 L1 L1 L1 L1
e 0 snetre) e L 000
A= 0 2_(; s —(TLL22+TC) 0 L% 0
5 0 - 0 0 w 0
0 L 0 -1 0
i _%% —3& 0 0 0 0
(3.65)
r % 0 0 _rcinfinl—&-Uin 0 T
0 -z 0 0 0
B = 0 0 -+ 0 0 |, (3.66)
0 0 0 0 0
0 0 0 0 0
& 0 0 g 0
1 0 0000 O]
0 1 00000
C=| —3Dyrcin —2Dgrcin 0 0 0 0 1 |, (3.67)
0 0 10000
0 0 0100 0|
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0 00 0 0]
000 0 0

D= |rgn 0 0 —rda ( (3.68)
000 0 0
0 00 0 0

Furthermore, (3.64)) can be Laplace-transformed since it is linearized and presented
by

sX(s)=AX(s)+BU(s) (3.69)
Y(s)=CX(s)+DU(s) |

Now the transfer functions between input and output variables can be solved as
given by the matrix Gy in (3.70)

Y(s)=[C(sI—-A)"'B+D] U(s) =GuU(s). (3.70)

Here the transfer function matrix Gy is commonly known as the H-parameter rep-
resentation, i.e., the inverter is analyzed as current-input-current-output system.

Transfer functions of the system can be presented in matrix form by

’led GiI_cI)L-d _YIEd GgL-qd G?L-d G?L-qd %in
iqu Gi%L-q G?rL-dq _qu G}:{L-dq G?L—q Uod
ain = ZIE chil—d Té{i-q G?i—d Gg-q Iaoq ) (371>
?od GE-d _YOI.{d G?r-qd G?o-d Gg)-qd Cfd
| ioq i L Gilg—q G?r-dq _Yol—{q G?O-dq Gg%q 4L dq _

where the subscript 'L’ denotes the inverter side inductor-related transfer functions.
Presented transfer function matrix is modified as the actual current flows out of the
inverter, thus, the admittances Y, Y;I_{q, Y, and YLI?q have to be multiplied by -1.
A linear network model can be presented according to the transfer function matrix
as depicted in Fig. B3l

As can be seen from Fig. B3] the output voltage o4, is present also in the
inverter-side inductor current network model. This implies that perturbations of
the output voltage tio,q) affect the inverter-side inductor currents %Ll(d,q) via the

corresponding transfer functions presented in the top two rows of the matrix in
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~

iLid

U Yiq
Gorg fin Gopqattoa| Gy d 4 [Gua dq

~

iqu

U Y
Giopqfin |Gepggttos| G ggda | Gy g da

iod

4 Y4
Gogiin chqd ’;oq Goqda Gcwd d q

ioq

U -
Gio-q iin Gcr-dq Uog Gco-dq da Gco-q dq

Figure 3.3: Linear network model of a CF-VSIL.

() it

iin

) i

B1). However, if the network model is modified, e.g., by adding a load, the load
must be included to the real output seen from the grid side, i.e., to the %O(dﬂ) related
transfer functions. This procedure is presented in detail in Section

The input dynamics of the system can be presented according to the transfer

function matrix by

Ui = Ziim + Th 4Gl + Tht lioq + Ghgday + G dq, (3.72)
where Zj, is the input impedance of the system, Ti;.(q,q) is known as the reverse trans-
fer function, and G (q,q) is the control-to-input-voltage transfer function. Dynamics
related to inductor currents can be represented as in (8.73) and (8.74) regarding the
boost-inductor currents and as in (3.75) and (B.76) regarding the grid-side output

currents. Equations for the inductor currents can be given according to matrix in
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B.71) by

iL1a = Ghpgtin — Vi tloq + G(I;{rL-qdﬂoq + G?L—ddd + G?L—qddcv (3.73)
it1q = GRp i + GRy g @loq — YL lloq + GH_goda + G5 dy, (3.74)
loa = GE giin — Yitloq + G?r-qdaoq + G?o-ddd + G?o—qdczq? (3.75)
loq = Gl iin + GH_ g flod — Yk Glog + G2y da + GH_do, (3.76)

where Gig(r)(a,q) is the input-to-output transfer function or the forward current gain,
Yo1)(d,q) 18 the output admittance, Ger(r)(dq,qa) is the cross-coupling term between
the d-and g-channels, G(o,1)(d,q) is known as the control-to-output-current transfer

function, which is also cross-coupled to different channels as indicated by Ge(o 1)(dq)

and Ge(o.L)(qa) I (B.73) - (3.76).
3.4 Source-affected model of a PV inverter

The dynamical model derived in the previous section does not include the effect of
non-ideal source, which is often encountered in real systems. The effect of the non-
ideal source may alter the dynamics of the system profoundly, thus, it is necessary to
include it into the model. As discussed in Chapter 2, a PV generator has multiple
operating points, which alter the behavior of the system due to the changes in
dynamic resistance denoted earlier by rp,. [2] The effect of the source can be modelled
according to Fig. 3.4l

As can be seen from Fig. B.4] the input current of the inverter can be presented

by

%in = %inS - }/;ﬁinp (377)

where Y = TL i.e. the dynamic resistance of a PV generator. Now by substituting
pv
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lle

U Yy
Gznul Ladu q Gded qu

U Y
GioL—q Lin GcrL-dq ;"’q Gy -dq da GcL-q dq

U Y4
Gio—d iin Gcr-qd ’Qoq Geou ‘Aid Gco-qd & q

U Y,
Gio—q lin Gcr—dq 1;"'4 Gco—dq zld Gcoq dq

Figure 3.4: Linear model of a three-phase PV inverter with a non-ideal source.

@ o

O

Uiy 1IN by the input-voltage dynamics given in and solving for Ein ields
B.77) by p ge dy g g y

. 1 . Y,TH, Y,TH .G, 5 VG
Z.in = —HiinS oi-d H Aod qH Aoq ci-d Hdd qu (378>
T+ Y, 2™ 1 Y,z T Yz 1428 14+ Y, 20

The stability of the interconnected subsystems at open loop can be analyzed by

applying Nyquist stability criterion to the inverse minor loop-gain-term Y;Z{.
Now by substituting derived input-current 7;, into the nominal open-loop dynam-

ics presented by [B.73) - (370, the source-affected transfer functions can be solved.

The input-voltage-related transfer functions can be given by

in = Z88%%0s 4+ TS Goq + TS tigq + GMS1dy + G118 d,,, (3.79)

oi-q ci-q
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where

2 f;% 7 (3.80)

Tora =7 f}H/dzg (3.81)

big = % (3.82)

Gera = 7 f}H/dzlg (3.83)

iy = % (3.84)

Now the source-affected inverter-side inductor current transfer functions can be
solved by substituting (8.78) in (B.73) and (B.4). These transfer functions can
be used, for example, to analyze the effect of the source (e.g., a PV generator) to

the control loops, which are significantly affected. The d-channel boost-inductor

current can be presented by

s ~4HS 2 HS + HS - HS HS 5
iL1d = Gior qtins — Yo qlod T Gl qalloq T Gerlada + Gof qadqs

where
G~HS — GiIgL-d
ioL-d 1 + }/SZE ?
HS 1 + YvSZiEL—d—OC H
YL—d —_ =

14+ Y, zH Tk

(3.85)

(3.86)

(3.87)
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14+ Y,z
HS s“inL-qd-oc ~H
GcrL—qd = 1 + }/SZEI GcrL-qd7 (388)
HS 1+ YiZi aine
1+ Y. zH
HS $“inL-qd-inf ~H
GCL-qd = 14 }/’quH GCL—qd? (390)
and the g-channel boost-inductor current by
iL1q = Gl lins + Gy aqllod — Y1 1loq + GiD gqda + G yda, (3.91)
where
GH
G = o 3.92
IOL—q 1 + }/SZIII—{ ) ( )
GHS o 1+ }/;ZEL—dq—oc GH 3.93
crL-dq — 1 + Y*SZH crL-dq» ( . )
1+Y,zH
HS s“inlL-q-oc y -H
Yig= _WYL-ON (3.94)
GHS o 1+ }/SZinL—dq—inf GH 3.95
cL-dqg T 1+ Y*SZH cL-dqg» ( . )
GHS _ 1+ }/SZiEL-q-inf GH 3.06
cL-q — 1 + }ng cL-q* ( . )

The open-circuit and ideal input impedances in ([B.80]) - (3.96]) are given explicitly
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by [B.97) and (B.98]), respectively.

H oH
ZH _ ZH + To}il.ngL_d ZH _ ZH o Toi—qGioLfd
inL-d-oc = “in HYLIEdH ) inL-qd-oc = “in HGgLﬁqd )
ZH — ZH o Toi»dGioL—q ZH — ZH 4 Toi—qGioL—q
inL-dg-oc in G?rL-dq ’ inL-q-oc in y&q )
ZH _ ZH _ G?i_dGi}(I)Ifd ZH _ ZH _ G?iquiIiL-d
inL-d-inf — “in GH ) inL-qd-inf = “in GH
cL-d cL-qd
ZH I ZH _ Gg-dGi}(I:vL—q ZH _ ZH + G?i—qGiI—(I)L—q
inL-dg-inf = “in G?L-dq ) inL-g-inf = “in G(I;{L-q :

(3.97)

(3.98)

Finally, by performing the same procedures as above, the source-affected transfer

functions for the grid-side inductor current can be presented by

> _ ~HS HS ~ HS HS ;7 HS 3
lod = C;io-dzinS -Y Uod + Gcr-qduoq + Gco-ddd + Gco-qddq7

o-

A~

> _ ~HS: HS HS ~ HS 3 HS
loq = CYYio-qZirlS + Gcr-dquOd - Y;)-q Uoq + Gco-dqdd + Gco—qdq7

where the d-channel-related transfer functions can be given by

G-HS — Gi}cl)—d
io-d 1 + Y'SZIII—{7

YHS — 1+ YvSZiE—d—oc H
o-d 1 + }/SZE o-d»
b _ LY

in-qd-oc GH
cr-qd 1+ Y-SZE cr-qd»

1+ Y. ZH .
GHS — S$“/in-d-inf GH
co-d 1 + Y'SZE co-d»
H
GHS 1+ )/SZin-qd-inf GH

co-qd 1 + }/s ZE co-qd?

(3.99)

(3.100)

(3.101)

(3.102)

(3.103)

(3.104)

(3.105)
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and the g-channel-related transfer functions by

GH
GHS — _ —lod 3.106
10-q 1 _|_ }/;ZE’ ( )
1+ Y.z

HS in-dg-oc ~H
crdq = WGCMW (3.107)

1+ Y. Z{!

HS S$“~in-q-oc y - H
_ 1Y lngey, 3.108
o-q 1 I KZIE o-q? ( )
s _ LY Zhagiar 3.109
co-dq — 1+ Y;ZH co-dq’ ( ' )

1+ Y Zi

cHs _ — T "s%ingiinf A0 3.110
co-q 1 + )/;ZIE Cco-q ( )

The open-circuit and the ideal input impedances in (B.I01)) - (3110) are in explicit

forms by [B.I11) and (B.112).

H H
ZH _ ZH + To}il.dGili_d ZH _ ZH o Toi—qGio—d
in-d-oc — “in Yo}-Id ’ in-qd-oc — “in ?r—qd )
ZH — ZH _ Toi-dTio-q ZH — ZH + oi-q ~io-q
in-dg-oc in G?r—dq ) in-g-oc in YOI_{q ’
H H
ZH _ ZH _ G?{.dGiP(I)_d ZH _ ZH _ Gci—qGio—d
in-d-inf = “in GH ) in-qd-inf = “in H ’
co-d co-qd 3 112)
el el GH gH ( .
ZH _ ZH _ Tci-d Tio-q ZH _ ZH + ci-q ~io-q
in-dg-inf — “in GH ) in-g-inf = “in GH :
co-dq co-q

3.5 Load-affected model of a PV inverter

It is well known that the load impedance can significantly affect the dynamic behav-
ior of the inverter. Therefore, the load-effect must be included into the model. It is
worth noting that mathematically the load can be included either to the open-loop
model or to the closed-loop model. However, the load is included to the open-loop

model as its effect, e.g., to the control loop design can be analyzed.
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The load effect can be calculated according to Fig. B35l It should be noted that
for simplicity, it is assumed that no parallel components in the load impedance is
present. However, this may be done as the connected load in this thesis is the three-
phase grid and the impedance is the most interesting issue. The load is included

with parallel components in [23] if further review of the topic is needed.

iin

Figure 3.5: Load-affected model of a PV inverter at open loop.

Fig. presents the impedance Zg and the grid voltage @,1. This grid impedance
matrix can be estimated mathematically or it can be measured offline or online from
the real grid using different techniques presented for example in [24-26].

As can be deduced from Fig. B3 the input voltage and the output grid-current

can be presented with matrices by

'Ilin = Zin%in + Toi% + GCiC_Z, (3113)

1o = Giolin — Yoily + Geod, (3.114)

where the terms T;, G, Gio, Y, and G, can be presented with the cross-coupling
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effects by
T
T, = a1, (3.115)
Toi—q
e
G = i, (3.116)
Gci—q
[ G
G, = a1, (3.117)
Gio-q
_Y;J— Gcr—
Y, = ¢ o] (3.118)
Gcr-dq _Y:)-q
GCO- GCO-
G., = d ad (3.119)
Gco-dq Gco-q
The output-voltage u, can be given by
g = Zglo + oL, (3.120)
where the grid impedance matrix can be presented by
Zga e
Zg=| & TG (3.121)
ZG—dq ZG—q
Now by substituting i, in ([3.114) by (3.120) yields
i = Gioim — Yo (ZG%_O + u) + Good, (3.122)

which can be rearranged as follows

io= I+ YoZ6) " Giotin — (I+ Yo Za) " Yot + (I+ YoZa) ™ Good, (3.123)
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where I is the unit matrix with suitable dimensions. It is worth noting that Z_O
represents also the grid-side inductor current previously denoted as irs. From (3123)

the load-affected transfer functions for the output current can be presented by

Gy, = (I+Y,Zc) ' Gy, (3.124)
Yi=—(I+Y.Zo)'Y,, (3.125)
GL =(I+Y.Zg) 'G., (3.126)

where the superscript 'L’ denotes the load-affected transfer functions.
The effect of the grid impedance to the inverter-side inductor current iL_l can be
derived as follows. By substituting ([3.123)) into (3.120) and solving for 1, yields

iy = [(I+ YoZa)  Guoin — (I+ YoZe) Yo

+ (IT+ YoZa) 'Geod| Zi + tigr. (3.127)

The equation for inverter-side inductor current can be presented by

i1 = Giortin — Yorilo + Gerd. (3.128)

Now by substituting 4, in B.I28) by B.127) and solving for ﬁ gives the load-

affected inverter-side inductor current, which can be now presented by

i1 = i [Giot, — Yor.ZGGio(I+ YoZa)™ '] + tior,[ — Yor,
+ Yo YoZo(I+ YoZo) | +d[Gea — Yo ZeGoo(I+ YoZc) '],
(3.129)

where

GioL-d

GioL =
GioL—q

, (3.130)
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Y]

YL _ L-d GcrL—qd : (3131)
Gerledg  —Yig

Gy = | Getra Gt (3.132)
GcL—dq GCL—q

The load-affected transfer functions for the inverter-side inductor can be given ac-

cording to (3.129) by

Gy = Gior — Yo.ZoGio(I+ Y, Zg) ™, (3.133)
YL - YOL - YOLYOZG<I+ YOZG)_17 (3134)
GEL = G — YOLZGGCO(I+ YOZG)_I' (3135)

As the purpose of this thesis is to present a complete dynamic model for the
PV inverter, which can be subsequently used to analyze the effects of different grid
impedances to the inverter dynamics, the most valuable information is found in the
output impedances, i.e., Z, = Ygl of the inverter. The inverter is interfaced with

the grid according to Fig. where the grid is assumed to be inductive.

Y4 Gcr-qd
(CATIED

PVG DC/AC
"u L Ty L, L, Uiimap.e)
. AT —— 1T
e A M "
- A
~
PN M —
Ty
Sl

Figure 3.6: Grid interfacing of a CF-VSI.
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The stability of the system is determined by the term Y ,Zg. The stability can be
analyzed by applying the well-known Nyquist stability-criterion presented in [27] to
the impedances Y, and Zg according to (B.136) [2§]

Yvo-d Gcr-qd
Gcr—dq Y:)—q

ZGa ZGqd

Ly, = , (3.136)

Z G-dq Z G-q

which may be simplified by neglecting the cross-coupling terms. Now the d-channel

and g-channel impedance ratios can be given by

ZG-d

Ly =YoaZoa= ", (3.137)
o-d
Ze.

Ly=Y,Zcq = ZG a, (3.138)
o-q

It is worth noting that even though the grid is often modeled as an inductive load
as presented, for example, in [10,24],25,29], the real load may vary significantly.
Inverter may be accompanied with many other inverters and, therefore, the grid
impedance should not be analyzed as a pure inductor. Research on the effect of
other inverters and PE devices on the grid impedance would be valuable, however,

it is not included in this thesis.

3.6 Closed-loop model

Due to nature of the discussed inverter, a cascaded-control scheme is used as a control
strategy as done also in [23/[30] and many other grid-connected inverter applications.
The outer loop, i.e., the input-voltage control-loop provides the d-channel current
reference to the inner output-current-loop. It should be noted that the g-channel
output-current reference is usually set to zero to obtain unity power factor.

The inner current-control-loop is designed with high bandwidth to ensure high
output impedance and sufficient power quality [31]. Thus, the current injected to
the utility grid is less distorted, even though there is distortion in the grid voltages.
The input-voltage controller is designed with lower bandwidth than the current loop,
and the crossover frequency has to be higher than the RHP pole frequency and lower
than twice the grid frequency. Usually this means a few tens of Hertz of bandwidth
for a three-phase inverter. [32] These limitations are discussed more in detail in
Chapter (]

A block diagram of the complete dynamical model is depicted in Fig. B9 It is
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worth noting that the effect of the grid-synchronization by the phase-locked loop
is also included in the model, which induces a feed-forward effect to the control
system from the g-channel output voltage t,q. This phenomenon is discussed in the

following subsection.
3.6.1 Effect of the grid-synchronization

Theoretical derivation of the PLL-effect begins by analyzing the small-signal angle
difference between the grid reference frame and the control system reference frame.
According to [33], the control system d and g-components can be given as a function

of grid d and g-components by

Tae = Ta+Oaty + X, (3.139)
Tge = iq+@Afd + Xa0a, |

where the subscript extension ’c¢’ denotes a variable in the reference frame tied to the
control system variables. Eq. (B.139) is linearized at a predefined operating point,
where © represents the steady state value of the error angle. However, in steady-
state it is assumed that the error is zero as well as the grid voltage U,,, g-component
of the controlled current I,;4 and the g-component of the duty ratio D,. Hence the

grid variables can be given by means of the control system variables by

Uod = Uod-c) Uoq = Uoqg-c + UonA7
iL1d = Lld-cs iL1q = ‘Lig-c + IL1a04, (3.140)

Cid = dAd—c, ch = qu_C + DdéA.

As can be deduced, the PLL does not affect the d-channel current control, because
the g-channel steady state duty ratio D, is usually close to zero. Therefore, it may
be assumed that Ele = %le_c in the block diagram presented in Fig.

The small-signal presentation of a conventional PLL block diagram is presented
in Fig. B according to [33].
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D>
o

Figure 3.7: Small-signal block diagram of a PLL.

From Fig. B.7], the small-signal angle can be solved (i.e., the PLL transfer function)
and given by

A A 1 Lpin
iy — 6, — fow, 3.141
2 Usal+ Lpry, ¢ ( )
where
LpLy, = —% (3.142)

It is worth noting that the grid synchronization with the PLL alters the inverter
output impedance as shown, for example, in [33,34]. Because of the PLL, the
phase of the g-channel output impedance is shifted to -180 degrees, which makes
the inverter prone to instability or harmonic resonance if the inverter is connected
to a weak grid. High bandwidth PLL increases the risk of instability since the phase
stays close to -180 degrees over a wider frequency band. Fig. B.§ shows predicted

behavior of the output impedance under influence of a phase-locked loop.
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Figure 3.8: Predicted inverter g-channel output impedance Z,.q with PLL (solid line)
and without PLL (dashed line)

3.6.2 Closed-loop model derivation

Closed-loop transfer functions for a cascaded control scheme can be derived by first
computing the closed-loop transfer functions when only the output-current control
is active and then treating the obtained model as an open-loop system for the input-
voltage control-loop derivation. In the complete control block diagram, depicted in
Fig. B.9 G is the voltage-sensing transfer function, G. is the voltage controller,
GG, is the modulator gain of the current controller (in digital control systems this
can be neglected), R, is the current-sensing equivalent transfer function, G, is the
current controller and Gpyy, is the transfer function of the phase-locked loop, which
was derived in previous subsection.

Control block diagram of an output-current-controlled inverter is presented in
Fig. BI00 According to Fig. B0, the d-channel duty ratio dy can be given by

7 1 2 1 ~re ~
dq = _ELout-dZle + mLout-duiLgd + DyGprilog, (3.143)

and the d-channel inverter-side inductor current can be presented by

A A ~ref 2 N N
in1d = (—Requatrid + Ui 1) Gee-dGaGerod + GioL-dlin — Yi-dlod + Gerlqdlog

+ Ger-qady + DyGrriGeraliog, (3.144)
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where

Lout-a = Req—dGcc—dGaGcL—d~ (3145)

From ([B143) and (B.144]), the derivation of a general form for the d-channel duty
ratio can be performed. However, the derivation of the duty ratios is relatively
complex, and therefore, it is presented in detail only in Appendix Bl Derived general

form for the d-channel duty-ratio can be presented by

i 1 1 Giord -~ Y4 4
d — GoL-aaG. L L - out-d in — od
_ cL-dqUcL-qd out-qLvout-d G 1 _|_ L 1 _|_ L
L-d t-d t-d
1 G(cL-chL—d (1+L0ut*q)(1+Lout-d) ¢ ou ou
n Gerlrqd a DyGer-aGrrr, . 1 Lout-a et Gol-qd
oq oq iL1d
1 + Lout—d 1 + Lout—d Req—d 1+ Lout—d 1 + Lout—d

< ( GioL—q Lout—q o GcrL—dq Lout—q ~ YL—q Lout—q ~

lin — U i

GCL_q L+ Lout-q GCL‘Q 1+ Lout—q ¢ GcL—q 1+ Lout-q 4
1 Lout-q ~ref IleGPLL Lout-q . 1 ) >:|

" ittt ttoq 4+ DaGlons, ————ii,
ReqqGetql + Lowtq ™9 Geg 1+ Lowrq aGPLL Lo e
1 ~re .
+ mLout-duiLfld + DqGPLLUOq}. (3146)
CL- eq-

Respectively, the g-channel duty ratio derivation can be performed from equations
obtained from Fig. B.10l where dq can be presented by

1 A 1 114G
y ~ref ~ L1d“Y"PLL ~
dq = - G Lout—qulq + G R Lout—quleq + DdGPLLuoq + G Lout—quoq-
cL-q cL-qLleq-q cL-q

(3.147)

From Fig. B.10], the g-channel inverter-side inductor current can be given by

o o ~ref ~ z
L1 — (_Req—qZqu + uiqu + ]leGPLLReq—quoq)Gcc—anGcL—q + GioL—qun

+ Gatldqliod — Yi-qloq + GcL-quZd + DaGprrGerqliog, (3.148)

where

Lout-q = ReqqGee-qGaGlelq- (3.149)
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The detailed derivation of the equation can be found in Appendix [Bl The g-channel
duty-ratio can be presented according to (B.I50) by

CZ o 1 1 L GioL—q 2 GCrL—dq i
a GoL—qucL-qd Lout—qLout—d o G out-q ]_ + L in ]_ + L od
1 GeL-qGer-a  (1+Lout-q) (1+Lout-a) cl-q out-q out-q
YL q a + DdGcL— GPLL i +T G Lout—q Q + 1 Lout—q ﬂref
Uoq oq L1d“Y"PLL oq iLlq
1 + Lout q 1 + Lout—q 1 + Lout—q Req—q 1 + Lout—q

+ GcL—dq (_ GioL—d Lout—d i YL—d Lout—d - GcrL—qd Lout—d i
1 + Lout-q G(cL-cl 1 + Lout-d " GCL-d 1 + Lout-d od GcL-d 1 + Lout-d o

]_ Lout—d ~ref 1 ~ 1 ~ref

+ @t |+ DGprl,—————, )} T S
Req—dGcL—d 1+ Lout d fiL1d L 1+ Lout d a GCL qReq q t-a7illq

. I11aG R
+ DaGprriiog + %Lout_qum}. (3.150)
cL-q

The d- and g-channel duty ratios can be substituted to the open-loop dynamics of
the input voltage u;, and the inductor currents %le, Equ, toq and %oq. Furthermore,
the closed-loop transfer functions, when the output-current control-loops are closed,
can be solved. Derived transfer functions are presented with all cross-coupling effects
in Appendix [Cl

The closed-loop transfer functions, when all control loops are closed, can be solved
according to Fig. B.11], where the derived output-current-loop transfer functions are
used as an open-loop system for the input voltage control-loop derivation. The

d-channel output-current reference can be given according to Fig. B.I1] by

uin *

i 1q = Gy Gucliin — Gl (3.151)

Now by substituting (8.I5]]) into the derived output-current-controlled input voltage

dynamics yields

U’ln - ZOUtZln"‘Tgf uod +T§1u(;uoq+G21u(tj (Gse—vacain - Gvcafﬁfl) +G21ugAlrEflq7 (3152>
where the superscript 'out’ denotes that only the output-current-control loop is
connected. By solving ([B.I52) for j,, the complete closed-loop transfer functions

for input dynamics can be expressed by

out
uln o Zln

Ztot —
1— L’

(3.153)

Zln
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I~ out
Ttot _ Uin _ T01-
oi-d T~ - )
Uod 1— Lm
~ out
Ttot o Uin o T01 q
oi-q ~ - )
Uoqg 1-— Lin
Gtot Uin o 1 Lln

and

~ out

Gtot o Uin o Gc1q
ci-q uref - 1— L.~
iL1lq n

(3.154)

(3.155)

(3.156)

(3.157)

where the input-voltage loop gain Li, = G9Gse.vGy and the superscript 'tot” de-

notes the complete closed-loop transfer function. The inverter-side inductor current

and output current dynamics can be solved by substituting derived expression for

Uy into (BI5]) and substituting ([B.I51) into (C.7), (CI3), (C.19) and (C.25). The

inverter-side inductor current dynamics can be presented by

o _ tot tot ~ref tot Aref
iL1a = Gl qtin — Y1 tioa + G qdliog + Gl qlitia + Golqalinig

and

3 tot o tot Aref tot ~ref
Zqu - GIOL qzln + GcrL dquOd YL-quoq + GCL dq iL1ld + GCL -q 1qu7
where the d-channel-related transfer function are given by
out ~yout
Liy Zin GcL—d

’lL1d

tot o ou

GIOL d = GIOL d + 1 — [ @Gout )
Zln mn ci-d

z out /Yout
L1id yout Lin Toi-dGcL-d
~ — 11Ld

Ytot — o
L-d - t )
Uod 1- Lin gilfd

(3.158)

(3.159)

(3.160)

(3.161)
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out /yout
L in 15 GCL d

Zle 0oi-

Gitqa = = = Gax d 3.162
crl-qd — uoq crL-qd + 1— Lin G&‘fg ) ( )
tot ngd out Lin

GcL-d = m = _GCL-dec 1— L +1 5 (3163)

and
tot ZL1d out Liy Ggll-lt Ggﬁtd
GcrL—qd “rof G L-qd + (3164)

~ref out
UT1g 1—Lin Gy

Furthermore, the transfer functions for the g-channel inverter-side inductor current

can be expressed by

%Ll Lin Z&Ut Ggﬂfd
Gtot —d “Lig Gout q7 3165
iol-q = B iol-q - 1— Ly, GO ( )
it Li, TSNGEY
Gtot “Liq Gout d 3166
crl-dq — 'aod crL- dq 1 — Lin Gglué ’ ( )
Ytot iqu — yout _ Lin  T3Giaq (3.167)
Sl T 1Ly GRY '
’2 Lin
Gillag = grt = ~GillaqGve (ﬁ + 1) , (3.168)
and
Glot _ %qu _ ot Liy GS}_“ Ggﬁtdq (3 169)
clra el T U T e |

By performing the same procedures, the dynamics of the output currents ioq and ioq
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can be presented by

Gtot ~ref tot  ~ref

i tot ~
lod = G len - uOd + Gcr qduoq co-dUiL1d + co-qd YiL1q>

and

~ _ vtot B tot -~ tot ~ tot Aref tot Aref
tog = GIO qzln + Gcr dquOd - Y qu + G co- dq iL1d + Gco q 1L1q7

where the d-channel closed-loop transfer functions are given by

out /Yout
Lin ZIH G

co-d

'L d
tot __ "od _ out
io-d T G o-d + 1— L Gout )
n ci-d

/l/ln
= ) out ~Yout
Ytot o Lod o Yout . Lln Toi—dGco—d
od T ~ — “Tod t ’
Uod 1-— Lin Ggll_l d
L ToutGout
tot  __ ZOd __ ,vout in oi-q ~' co-d
cr-qd cr-qd _ out )
qu 1 L; ci-d

and

Lin Gout Gout

Z d d
tot _ o out cl-q " co-
Gedad =z~ = Golaat T 1 — Gom
IL1q n ci-d

Moreover, the g-channel closed-loop transfer functions are as follows:

o out Yout
Gtot _ Zoq Gout Lin Zin Gco—dq

R e

%in

o L Tout Gout
in

tot __ Yod __ vout oi-d ' co-dq
dqg — = = _d
er-dg e-dq T T - Gout

ci-d

(3.170)

(3.171)

(3.172)

(3.173)

(3.174)

(3.175)

(3.176)

(3.177)

(3.178)
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out /Yout

Ytot — Zoq _ Yout . Lin Toi—q co-dgq
o-q 0 o-q 1— L. Gout
oq n ci-d

tot . %Oq o out Lin
G = == _Gco-dq ve <1——I/1n + 1)

co-dq ~ref
uuin
: out /Yout
Gtot o Zoq _ vout + Lin G(ci—q co-dq
co-q — aref T coq 1 — L (Gout
n ci-d

IL1q

(3.179)

(3.180)

(3.181)

The controller design can be done according to Loyt-d, Lout-q and Li,, however, the

design is discussed in detail in the next chapter.
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Figure 3.9: Control-block diagram of a grid-connected CF inverter with cascaded input-
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Figure 3.10: Control-block diagram of an output-current-controlled grid-connected CF
inverter.
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Figure 3.11: Control-block diagram of a input-voltage-controlled CF inverter.
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4. MODEL VERIFICATION

This chapter presents the measurements from the scaled-down prototype inverter in
order to verify the inverter model derived in Chapter 8l First the chapter presents
the open-loop measurements and then the closed-loop measurements.

The prototype LCL-filter was designed for the verification process and the design
procedures are presented in detail, for example, in [T0J16]. The resonant frequency of
the LCL-filter was designed to 6 kHz. In the measurement setup, the grid-simulator
provides sinusoidal output-currents, which are generated with 10 kHz switching fre-
quency.

The resonant frequency of the filter can be given according to [16] by

1 Ly + Ly
res — o _ s 4.1
f 27T LILQOd ( )

where L is the inverter-side inductance, Lo is the grid-side inductance and Cy is the
output filter capacitance. The inductance and the capacitance values were chosen
according to the literature examples found in [I0]. Table 4.1 presents the selected
values for the LCL-filter. For passive damping, a power resistor was also included
to avoid high resonant peaking as was discussed earlier. Parasitic resistances of the

inductors were verified from the actual filter to ensure compliance to the simulations.

Table 4.1: LCL-filter passive component values.

Component Value

L, 365 jH
TL1-ESR 40 m$?
Ly 240 uH
TLI-ESR 30 m$2
Cy 47 uF
T'C-ESR 10 mf2
R4 2 Q)

The correct value for the damping resistor R4 can be derived from the impedance
of the filter capacitor at the resonant frequency. Usually the damping value is one

third of the corresponding impedance value [10].
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Table 4.2 presents used operating point and power-stage component values.

Table 4.2: Operating point and power-stage component values.

Parameter Value
Linvpp 19A
Uin-MPP 3177 v
Lin-ccr 2,1 A
Uin-ccr 25V
Lincvr 15 A
Uin-cvr 35V
Uod—ref 676 V
qu—ref Y
e iz
Tpv-CCR 155,8 Q
T'pv-CVR 3,4 Q
C, 1100 puF
T'Cin 10 m©?
Tsw 100 mS2
fs 50 Hz
fow 75 kHz

The value of the input capacitor is dependent on the RHP zero frequency found
in source-affected control-to-output-current transfer function and correct design is
essential for stable operation of the inverter. As presented by Puukko in [23], the

RHP zero frequency can be expressed by

]in max
WRHP, = . 4.2
e Uin,minCin ( )
Moreover, the minimum value for the input capacitor can be presented by
krupk; I
C1irl,min = Sl = (43)

)
kgrid Uin—minwgrid

where an inequality KgridWeid = Wy-loop > Kkrupwrup must be satisfied [23]. The
input-voltage control-loop bandwidth wy.jo0p, should be within the range of 10 Hz -
50 Hz to avoid DC-link voltage ripple to affect the grid currents. Usually a safety
factor krpp = 2 is chosen according to [35] and a safety factor for maximum input
current can be chosen as k; = 1,5, which presents the relation in [iy max = kilsc [23].

The RHP zero has to be taken into account when designing a control system, which
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is discussed in Section .2

4.1 Open-loop verifications

This presents the measurement results to validate the derived inverter model at open
loop. Important transfer function to be validated is the control-to-inductor-current
transfer function GH5 as it change significantly when the operating point of the PV
generator varies. Open-loop verifications were carried out using measurement setup
depicted in Fig. 421 All measurements were processed and the control system was
implemented by means of the digital signal processor eZdsp F28335.

The source (PV generator) was a modular solar-array simulator E4360 manu-
factured by Agilent. Real output impedances of the SAS were measured in both
CVR and CCR to be used in the analytical predictions. Obtained impedances are
presented in Fig. 1]

D
(=}

[
(=}
I

Magnitude (dB)
~

=

O
(=]

Phase (deg)

Frequency (Hz)

Figure 4.1: SAS output impedances in CCR (solid line) and in CVR (dashed line).

ELGAR SW 5250A voltage source was used as the three-phase grid voltage emu-
lator. In practice, ELGAR cannot operate as a power sink, therefore, resistors (i.e.,
Toad 10 Fig. E2]) were connected in parallel with ELGAR to consume the power
produced by the inverter. At open loop, the grid emulator (i.e., the AC voltage
source ELGAR) was synchronized with the DSP reference frame to provide as ideal
synchronization with the grid as possible, because the effect of grid-synchronization
was not included into the open-loop model.

At open loop, the inverter switches are controlled by constant steady-state duty
ratios depending on the operating point, which were derived in Chapter Bl Mea-

sured and processed synchronous reference frame variables were transferred to the
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frequency response analyzer by the DSP-board. It is also noteworthy that the injec-
tion from the frequency responce analyzer was processed in the DSP in order to add
injection for the frequency response measurements. All the transfer functions were
measured with frequency response analyzer Venable Model 3120 denoted in Fig
as FRA.

....ELGAR
PVG DC/AC
L L, UiGi-abe)
T = 211 e S
& 2113 211 ()——n
- A
AV
" ~ 110 1) S
ol iii
d.d_h_c Ll(ab.c) Cr
T "
DSP
e>ync
dq abc
PC FRA iy dag

Figure 4.2: Open-loop measurement setup.

It should be noted that the delay effect caused by the digital control is included
to the predictions as it decreases the phase in the measurements. First-order Padé

approximation was used for the delay as given by

1—-"1T.s

e — 4.4
delay 1—|—T587 ( )

where T is the switching period.

As presented in [2] and [36], the selection of the input source alters the inverter
behavior significantly. The inverter has to operate reliably at all operating points.
However, a PV generator induces design constaints which have to be considered
carefully. The effect of the changing operating point can be demonstrated by in-
vestigating the source-affected control-to-inductor-current transfer function GH5,
presented in (4.0]), which incorporates a RHP zero if the operating point is in the
CCR.

e A G

4.5
1 + KZE cL-d» ( )

HS __
G1cL—d -

Transfer function in (4.H) is too complex to extract the frequency of the RHP zero
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in a symbolic form even without parasitic elements. Therefore, the appearance of
the RHP zero is demonstrated by means of predicted transfer functions in Fig. 3l

As can be seen in Fig. 1.3 the operating point dependent zero is located in the
RHP when the inverter is operating in CCR. This affects significantly the control-
to-inductor-current transfer function by flipping the phase by 180 degrees, when a

transition from CVR to CCR (or wice versa) occurs.

60

Magnitude (dBQ)

-90 i ‘ ‘
10° 10 10° 10° 10*
Frequency (Hz)

Figure 4.3: Predicted d-channel control-to-inductor-current transfer function G?LS q at
MPP (dashed line), CCR (dash-dotted line) and CVR (solid line).

The RHP zero, induced by the control-to-inductor-current transfer function G1° |
has to be taken into account very carefully when designing the control system as it
may lead to system instability if the control system is designed poorly. However, the
inverter may be designed to be stable in both CCR and CVR due to the cascaded
control scheme, which is discussed in the next section. Measured control-to-inductor-
current GI° | transfer functions are presented in Fig. B4l in both CCR and CVR.
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Figure 4.4: Measured (solid line) and predicted (dash-dotted line) d-channel control-to-
inductor-current transfer functions G?LS 4 in CCR and CVR.

The g-channel control-to-inductor-current transfer function G?Ls_q is not affected

by the change of the operating point. This is due to the fact that the transfer
function does not incorporate an RHP zero, when the operating point changes from
CVR to CCR. Predicted bode-plot of the GHS o 1s presented in all operating points
in Fig. {3

D
(=}

IS
(=}
T

Magnitude (dBQ)
(3%
o &

Phase (deg)

-180 ! = 3 "
Frequency (Hz)

Figure 4.5: Predicted g-channel control-to-inductor-current transfer function G?LS q at
MPP (dashed line), CCR (dash-dotted line) and CVR (solid line).

Measured g-channel control-to-inductor-current transfer functions are presented in
both CCR and CVR in Figs. and (.7
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Figure 4.6: Measured (solid line) and predicted (dash-dotted line) control-to-inductor-

current transfer function GELS q in CCR.
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Figure 4.7: Measured (solid line) and predicted (dash-dotted line) control-to-inductor-

current transfer function G?LS q in CVR.

According to Figs. B4l - [, the predictions match well especially for the d-
channel-related transfer functions. It can be seen that the prototype inverter has
much higher damping values in the first resonant circuit formed by the input capac-
itor and the inverter-side inductor. Therefore, the resonant peaking at around 100
Hz is highly damped compared to the predictions.

As can be seen from Figs. and [£.7] there is inaccuracy compared to the pre-
dictions. This may be caused by a little synchronization error between the DSP and
the grid simulator ELGAR. Also the g-channel duty-ratio D, is relatively small,
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which makes the measurement setup more sensitive to distortions. Moreover, at
open loop the system is affected greatly by all the unidealities, which could not be
predicted accurately enough. This leads to mismatches between the predictions and
measurements.

The control-to-input-voltage transfer function presents the relation between duty
ratio and the input voltage and is not affected by the change of operating point,
because the control-to-input transfer function does not incorporate any operating
point-dependent zeros. This is visible in Figs. .8 and where the G135, is pre-
sented in both CCR and CVR, respectively.
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Figure 4.8: Measured (solid line) and predicted (dash-dotted line) control-to-input-
voltage transfer function Gg_sd in CCR.
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Figure 4.9: Measured (solid line) and predicted (dash-dotted line) control-to-input-
voltage transfer function Gg_sd in CVR.
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As can be seen, the operating point does not affect the frequency responses of GH5,
significantly at all as they are practically identical. However, it is noteworthy that
the phase of frequency responses starts at 180 degrees.

Input impedance of the inverter is important when analyzing stability of the

source and inverter input interface. Verification of the input impedances is presented

in Figs. .10 and E111

Magnitude (dBQ)
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Figure 4.10: Measured (solid line) and predicted (dash-dotted line) input impedance
ZES in CCR.
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~180 . 5 ‘ 3 ”
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Figure 4.11: Measured (solid line) and predicted (dash-dotted line) input impedance
Z!5 in CVR.

As discussed earlier, the resonant peaking around the frequency of 100 Hz is
greatly damped in the measured frequency responses. This implies that the system
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has higher parasitic resistances, which are not estimated properly. However, the
input impedance behaves correctly as it resembles a resistor-like behavior at low

frequencies and a capacitive-like behavior at higher frequencies.
4.2 Closed-loop verifications

Closed-loop control system design begins by designing proper controllers. According
to control engineering principles, the inner loop of the cascaded control scheme has
to be designed first. As presented in Section B.6, the inductor-current loop-gain is
given by

Lout—d = ch—dGcc—dGaG?LS_da (46)

where the current controller G..q is a conventional PI-type controller, which can be

given by

ch-d<3 + wz)

GCC— =
¢ s(s 4+ wp)

(4.7)

As discussed earlier, the source-affected control-to-inductor-current transfer func-
tion G5, incorporates an RHP zero when the operating point of the PV generator
is in CCR. According to the control engineering principles, the control bandwidth
has to be limited below the RHP zero frequency for stable operation. However, as
discussed earlier, highest frequency for a RHP zero can be given by (2], which
results in too low bandwidth for grid-connected inverter, and therefore, poor power
quality. This implies that the inverter would be stable only in the CVR, when only
inductor-current control is active, because high current-control bandwidth is essen-
tial in grid-connected applications. Hence, the output-current controller is designed
in the CVR to obtain high enough bandwidth and to ensure stable operation as the
input-voltage-loop stabilizes the inductor-current-loop when inverter is operating in
the CCR.

Closed-loop measurements were carried out with a setup depicted in Fig. £I2
The setup was used to measure the output impedances as they are important for
the future research. In Fig. 1.12] the grid emulator ELGAR was synchronized with
the DSP 2, which also provided injection to the phase voltages in order to mea-
sure the frequency response. DSP 2 also performed necessary measurements from
the grid-side phase voltages and currents. The purpose of DSP 1 was to perform
grid-synchronization for the control system, because the PLL effect is visible only

if the control system operates in different reference frame compared to the real grid
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as discussed in Section B.6.1]

PVG

Ugqolag

Figure 4.12: Closed-loop measurement setup.

According to (4.6]), the inductor-current loop-gain can be presented as in Fig.
4.13] where K..q = 141, w, = 27300 Hz and w, = 2737, 5 kHz. High pole frequency
was desired to attenuate high frequency switching ripple.

Magnitude (dB)

Phase (deg)

~180 | | | |
10 10 10 10 10
Frequency (Hz)

Figure 4.13: Output-current loop-gain Lqy.q in CCR.

As can be seen in Fig. . 13] the crossover frequency of 800 Hz and phase margin of
72 degrees were obtained. The crossover frequency can be extended up to 2 kHz but
was noticed to cause extra noise which disturbed the measurements. The g-channel
loop-gain dynamics resemble the d-channel dynamics, and therefore, the same tun-

ing parameters were used for the g-channel current control.
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The input-voltage controller was designed in the CCR according to (C.H) found
in App. It is worth noting that the source-affected control-to-inductor-current
transfer function G118 | introduces an RHP pole to the control-to-input-voltage trans-
fer function G as given in (C.H). This implies that the input-voltage loop given
by

1 Lout-
Lin = GeeGueGo & GGy GH td

. 4.8
ci-d G?L_dReq—d 1+ Lout—d ( )

incorporates an RHP pole if the operating point is in the CCR. According to the
control engineering principles, the controller bandwidth has to be higher than the
RHP pole frequency, which in this case is around 20 Hz. Input-voltage loop-gain in
the CCR is depicted in Fig. 114l where K. = 3,2, w, = 271 Hz and w, = 27500
Hz. The controller pole was placed at relatively low frequency to attenuate the
300 Hz ripple voltage present in the DC-link voltage of three-phase grid-connected
inverters. For comparison, the input-voltage loop-gain is also presented in the CVR
in Fig. [£.15] where the RHP pole is not present.

Magnitude (dBQ)

Phase (deg)

Frequency (Hz)

Figure 4.14: Measured (solid line) and predicted (dashed line) input-voltage loop-gain
Lin in CCR
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Figure 4.15: Measured (solid line) and predicted (dashed line) input-voltage loop-gain
L;, in CVR.

As can be seen from Fig. [4.14], an attenuation of around 20 dB was achieved for the
100 Hz grid ripple. With the chosen gain value, crossover frequency of 40 Hz with
70 degrees phase margin was obtained.

As the stability analysis of the grid-interface is important, output impedances of
the inverter were measured. Stability can be evaluated if the output impedance of the
inverter is measured or predicted accurately. However, in practice, the impedance
measurements from a time-varying system can be difficult. Therefore, accurate
predictions are valuable in order to analyze the stability of the inverter. Measured
and predicted output impedances presented in (C.2I)) and (C.28)) are depicted in
Figs. - in both CCR and CVR.
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Figure 4.16: Measured (solid line) and predicted (dashed line) d-channel output
impedance in CCR.

60

Magnitude (dBQ)

Phase (deg)

1
Frequency (Hz)

Figure 4.17: Measured (solid line) and predicted (dashed line) g-channel output
impedance in CCR.
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Figure 4.18: Measured (solid line) and predicted (dashed line) d-channel output

impedance in CVR.
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Figure 4.19: Measured (solid line) and predicted (dashed line) g-channel output

impedance in CVR.

As can be seen from Fig. [M.I6l the d-channel output impedance resembles the

impedance of a passive circuit, because the phase is always in the range of -90

to 90 degrees. Actually, the d-channel impedance behaves like a pure resistor at

lower frequencies, which induces beneficial damping to the network. As presented in

Section [3.6.1], the g-channel output impedance has a negative-resistor-like behavior

below the PLL bandwidth. This may cause harmonic resonance or instability when

inverter is connected to a weak grid as presented for example in [2§]. However,

stability analysis of impedance interactions is not included in this thesis.
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As can be deduced from the open-loop and closed-loop measurements, the closed-
loop predictions match the measurements with good accuracy. Moreover, the res-
onant behavior of the LCL-filter is evident in the kilohertz range, and is correctly

predicted by the model.
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5. CONCLUSIONS

Photovoltaic generator is a unique power source with both constant-current and
constant-voltage source characteristics, which are dependent on the operating point
of the generator. As discussed in Chapter 2] in constant-current region (CCR)
the source acts as a constant-current source with high output impedance. More-
over, in constant-voltage region the source acts as a voltage source with low output
impedance. Due to this phenomenon, the PV generator introduces an operating
point-dependent RHP zero to the control-to-inductor-current transfer function when
operating point is in the CCR. This leads to a phase flip of 180 degrees, which causes
major control system design constraints.

An LCL-type filter is gaining popularity in grid-current filtering because of its
good filtering performance compared to a simple L-type filter. However, the use of
LCL-filter causes also design issues as the LCL-filter has an inherent resonance at
a spesific frequency, which is dependent on the values of the filtering components.
This resonant behavior has to be taken into account by damping it with either pas-
sive or active methods. Passive damping is implemented by adding a series resistor
to the grid-side filter-capacitor, whereas active damping is performed using different
control methods.

In addition, the control topology is different compared to an ordinary L-filter
since the current measurements are taken from the inverter-side inductors and volt-
age measurements from the grid side. This causes the inverter to produce a small
amount of reactive power, because the currents of the boost-inductors are synchro-
nized with the grid-voltages. However, if the current measurements are taken from
the grid-side, it may introduce a safety issue, where there is no control in the boost-
inductor-currents.

Due to the LCL-filter, small-signal modeling of the inverter becomes more com-
plicated compared to an inverter with just an L-type filter since the LCL-type filter
introduces new state variables to the model (i.e., the capacitor voltages tuc(4,q) and
boost-inductor currents ir(q,q)). However, modeling can be performed and the sys-
tem steady-state values calculated.

As customary in three-phase grid-connected applications, a cascaded control-
scheme was used. In cascaded control scheme, the control system consists of two

control loops connected in cascade. In this thesis, the input-voltage and the inverter-



5. Conclusions 58

side inductor-currents are the controllable variables. Thus, in the cascaded control
system, the outer loop controls the input voltage, which generates a reference for
the inner loop controlling the inverter-side inductor current. According to control
engineering principles, the inner loop must have faster dynamics compared to the
outer loop, which also applies the control system presented in this thesis.

Some interesting observations may be drawn from the thesis. It is clear that
even though the LCL-filter leads to a very complex small-signal model, the inverter
can be modeled very accurately without neglecting any parasitic elements or cross-
coupling effects. As discussed in Section B.G.Il the grid-synchronization causes a
negative-resistor-like behavior in the g-channel output impedance. This may lead to
instability if the input impedance of interfaced load matches the output impedance
of the inverter with 180 degree phase difference. Therefore, it would be valuable to
study if the g-channel output impedance could be somehow passivated.

The effect of the LCL-filter on the control system of the inverter was minimal. The
resonant frequency of the LCL-filter was designed to be around 6 kHz. Moreover,
the resonant peaking may be taken into account in the design and it has negligi-
ble effect on the inverter dynamics if the control loops are designed properly. In
this thesis, the current control loop has a bandwidth below the resonant frequency.
Thus, the resonant peaking does not affect the current control loop. Bandwidth over
the resonant frequency was not realisable due to inadequate measurement devices.
However, this may be done with proper equipment if higher bandwidth is needed as
the filter does not present any major constraints to it.

As can be deduced from the thesis and measurements, the inverter model derived
was accurate. Thus, it can be used in further research such as in stability analy-
sis. Stability of an interconnected photovoltaic power system should be guaranteed
since the grid has always finite input impedance and may exhibit inductive or even
resonant behavior at the point of common coupling (PCC). Stability can be eval-
uated if the shape of the inverter input and output impedances are measured or
predicted accurately. In practice, measuring the impedances from a time-varying
system, such as a PV inverter is not straight-forward but can be performed using
proper measurement equipment. However, with accurate small-signal model, only
the grid impedance has to be measured or estimated.

Moreover, at open loop the measurements included more gain and phase errors
due to parasitic mismatches between the analytical model and the inverter proto-
type. However, they were accurate enough to present the behavior of the inverter
at open loop. At closed loop, the good match between predictions and measured

responses was evident.
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A. MATLAB CODE FOR CF-VSI STEADY STATE
CALCULATION

b #H##HIHH#E operating point ##H###HIHHHEH

eql=’-k1*IL2qg=Ucd’
eq2="k1*IL2d-k1*IL1d=Ucq’
eq3="k2+IL2d+R*IL2q=Ucq’
eq4="R*IL2d-rCxIL1d-k2*IL2q+Uod=Ucd’
eqb=’1L1d=2*Iin/(3*Dd)’

f=solve(eql,eq2,eq3,eq4,eqb,’IL2d’, IL2q’, Ucd’,’Ucq’,’IL1d’)

o
% % ### simplified IL2d IL2q ###
T

eq10="IL2d=(2*Iin*K_ild-3*Dd*R*Uod) / (3*Dd*K)’
eql1="1L2q=-(2*Iin*K_ilq+3*Dd*Uod*Kuo) / (3*xDd*K) ’
eql12="Uin*Dd"2+rC*IL2d*Dd+IL2q*Dd*k1-2*Iin*Req/3=0’
eq13="Dq*Uin-k1*(IL2d-2*Iin/ (3*Dd) ) +rC*IL2q-2%Iin*k3/ (3%Dd)=0’

g=solve(eql0,eqll,eql2,eql13,’Dd’,’Dq’,’IL2d’, IL2q’)

% ### Without parasitic elements ###

eql=’-k1*IL2qg=Ucd’
eq2="k1*IL2d-k1*IL1d=Ucq’
eq3="k2+IL2d+0*IL2q=Ucq’
eq4="0%IL2d-0*IL1d-k2*IL2g+Uod=Ucd’
eqb=’1L1d=2*Iin/(3*Dd)’



A.  Matlab code for CF-VSI steady state calculation 64

h=solve(eql,eq2,eq3,eq4,eqb,’IL2d’, IL2q’, Ucd’,’Ucq’,’IL1d’)

h
%o % ### simplified IL2d IL2q ###
h

eql10="IL2d=(2*Iin*K_i1d-3*Dd*0*Uod) / (3*Dd*K) ’
eql1="IL2q=-(2*Iin*0+3*Dd*Uod*Kuo) / (3¥Dd*K) ’
eq12="Uin*Dd"~2+0*IL2d*Dd+IL2q*Dd*k1-2*xIin*x0/3=0"
eq13="Dg*Uin-k1* (IL2d-2*Iin/ (3*Dd))+0*IL2q-2*Iin*k3/(3%Dd)=0"

y=solve(eql0,eqll,eql2,eql3,’Dd’,’Dq’, IL2d’, IL2q’)
% now the symbolic values for Dd and Dq

Dd = ((K*Req*(K_ilg*((8*Iin*Req*Uin*K"2)/3 + (8*Iin*K_ilq*Uin*K*kl)/3 -
(8*Iin*K_ild*Uin*K*rC)/3 + Kuo~2*Uod~2%k17°2 + 2*Kuo*R*Uod 2xk1*rC
+ R72xU0d"2xrC"2) " (1/2) + 2*xK*Kuo*Req*Uod + K_ilqg+*Kuo*Uodx*k1l
- 2xK_ild*KuoxUod*rC - K_ilq*R*Uod*rC))/(2*(K_ilg*kl - K_ild*rC + K+*Req))
+ (K_ilg*k1*(K_ilg*((8*Iin*Req*Uin*K~2)/3 + (8*Iin*K_ilq*Uin*Kxk1)/3
- (8*Iin*K_ild*Uin*K*rC)/3 + Kuo~2*Uod"2*k172 + 2*Kuo*R*Uod~2xk1*rC
+ R72xUo0d"2xrC"2) " (1/2) + 2*K+*Kuo*Req*Uod + K_ilg+*Kuo*Uodx*k1l
- 2xK_ild*KuoxUod*rC - K_ilq*R*Uod*rC))/(2*(K_ilg*kl - K_ild*rC + K+*Req))
- (K_ild*rC*(K_ilqg*((8*Iin*Req*Uin*K~2)/3 + (8*Iin*K_ilq*Uin*K*k1)/3
- (8*Iin*K_ild*Uin*K*rC)/3 + Kuo~2*Uod"2*k172 + 2*xKuo*R*Uod~2xk1x*rC
+ R72xUo0d"2xrC~2) " (1/2) + 2*xK*Kuo*Req*Uod + K_ilg+*Kuo*Uodx*k1l
- 2xK_ild*KuoxUod*rC - K_ilq*R*Uod*rC))/(2*(K_ilgxkl - K_ild*rC + K+*Req))
- KxKuo*Req*Uod + K_ild*Kuo*Uod*rC + K_ilq*R*Uod*rC)/(K+*K_ilq*Uin)

Dq = -((K*¥k1*(K_ilq*((8*Iin*Req*Uin*K~2)/3 + (8*Iin*K_ilq*Uin*K*k1)/3 -
(8%Iin*K_ild*Uin*K*rC)/3 + Kuo~2xUod~2%k1°2 + 2%Kuo*R*Uod~2*k1*rC +
R™2+Uod"2*rC~2) "~ (1/2) + 2*KxKuo*Req*Uod + K_ilg*Kuo*Uodx*kl
- 2xK_ild*KuoxUod*rC - K_ilqg*R*Uod*rC))/(2x(K_ilg*kl - K_ild*rC + KxReq)) -
(Kxk3* (K_ilg* ((8*Iin*Req*Uin*K"2)/3 + (8*Iin*K_ilq*Uin*K*k1l)/3 -
(8%Iin*K_ild*Uin*K*rC)/3 + Kuo~2xUod~2%k1°2 + 2%Kuo*R*Uod~2*k1*rC +
R™2+Uod"2*rC~2) "~ (1/2) + 2*KxKuo*Req*Uod + K_ilqg*Kuo*Uodx*kl

- 2xK_ild*Kuo*Uod*rC - K_ilq*R*Uod*rC))/(2+(K_ilg*kl - K_ild*rC + K+*Req)) -
(K_ild*k1*(K_ilq* ((8*Iin*Req*Uin*K~2)/3 + (8*Iin*K_ilq*UinxKxk1)/3 -
(8*Iin*K_ild*Uin*K*rC)/3 + Kuo~2xUod~2%k1°2 + 2%Kuo*R*Uod~2*kl1*rC +
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R™2+Uod"2*rC~2) "~ (1/2) + 2*KxKuo*Req*Uod + K_ilg*Kuo*Uodx*kl

- 2xK_ild*Kuo*Uod*rC - K_ilq*R*Uod*rC))/(2+(K_ilgxkl - K_ild*rC + K+*Req)) -
(K_ilg*rC*(K_ilq* ((8*Iin*Req*Uin*K~2)/3 + (8*Iin*K_ilq*UinxKxk1)/3 -
(8*Iin*K_ild*Uin*K*rC)/3 + Kuo~2xUod~2%k1°2 + 2%Kuo*R*Uod~2*k1*rC +
R™2xUod"2*rC~2) " (1/2) + 2*KxKuo*Req*Uod + K_ilg*Kuo*Uodx*k1l

- 2xK_ild*KuoxUod*rC - K_ilg*R*Uod*rC))/(2*(K_ilgxkl - K_ild*rC + K+*Req))

- K*Kuo*Uodx*kl + K*Kuo*Uod*k3 + K_ild*Kuo*Uodxkl

+ K_ilg*R*Uod*k1) /(K*K_ilq*Uin)

% where the steady state coefficents are as follows:

k1=1/(ws*C)

k2=ws*L2

k3=wsx*L1

R=rL2+rC

Reg=req+rC
K=R"2+(k1-k2)"2
K_ild=k1"2-k1*xk2+R*rC
K_ilqgq=k2*rC+R*k1-kl1x*rC
Kuo=k1-k2
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B. DUTY RATIO DERIVATION FOR
OUTPUT-CURRENT LOOPS

This appendix provides the closed-loop duty ratio derivation, which is subsequently
used to calculate the closed-loop transfer functions. According to the block diagram

of the closed-loop model presented in Fig. [3.10, the duty ratio can be presented by

. 1 \ 1
dy = ——— Lout-ditnd + =————Louta™ + + Do Gprriioq, B.1
d Gt t-d?L1d G Req—d t-dUir, 14 qUPLLUoq ( )

and the inverter-side d-channel output-current can be presented by

A 2 ~ref 2 N N
in1a = (—Requatrid + Uif1q)Gee-dGaGerd + GioL-dlin — Y1 -dlod + Gerlqdlog

+ GcL—qdczq + DqGPLLGcL—dﬁoq (BQ)

Furthermore, in Fig. [3.10l the g-channel duty ratio dq can be presented by

A

dq = [_(GioL—q%in + GcrL—dqaod - YL—qaoq + GcL—dqdd + GCL—qCZq
- [leGPLLﬁoq)Req-q + air](jflq]Gcc-an + DdGPLLaoqa (BB)

where 4114 is presented with the input variables. Now by solving (B3) for d, and

rearranging yields

CZ o GioL—q Lout—q 2 GcrL—dq Lout—q ~ YL—q Lout—q ~
q— lin — Uod Uoq
GcL—q 1+ Lout—q GcL—q 1+ Lout—q GcL—q 1+ Lout—q
. GcL—dq Lout—q Czd + 1 Lout—q ftfﬁflq IleGPLL Lout—q ﬁoq
GcL—q 1+ Lout—q Req—chL—q 1+ Lout—q CJCL—q 1+ Lout—q
1
D4Gprp,——1uoq (B4

+ DaGpLL T Lout-qu q (B4)

Now 2114 can be solved by substituting obtained value for ch into (B.2). Hence, iL1d

can be given by
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. GioLq B Yia fog + Gal-qd i1og DyGer-aGprL g
1 + Lout-d 1+ Lout-d 1+ Lout-d 1 + Lout-a
n 1 Lout-a et Gelqd <_ Giol-q  Loutq 2 Getdg  Loutq 4
Reqa 1+ Lowa ™' 1+ Louted Geg 14 Lowtq + Gerq 1+ Loutq od
Yi.q Loutq i Gerrdq  Lout-q iyt 1 Loutq e
Gergl+ Loutq + Getg 1+ Loutrq  RequaGeig 1+ Loutg ¢
+ [Lgizm 1 foz:t_q Uogq + DaGprL T3 :[l/om;-q ﬂoq) (B.5)

A general form for dg can now be obtained by substituting (BE) into (B) yielding

5 1 GioLq - Y14 Gerl-qd DyGe1-aGprL
dq = _—Lou - ! lin— ao + = ao . /&0
d GcL—d v |:1 + Lout—d 1 + Lout—d d 1 + Lout—d a 1 + Lout—d K

1 L out-d  aref GCL— qd GioL—q L out-q * CycrL—dq L out-q A

+ Ui 1q - in— Uod
Req—d 1+ Lout—d 1+ Lout—d GcL—q 1+ Lout—q GCL—q 1+ Lout—q
Y; - Lou - ~ Gc - Lou - 7 1 Lou - ~
L-q t-q floq — L-dq t-q dd + t-q ufﬁflq
GCL—q 1 + Lout—q GcL—q 1 + Lout—q Req—chL—q 1 + Lout—q
It1aGrrr, Loutq 1 1

_|_

DyGrpry—F—1l ———— Lout-alijfy
Uoq + Dy PLL7 T Lom_quoq)] + Gt Reqa out-d Ui, 14

+ DqGPLLaoqa (BG)

CTYcL—q 1 + Lout—q

which now can be rearranged and presented by

P 1 { L, [ Giod - Yia
d — Geol-dqGeL. Lout-qLout. - out-d lin — Uod
L= e sty | Gan L+ Louta L+ Louta
Gol-gd - D,Ge-aGpLL . 1 Lowta . GeL.
+ L-qd flog qYUcL-dYPLL flog t-d uffgd + L-qd
1 + Lout-d 1 + Lout-d Req—d 1 + Lout-d 1 + Lout—d
X( N CYYioL-q Lout-q i N GcrL-dq Lout-q 0 J YL-q Lout-q i
G(CL-q 1 + Lout-q " G(CL-q 1 + Lout-q ° GcL-q 1 + Lout-q ol
1 Lout-q ~ref IleGPLL Lout-q ~ 1 ~ ):|
+ Ul 1q+ Uoq+DaGpr——1U
Req—chL—q 1 + Lout—q Llq GcL—q 1 + Lout—q od aPLL 1 + Lout—q o
1 ~ref ~
+ mLout_duile + DqGPLLuoq . (B?)
cL- eq-

Respectively, the g-channel duty ratio czq and boost-inductor current %qu can be



B. Duty ratio derivation for output-current loops 68

given by

1 o 1 I114GpLr
dy = ——— Loutq? Jr—Lou_ﬁ-ref + DaGprrtioq + ————— Lout-qUoq,
q GCL-q t-qLlq GcL-q Req-q t-qUiL1g dYPLL Yoq GCL-q t-q%oq
(B.8)

: o ~ref ~ s
Zqu = (_Req-qZqu + uiqu + IleGPLLReq-quoq)Gcc-anGcL-q + GioL-qun

+ GcrL—dqﬁJod - YL—qaoq + GcL—dqdd + DdGPLLGCL—qaoq- (Bg)

The d-channel duty ratio found in (B.9) can be given according to Fig. BI0 by

ch = [_(GioL—d%in - YL-dﬁod + GcrL_qddoq + GcL_chd —+ GCL—qdczq)ch_d
+ ﬁirlelfld]Gcc-dGa + DqGPLLﬁOq (B.lO)

Now by solving for dy yields

d o GioL-d Lout-d 2 YL-d Lout-d ~ GcrL-qd Lout-d ~
d — — lin + Uod — Uoq
GCL-d 1+ Lout-d GcL-d 1+ Lout-d GcL-d 1+ Lout-d
GcL-qd Lout-d 7 1 Lout-d f 1
- d, + @t |+ DyGpr——————fiog.
GcL-d 1+ Lout-d a Req—dGcL-d 1+ Lout-d Lid P 1+ Lout-d od
(B.11)

Now 4114 can be solved by substituting obtained value for dy into (B:9) yielding

%L _ GioL—q % + G(crL—dq o YL—q i DdGCL—qGPLLa
ta 1 + Lout—q " 1 + Lout—q od 1 + Lout—q od 1 + Lout—q o
Lout— 1 Lout— GcL—d GioL—d Lout—d o
VLG UG+ L e (- in
HdTPLL 1 + Lout-q a Req—q 1 + Lout-q Lla 1 + Lout-q GcL-d 1 + Lout-d
YL—d Lout—d i q— GcrL—qd Lout—d - G(cL—qd Lout—d CZ
Geral+ Louta Gerda 1+ Louea + Gera 1+ Louta
1 Lout—d ~ref 1 ~
+ @t 4 Dy Gpr——— i ) B.12
ReqaGera 1+ Lona ™M TP 4 Lowgd ( )

A general form for dy can now be obtained by substituting (BI2) into (B.8) and
presented by
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5 1 Giolq Geledq - Yiq . DaGeroGriL .
dq = _—Lout-q lin Uod — Uog oq
GcL-q 1 + Lout-q 1 + Lout-q 1 + Lout-q 1 + Lout-q
out- 1 Lout- CYYCL-d CYYioL-d Lout-d 2
+1114G T qrt 4+ (- in
A PLL I+ Lout-q a Req—q I+ Lout-q iHla 1+ Lout-q GCL-d 1+ Lout-d
YL—d Lout—d ~ GcrL—qd Lout—d ~ GcL—qd Lout—d 7
Uod — Uoq — dq
C;cL—d 1 + Lout—d GcL—d 1+ Lout—d GCL—d 1+ Lout—d
1 Lout-d o pof 1 . >} 1 ~ rof
+ @ 4+ DyGprr—————flog | | + = Loupq iie
Req—dGcL—d 1+ Lout—d bid APkl 1+ Lout—d o GCL—qReq—q out-atiLlq

]leGPLLL ~ <B13)

+ DdGPLLuoq + G out-qUoq-
cL-q

By further arranging the equation, the general form for the g-channel duty ratio can

be given by
Cz o 1 1 I GioL—q ; + GcrL—dq i
a GcL—qucL—qd Lout—qLout—d _G out-q ]_ —|— L m ]_ —|— L od
1 GCL—chL—d (1+L0ut—q)(1+Lout—d) CL_q OUt_q OUt_q
YL-q ~ DdGCL-qGPLL ~ Lout-q ~ 1 Lout-q ~ref

_ I 12 :
1 + Lout—q u0q+ 1 + Lout—q u0q+ R PLL 1 + Lout—q u0q+ Req-q 1 + Lout—q iLta

GcL—dq ( GioL—d Lout—d o YL—d Lout—d ~ GcrL—qd Lout—d ~

+ Lin + Uod — Uo
1 + Lout—q GcL—d 1 + Lout—d GcL—d 1 + Lout—d d GcL—d 1 + Lout—d 4
]_ Lout—d ~ref 1 ~ 1 ~ref
+ Uiphg + DoGrrir—F—1o )} + ———Loutq i}
Req—dGcL—d 1+ Lout—d bid a I+ Lout—d a CJCL—q}%eq—q ik

. I10G .
+ DdGPLLuoq + MLout—quoq}- <B14)
GcL—q
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C. OUTPUT-CURRENT LOOP TRANSFER
FUNCTIONS

This chapter presents the transfer functions when only the output-current control-

loops are connected. The input-voltage can be presented by

~  _ rzout’: out ~ out ~ out ~ref out ~ref
Uin = Ziy tin + 15 qloa + Toi—quoq + Gci—duiqu + Gci—quiL1q7 (C.1)
where
_LOI}Ilt—d < GiIgL»d _ G?qud G%qu Lout-q >
out _ ZH X GH Gii.a \1*+Lout-d I4+Lout-a G, HLout-q
in T “in ci-d GH GgH
1 _ cL-dq ' cL-qd Lout—qLout—d
G?L—qG?L—d (1+Lout-q) (1+Lout—d)
H
_Lout»q < Gi%L»q o GCL-dq Gilg)L—d Lout-d >
+ GH G?L-q 1+Lout—q 1+Lout—q G?L—d 1+Lout7d (C 2)
ci-q GH GH ’ :
1 _ cL-dq " cL-qd Lout—qLout—d
G?L—qG(I:{L—d (1+Lout—q)(l+Lout—d)
_M (_ Y]Ed _ C;(I:-IL—qd G(I:-IrL-dq Lout—q >
TOut . TH GH GEL—d 1+L0ut—d 1+Lout—d G?L—q 1+Lout»q
oi-d — “oi-d + ci-d GH = GgH
1 _ cL-dq ~'cL-qd Lout»qLout—d
G?L—QG?L>d (1+Lout—q)(1+Lout—d)
_Loutfq G?rLqu _ G?Lqu YSd Lout-d
+ GH G?L—q 1+L0ut—q 1+L0ut—q G?Lfd 1+Lout—d (C 3)
. o ] .
orq 1 _ GCL—quCL—qd Lout—qLout-d ’

G(I:{L_qG(};IL_d (1+L0ut-q)(1+Lout-d)
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_Lout—d ( G?rL—qd G}:{L—qd YIIjq Lout—q >
TOut . TH + GH G?L—d 1+L0ut—d 1+Lout—d G?L_q 1+L0ut>q
oi-q — Toiq ci-d GH GgH L I
1 o cL-dq ' cL-qd out-g/out-d
G?L_qGIgIL_d (1+L0ut-q)(1+Loutfd)
H
D.Gpr; — Loutd DqGyy 4GrrL Gelqa  (ILigGerr _Loutq DaGpry
H q“PLL G?er 14+ Lout-a 1+Lout-a GIC{L—q 1+ Lout-q 1+ Lout-q
+ Gci—d GH GH
1 _ cL-dq ' cL-qd Lout—qLout—d
G?L—qG}:_IL—d (1+Lout—q)(1+Lout—d)
H H
_Lout—q <_ YIEq o GCL—dq GcrL—qd Lout-d )
+GH G}:{L—q 1+Lout—q 1+Lout—q GEL—d 1+Loutfd
o-q 1 _ G(I:{L-qu?L-qd Lout—qLout—d
G‘I:-IL_qG(I;IL_d (1+Lout»q)(1+Lout—d)
IL14GpLL
DqGprr + L7 Lowtq
+ GH cL-q
- H H
erq 1 GCL—qucL—qd Lout—qLout-d
G?L-q (I;IL_d (1+Lout—q)(1+Lout-d)
H
Lout—q DdGcls{L—qGPLL + ] G Lout—q + GcL—dq DqGPLL
G?L—q 1+Lout—q L1d“~PLL 1+Lout—q 1+Lout—q 1+Lout-a
S . (C4)
1_ cL-dq " cL-qd Lout—qLoutfd
G}:{quG(I:_IL—d (1+Lout7q)(1+Lout—d)
_ HLout—d ( Lout—d _ )
Gout _ GH GCL_dch-d 14+Lout-d
i-d T i-d H H
o ct _ GVcL—quVcL—qd Lout—qLout—d
G?L-qGEL»d (1+Lout—q)(1+Lout—d)
_ G?L—dq Lout—q Lout»d
H RCQ‘dGEL—q 1+Lout»q 1"‘Lout—d
+ Gog— g —am . (C.5)
_ cL-dq ' cL-qd Lout—qLout—d
G}:{L-thIc{L—d (1+Lout—q)(1+Loutfd)
H
_ GcL—qd Lout-d Lout—q
Gout . GH G?L—dG?L—qRGQ'd 1+Lout—d 1+Lout—q
L= i-d
orq a 1 _ G?L—qugL—qd Lout—qLout—d
G?L-qG?L-d (1+Lout—q)(1+Lout—d)

_ Lout—q Lout—q _ 1
G1  Reqq \ 1+Lout-q

H cL-q
+ Gei T (C.6)
¢-q _ CTVCL—quVcL—qd Lout—qLout-d
G?L-qGEL»d (14+Lout-q(1+Lout-a)

The d-channel inverter-side inductor current transfer functions, when only the

output-current loops are closed, can be given by

~ _ ,yout - out » out ~ out sref out sref
iL1d = Gigl_alin — Y14 Uod + Gl qallog + Gelaliria + Gerogalitigs (C.7)

where
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_L Gi}éLfd _ GiIiL-q G(I:{L-qd Lout—q
out . GH + out-d 1+Lout—d GEIL,Q 1+Lout—d 1+L0ut*q
iol.-d ioL-d _ GeroaqGel-gd Lout-qLout-d
GchchL-d (1+Lout—q)(1+Lout—d)
H
—L Getrqa (_GioLg _ Giopea Celeda Loy
out-q GcL—q 1+Lout—q G?L—d 1+Lout—q 1+Lout—d
+ e , (C.8)
1 _ cL-dq " cL-qd Lout—qLout-d
G‘I:_ILqu(I:{L_d (1+Lout7q)(1+Lout—d)
_L al— Ylljd _ G(I:_{rL—dq G}:{L—qd Lout—q
Yout . YH out- 1+Lout-a G?L»q 1+Lout-a 1+L0ut’q
L-d — fLd H H
1 _ GCL—quCL>qd Lout—qLout—d
G?L-ngL.d (1+Lout-q)(1+Lout-a)
—L GcL—qd GIcHrL—dq YIEd G?L-dq Lout-d
out-q Gchq 14+ Lout-q G(I:-ILfd 1+Lout-q 1+Lout-a C 9
GH GH ? ( : )
1 _ cL-dq "cL-qd Lout—qLout-d
G?L_qG(];{L,d (I4+Lout-q) (1+Lout-a)
H H
_Lout»d ( GcrL—qd GcL»qd YIEq Lout—q )
out . GH + GH G?L—d 1+Lout-d 1""Lout—d G(I:{L_q 1+Lout—q
L-qd — L-qd L-d
or-q er-q ¢ 1 _ G(}:IL—qu(}:IL—qd Lout—qLoutfd
G?L—qG?L-d (1+Lout7q)(l+Lout—d)
H
D.Gpr1 — Loyd | PaGll aGPrLL Getqd I114GprL _ Loutq D4aGpLL
+ GH q G?L—d 1+Lout»d 1+Lout»d G(I:{L_q 1+Lout-q 1+L0ut—q
L-d
¢ 1 _ G?L—qugL—qd Lout—qLout—d
G?L_QG(I;IL_d (1+Lout—q)(1+Lout—d)
_Lout—q (_ YIEq _ G?L—dq GE‘L-qd Lout—d )
+ GH G?L q 1+Lout—q 1+Lout—q G?L-d 1+ Lout-d
L-qd H H
¢4 1 _ GcL—qucL—qd Lout—qLout—d
G(}:IL—quls{L—d (1+Lout-q)(1+Lout-d)
I1,14G
DdGPLL + LlGdH PLL Lout—q
+ GH cL-q
L-qd
e _ G?L—quEL—qd Lout—qLout—d
G?L»qG(I:{L-d (1+Lout—q)(1+Lout—d)
H H
Lout—q DdGcL-qGVPL'L + I G Lout-q G’CL-dq DqGPLL
G?qu 1+Lout—q Lid PLL 1+Lout7q 1+Lout7q 1+Lout—d C
I . (C.10)
cL-dq 'cL-qd Loutquout—d

1 —

GIC{L—qG?Lfd (1+Lout—q) ( 1+Lout—d)
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_ HLout—d < Lout—d _ >
Gout  — GH Ger-aBeq-a \ 1HLout-a
L-d — L-d H H
¢ ¢ _ GcL»qucL»qd Lout—qLout—d
G?L-qGEL-d (1+Lout-q)(1+Lout-a)
H
_ GchdI_(Iq Loutfq Lout—d
+ GH ReqfdGcL-q 1+Lout—q 1+Lout—d (C 11)
cL-qd GHE gH ) :
_ cL-dq ' cL-qd Lout—qLout—d
G(I:_IL—qG?L—d (1+Lout—q)(1+Lout—d)
H
_ GcL—qd Lout-d Lout—q
ot _ oH GHLaGHLqReq-d 1+ Lout-a 1+Lout-q
L-qd = UL d
ca ¢ G?LquGgqud Loutquout-d
G?L»qG(I:-ILfd (1+Lout—q)(1+Lout—d)
_ Lout-q ( Lout—q _ 1)
+ @l G, qRea-a \ 1+Lout-q (C 12)
CL—qd GH GH :
_ cL-dq ' cL-qd Lout—qLout—d

G?L—qG?L—d (1+Lout—q ( 1+L0ut—d)

The g-channel inverter-side inductor current transfer functions, when only the

output-current loops are closed, can be given by

s __ ,vout 7 out ~ out ~ out ~ref out ~ref
ULlqg = GigL-qlin + GcrL—quOd — Iy g Uog + GcL—dquile + GcL—q“’iqu? (C]'S)
where
H H
_ Lout-a ( GEL-d _ GioL—q GcL—qd Lout-q )
owt _ ol ol GE , \I+Lout-a Gilq HLout-a 1+Loutq
iol-q — ioL-q cL-dq _ GCL—quCL—qd Lout-qLout-a
GcL—chL»d (1+LOUt-q)(1+Lout—d)
_Loutfq Gi%qu _ GiI:I)L-d G?Lqu Lout-a
GH GIC{L—q 1+Lout—q G?Lfd 1+Lout»q 1+Lout—d C 14
+ cL-q GH GH ) ( : )
_ cL-dq ' cL-qd Lout—qLout—d
G?L—qG?L-d (1+L0Ut-q)(1+Lout—d)
H H
_Lout—d (_ YI_IEd _ GcL—qd C:ClrL-dq Lout—q )
Qo _—gH 4 GH Gera \ 1Hlowd  1Hloua Giq IHloua
L-dqg — L-d. L-d
o 4 o d ¢ a _ G(I:-ILquG(I:-Iqud Loutquout—d
G?L—qG?Lfd (1+Lout—q)(1+Lout—d)
_ Lout-q G(I:_{rL—dq _ G?L-dq Y[ild Lout-d
GH G?L—q 1+Lout—q 1+L0ut—q G}:{L-d 1+Lout-a C 15
+ cL-q GH = gH ’ ( . )
1 _ cL-dq ' cL-qd Lout»qLout—d

G?L—qG?L»d (1+Lout—q) ( 1+Lout—d)
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_LOI_LIlt,d < G(I:—IrL-qd G(}:IL—qd Yﬁ}—lq Lout-q >
Yout . YH o GH GcL-d 1+Lout—d 1+L0ut—d GcL»q 1+Lout—q
L-q — fL- L- H H
a a ¢ dq _ GoL—qucL—qd Lout—qLout—d
G};{L_qG.I:{L_d (1+L0‘lt-q)(1+Lout—d)
H
D.G _ Loyeq | DaGeiqGrLL Get-qd [ IL1aGpLL _Loutg DaGpLL
GH q~ PLL G?L—d 1+ Lout-d 14+ Loyut-a G?L—q 1+Lout—q 1+Lout-q
CL_dq 1 G?L-qu?L—qd Lout—qLout-d
G}:{L-qGi{L—d (1+Lout-q)(1+Lout»d)
H H
_Lout—q _ YIEq _ GcL-dq GcrL—qd Lout-d
GH G?L—q 1+Lout—q 1+Lout-q GEL—d 1+Loutfd
— L.
e 1 _ G(I:{L-qu}:{L-qd Lout-qLout—d
G?L—qGCHL—d (1+Lout»q)(1+Lout—d)
IL14GpLL
o DyaGopry, + i Lout-q
- L- H H
cq GcL—qucL-qd Lout—qLout-d
G}:{L—q (I;IL_d (1+Lout-q)(1+Lout-d)
H
Lout»q DdG}:{L»qGPLL + IleGPLL Lout»q + GcL»dq DqGPLL
G}:{L—q 1+Lout—q 1+Lout—q 1+Lout—q 1+Lout—d
. — . (C.16)
1_ cL-dq " cL-qd Lout—qLoutfd
GcHquGEL-d (1+L0ut7q)(1+L0ut—d)
_ HLout—d < Lout—d _ )
Gout - GH GCL_dch-d 14+ Lout-a
L-dq — L-d H H
¢ 4 ¢ 4 _ CT‘cL»qu‘cL»qd Lout»qLout—d
G?L—qG?L—d (1+L0ut—q)(1+Lout-d)
_ G(I:{L-dq Lout-q Lout—d
H ch_nglL_q 1+Lout—q 1+L0ut—d
+Gerg—5m an , (C.17)
_ cL-dq ' cL-qd Lout—qLout—d
G}:{L—qG?L—d (1+Lout—q)(1+Loutfd)
H
—— Gcﬁ'qd Lout-d Lout-q
GOut . GH GCL—dGcL—qReq‘d 1+Lout—d 1+Lout—q
L-q — L-d
cq ¢ 4 _ G?L—qugL—qd Lout—qLout—d
G?L»QG?L-d (1+Lout—q)(1+Lout—d)
o Lout-q Lout—q _ 1
H G?L—qReq'q 1+Lout—q
+ G(cL—q GH GH (018)
1 _ cL-dq ~'cL-qd Lout»qLout—d
G?L—qG?L—d (1+Lout—q(1+Lout—d)

The grid-side d-channel inductor current (i.e., the output current) can be given by

o __ ,yout ” out ~ out ~ out ~ref out ~ref
lod = C;io—dzin - Y;)—d Uod + Gcr—qduoq + G(Co—du’ile + CTVco—qduiqu? (019)

where
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H H H H
L dGcofd Giora _ Giolq _Geleqd _Loutg
out GH + out- G?L—d 1"‘Lout-d GEIL,Q 1+Lout—d 1+L0ut*q
iol-d ™ io-d _ C71<:L—quTYcL-qd Lout—qLout»d

GchchL—d (1+L0ut>q)(1+Lout-d)

H H H
—L Geo-qd (—GiOL‘q Giotea _Celeda_Loyig

+ out-q GcL—q 1+Lout—q G?L—d 1+Lout-q 1+Lout—d) (C 20)
G . GH ’ '
1_ cL-dq ' cL-qd Lout—qLout—d
G?quG}:_IL—d (1+Lout7q)(1+Lout—d)
_ G(I;L_d _ Yﬂd _ G}:{rL—dq GCHL—qd Lout—q
Lout—d H H
Yout YH GcL-d 1+Lout—d GcL—q 1+Lout—d 1+L0ut—q
-d T -d H H
o-d o-d 1 _ GcL»qucL»qd Lout—qLout—d
G?L—qG?L—d (1+Lout—q)(1+Lout-d)
_ [ Geoad ((CGewag | Yy Geirag Lowed
out-q Gchq 1+Lout—q GcHLfd 1+Lout»q 1+ Lout-a C 21
1 _ cL-dq "'cL-qd Lout—qLout—d
G(I:{L_QG(I:{L_d (1+Lout—q)(1+Lout-d)
H H
_Lout—d < GcrL—qd CTVCL—qd YIEq Lout-q )
out _ GH + GH GvI:_IL—d 1+Lout—d 1+Lout-d G?L—q 1+Lout—q
cr—qd cr—qd co-d 1 _ G}:{L—qugL-qd Lout—qLoutfd
G(I;_IL,qGEL_d (1+Lout7q)(1+Lout»d)
H
D.Gor — Loutd DaGiy, gGrLL Celoqd  (ILigGrrr _Loutq DqGprr
q-PLL ™ GH 1+L +L H 1+L oz
GH cL-d + out-d + out-d GcL—q + out-q + out-q
+ co-d GH @gH
1 cL-dq ~'cL-qd Lout-qLout—d
GvI:—IL—qG’(I:{L-d (1+L0ut—q)(1+Lout—d)
_Lout—q _ YIEq _ G(}:IL—dq GgrL—qd Lout—d
+ GH G?L—q 1+Lout»q 1+Lout—q GEL—d 1+Lout-d
-qd H H
co-q 1 _ CTVcL—quVcL—qd Lout»qLout—d
G?L-qG(I:{L»d (1+Lout—q)(1+Lout—d)
I114G
DaGprr + 55 Loutq
+ GH cL-q
co-qd G?L-qu(I:{L—qd Lout-qLout—d
G?L—qG?L—d (1+Lout—q)(1+L0ut—d)
H H
Lout-q DdGcL-qGPLL + I G Lout-q G’CL-dq DqGpLL
G?qu 1+Lout—q L1d“PLL 1+Lout7q 1+Lout7q 1+Lout—d (C 22)
G(I:-ILquG}:{qud Loutquout—cl ’ ‘

1—

GIC{L—qG?Lfd (1+Lout—q) ( 1+Lout—d)
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_ Lout—d Lout—d _ 1
GEIL_d Reqfd 1+Lout-d

H
Gout — G
co-d co-d o G?L—qu?L—qd Lout»qLout—d
G}:{L—qG?L-d (1+Lout—q)(1+Loutfd)
H
_ GchdI_(Iq Loutfq Lout—d
Req-aGp,_ o 1+ Lout-q 1+Lout-a
+ Gg)—qd GH G(;I - ) (023)
_ cL-dq ' cL-qd Lout—qLout—d
G(I:_IL—qG?L—d (1+Lout—q)(1+Lout—d)
H
_ C;cL—qd Lout—d Lout—q
Govt o G aGH  Req-d 1+Lout-d 1+Lout-q
CO—qd co-d _ G?LquG}:{L—qd Loutquout—d
G?L—qG?Lfd (1+Lout»q)(1+Lout-d)
_ Lout-q Lout—q _ 1
GH G?L—qReq'q 1+L0ut—q C 24
+ co-qd GH GH ( : )
_ cL-dq ' cL-qd Lout—qLout—d
G?L_qGIgIL_d (1+Lout—q(1+Lout—d)
Finally, the g-channel output current can be given by
s Gout s + Gout g youty + Gout ~ref + Gout ~ref (C 25)
loq = io-qZln cr-dquOd o-q Uog co-dquile co—quiL1q7 .
where
_ Loutd Glora _ Gi}gL—q G?L—qd Lout-q
GOut _ GH + GH G?L—d 1+Lout-a G,I:{L_q 1+ Lout-a 1+ Lout-q
10-q 10-q co-dq 1 o GcL-qucL-qd Lout-q Lout-d
C;cL-chL—d (1+Lout»q)(1+Lout—d)
H
_Lollt-q < GiliL—q _ Gi}cI)L—d Gclrdq Lout-a )
GH G?L—q 1+Lout—q GvI:_IL—d 14+ Lout-q 1+Lout-d C 26
+ co-q GH GH ? ( ° )
1_ cL-dq " cL-qd Lout—qLoutfd
GI;IL—qG(I:_IL-d (1+Lout»q)(1+Lout—d)
Lout-d _ Yﬁ?d _ G'1<I:_IL—qd GgL—dq Lout—q
Gout _ GH + GH G?L_d 14+ Lout-d 1+Lout-a G?L—q 1+Lout-q
— - - - H H
cr-dq cr-dq co-dq 1— GcL-qucL—qd Lout-q Lout-a
G?L-qG(I:{L—d (1+Lout—q)(1+Lout—d)
_Loutfq crL-dg G}:{L—dq Y]Ed Lout»d
GH G?L-q 1+Lout—q 1+Lout-q G(I:-ILfd 1+Lout—d C
+ co-q GH GH ) ( 27)
cL-dq ' cL-qd Lout—qLout—d

1 - GH GH (1+Lout—q)(1+Lout—d)

cL-q ~'cL-d
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_Lout—d ( G(I:{I"L—qd G?L—qd YIEq Lout—q >
H H
YOut . YH . GH GcL—d 14+ Lout-d 14+ Lout-d GcL—q 1+Lout-q
q _ —d H H
-4 -4 co-dq _ GcL»qucL»qd Lout—qLout—d
G(I:_IL—ngIL—d (1+Lout-q)(1+Loutfd)
H
D.Gpr; — Loutd DaGy 4GrrL Getqd  (ILigGerr _Loutq DaGpry
GH q“"PLL G(I:{L»d 14+ Lout-a 14+ Lout-a G?L-q 1+ Lout-q 14+Lout-q
- -d H H
co-dq 1 GcL—qucL—qd Lout—qLout-d
G(I;IL_qG};IL_d (1+Lout—q)(1+Lout—d)
H H
_Lout-q _ YIHq o CTVcL—dq GcrL—qd Lout—d
GH G(I:{L—q 1+Lout-q 1+Lout—q G?L—d 1+Lout-a
coq 1 _ G?L—dchlL—qd Lout—qLout»d
G§L>qG(I;IL_d (1+Lout—q)(1+Lout—d)
IL14GpLL
DaGprr + 27 Lowtq
. GH cL-q
- H H
co-q _ GcL—qucL—qd Lout—qLout—d
G}:{L—qG?L—d (1+Lout—q)(1+Lout—d)
H
Lout—q DdG}:{L»qGPLL + I G Lout»q + GcL»dq DqGPLL
G}:{L—q 1+Lout—q le PLL 1+Lout—q 1+Lout—q 1+Lout—d (C 28)
H H °
1 _ GcL—qucL—qd Lout—qLoutfd ’
G(I:{quGEL-d (1+L0ut7q)(1+Lout—d)
_ HLout—d ( Lout—d _ )
out  __ GH GeiqReq-a \ 1t Lout-a
-dgq T -d H H
codd coad _ CTVcL—quVcL—qd Lout»qLout—d
G?L_QG?L,d (14+Lout-q) (1+Lout-a)
_ G(I:{L-dq Lout-q Lout—d
+ GH ch_ng{L_q 1+Lout—q 1+Lout—d (C 29)
co-q GH gH ) .
_ cL-dq ' cL-qd Lout—qLout—d
G(I:_IL—qG}:_IL—d (1+Lout—q)(1+Loutfd)
H
_ GCL—qd Lout—d Lout—q
ot _ M G qGH Req-d 1+ Lout-d 1+ Lout-q
-q = -d
cod cosed _ G?L—qu?L—qd Lout—qLout»d
G?L—qG?L-d (1+L0ut*Q)(1+Lout-d)
o Lout-q ( Lout—q _ 1)
GH G?L_qReq—q 1+L0ut—q C 30
+ co-q GH GH ( ‘ )
cL-dq ~'cL-qd Lout»qLout—d

GGl q (+Lout-q(1+Lout-a)
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