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Abstract

This study analyzes the model of the PV panel and DC-DC converter’s control and their effects on the
synthetic inertia in a double-stage conversion system (DC-DC boost converter and DC-AC inverter)
employed for the connection of a PV generator to an isolated microgrid, where primary frequency
regulation is carried out by rotating machines with low starting time.

The goal of the analysis is to analyze the interaction between the conversion stages DC-DC and DC-
AC in the event of a power load variation, as well as their effect on synthetic inertia and other desired
outputs of the system, such as frequency and working point of PV panels.

The study will be carried out analytically, finding the mathematical differential equations of all the
components in the microgrid and the corresponding transfer functions, obtained by linearization and
small signal analysis. Then, using the extracted model, the transfer function of desired outputs, such as
grid frequency, will be calculated.

Key-words: “Synthetic Inertia Control”, ”Double-Stage PV System”, “DC/DC Converter Control”,
“MPPT”, “Inverter Control”.






Abstract in lingua italiana

Questo studio analizza il modello del pannello fotovoltaico e del controllo del convertitore DC-DC e i
loro effetti sull'inerzia sintetica in un sistema di conversione a doppio stadio (convertitore booster DC-
DC piu inverter DC-AC), utilizzato per il collegamento di un generatore FV a una micro-rete isolata,
dove la regolazione della frequenza primaria viene effettuata dalle macchine rotanti con tempo di
avviamento veloce.

L'obiettivo dell'analisi € valutare l'interazione tra gli stadi di conversione DC-DC e DC-AC in seguito
ad una variazione della potenza del carico nonché il loro impatto sull’inerzia sintetica e le altre uscite
del sistema, come la frequenza e il punto di lavoro dei pannelli fotovoltaici.

Lo studio sara condotto analiticamente, trovando le equazioni differenziali di tuttii componenti della
micro-rete e le corrispondenti funzioni di trasferimento, ottenute mediante linearizzazione e analisi di
piccolo segnale. Successivamente, utilizzando il modello ricavato, verra calcolata la funzione di
trasferimento delle uscite desiderate, come la frequenza di rete.

Parole chiave: “Inerzia Sintetica”, ”Sistema Fotovoltaico”, “Controllo Convertitore DC/DC”,
“MPPT”, “Controllo Inverter”.



SN 1

////,,,////%//é.. N i &N\\
NSNS 227
NN 774,
LR it 177;
N NN Ay 737754
N NN NN 72
LA RN R Y Hipslt sl 727 7
SN\t 777
S~ ffn:ﬂrznf,?.,uu,&ffffaﬁﬂ Wil 17575
— e 7
— IS G
TITTSSSESSSS ==
-......_..l-.. ...\__\..L____ o ey ..“._
— o=, A
e Ly RN RN
NN
25271/ AN

AR
2 T AN ARNAN



Contents

N 011 o PSP i
Abstract in lingUa ItaliaNa...............iiiii e iii
L0001 11 (<] 11 £ PSPPI 1
R O 4= o] (=] o] -SRI 3
g 1o 8 Tox o] o PSPPSR 3
1.1 PV Plant Topology and Control ArchiteCtUre..............covviiiiiiiiiiiiiiiiiee e 4
1.2 Incremental Conductance Technique fOr MPPT ........cooviiiiiiiiiiiiie e 4

R O - o =T 111 o OSSP 9
Mathematical Model Of the SYStEM .......covi i 9
2.1 Case StUAY DEFINITION ......uuuieieiie i e e e e et 9
2.2 PV SOUICE IMOUEL. ...t e e 11
2.2.1 Dynamic Linear MOGEl ..........oooiiiiiiiiiee e 12
2.2.2 Static Linear MOEL..........coooeiiiii e 14

2.3 Power ConVerters MOGE......... ..o 15
2.4 Current-Controlled Synthetic Inertia Control................ouuvvviiiiiiiiiiiiiiiieeeeeeee e 19
2.5  Transter FUNCEION DIagram ... ...coouuuiiiieeiiiiie et 26
T O - (-1 i 101~ T PP 29
Physical Components and Controllers’ DeSIZN...........ovveiiviriiiiiieiiiiiiire e 29
T R I O I | | (=Tl =T T | o PN 29
3.2 DC COmMPONENTS DESION ....uu ittt ettt et e e e e e e e e e e e e e e aaaes 31
T I ¥ {4 <] 0 Ao g I 1 o] o P 33
3.4 DC-Bus Voltage Control LOOP.........coiiiiiiiiiiiiiiiiiiiiiieeee e 34
3.5  MPPT and PV Voltage Control ............oouuiiiiiiiiiiiiiiiieieesee e 38
4. ChaPLer TOU.....oiiiiiiii it 43
Mathematical Analysis 0f SyStem INTEraCtioNS ..........coovvuuiiiieiiiiiii e 43
4.1  Simplification of Transfer FUNCLIONS ...........ccoviiiiiii e 43

4.2  Simplification of the MOdel ............oiiiiiii i 45



4.2.1 ANalYSIS Of GC(S) ANA GA(S) +ovvvvviieiiiiiiiiiii e 46

4.3 ANAlySiS OF the RESUITS. .......iiieiieiii e 49
4.3.1 Calculation Of AVAC/APG......oveeeiiieeeee e e 49
4.3.2 Calculation of Apconv/Apg and APpPvr/APG........oueeeeeiviiiiiiiiiiiiiiaeieeei, 51
4.3.3 CalCulation Of AW/ ADG. . e 54

5. CONCIUSIONS ...t 57
2T 0] [ToTo i1 o] 1) Y28 PSP 59
AL ADPENAIX A et 61
B, APPENUIX Bhl.oiiiiiiiiiiiett e 63
LISt OF FIQUIES ...t e e e e e e e e e e e e e e e bbbt 65

TS 0 N I o 1= TR 67



1 . Chapter one

Introduction

Wind and solar energy will play a central role in the decarbonization of the European electricity
generation system as they represent a promising solution to address global warming and hydrocarbon
fuel scarcity. Considering the observed growth rate, decreasing costs and the political support
schemes, wind and solar PV will most likely constitute a high share of the power supply system.

Today’s electricity system is based on a centralized supply in proximity to load centers and the
different power plant types are designed to follow the hourly load. International transmission of
electricity and storage only play a minor role. This changes significantly in energy systems with high
shares of renewable energy and entails major integration challenges for the power system, such as the
connection of remote sites of high variable renewable energies and their low reliability, occurring
overproduction, etc. [1]. Furthermore, the inverter-based distributed generations (DGs) such as
photovoltaic (PV) do not have rotating masses and grid-forming abilities, which make the micro-grid
become low-inertia, weak and difficult to control, particularly in the stand-alone mode. Inertia stands
for the sensitivity of frequency to the mismatch between supply and demand, therefore changes in
generation or load can cause large frequency deviations and possibly leading to system instability.
Moreover, PV systems are typically operated in maximum power point tracking (MPPT) mode, which
emphasizes high energy usage efficiency but may cause more serious frequency events when the
maximum available PV generation is higher than the demand [2].

Present day grid codes impose technical requirements to DG stations, such as the provision of
frequency response. Many solutions have been proposed in the literature. Ref. [2] studies a double-
stage PV plant and realizes synthetic inertia control (SIC) by charging/discharging a DC-Bus capacitor
and adjusting the PV generation when it is feasible and/or necessary. However, instead of using a
MPPT algorithm, a proportional-integral controller was chosen for the DC/DC boost converter. Ref
[3] studied the effects on SIC of a PV generator with a double-stage conversion system connected to
an isolated microgrid where primary frequency regulation is carried out by traditional rotating
machines. However,

Virtual synchronous generator control (VSG) is a technique used to allow PV systems to provide
inertial response of frequency, where the dynamic of a DC-link capacitor is used to mimic the
dynamic of a SG’s rotor [2]. [3] studied the effects on synthetic inertia response of a PV generator
with a double-stage conversion system (dc-dc boost plus dc-ac inverter) connected to an isolated
microgrid where primary frequency regulation is carried out by traditional rotating machines. This
paper will take a step further from what has been analyzed in [3] by considering a larger PV system
with faster voltage response and an external grid formed by a number of small-size SGs connected in
parallel which give rise to a smaller starting time and therefore faster frequency transients.
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1.1 PV Plant Topology and Control Architecture

The system is configured in a double-stage topology where the PV array is connected to a DC-DC
boost converter followed by a DC/AC inverter as shown in Figure 1.1. The single-stage configuration
with just a DC/AC inverter can be an alternative as it reaches higher energy efficiency rates. However,
the double-stage configuration is preferred because of the following advantages: higher DC-bus
voltage stability, lower total harmonic distortion (THD) on the AC side, better MPPT accuracy and
simpler control scheme [4].

Consider the general scheme of Figure 1.1 for a double-stage photovoltaic unit: the external Phase
Locked Loop (PLL) acquires a set of uncontrolled three-phase voltages in correspondence to the Point
of Common Connection (PCC) with the external grid. The PLL defines the angle 8 used for the Park
transform and allows to maintain synchrony between the converter control and the external grid.

The regulation of the DC voltage and of the injected active and reactive powers is done by linear
controllers. The DC bus controller generates a reference for the current control which, in turn,
regulates the power injection. As regards the reactive power, the reference signal can be considered as
an independent input or can be generated from an external reactive-support algorithm. In this case the
reference value is zero.

A Maximum Power Point Tracking (MPPT) algorithm is also included, operating on the duty cycle of
the DC boost converter. This allows for the introduction of an additional degree of freedom as it
allows the DC-Bus voltage reference to not be defined by other sub-controls and can be exploited for
inertia regulation. The following section is dedicated to the description of the MPPT technique used in
this case study.

1.2 Incremental Conductance Technique for MPPT

The V-1 characteristic of a PV module is nonlinear Figure 1.2. The power output depends on the
irradiation, the temperature, and electric loading conditions, namely voltage and current at its
terminals.

Grid model
[ F————————=————————— :
i pyy lac Ly LI i I R, E
UV py| —_— Vac _ )17 NS i
el Al T
I
MPPT D Tl Current : PLL
control 9‘
. DC bus t ‘
control ?f qref
Vdacref

Figure 1.1 — Overall structure of a double-stage photovoltaic unit control system [5].
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In general, there is a unique point on the V-1 or V-P curve, called the Maximum Power Point (MPP),
at which the PV system operates with maximum efficiency and produces its maximum output power
according to the environmental conditions. To follow the inevitable movements of the MPP over time,
many MPPT techniques have been proposed in the literature; the two most frequently discussed MPPT
algorithms are the perturb-and-observe (P&QO) and the incremental conductance (INC). These methods
are based on the fact that on the voltage—power characteristic, the variation of the power with respect
to voltage is positive (dP/dV > 0) on the left-hand side of the MPP, while it is negative (dP/dV < 0) on
the right-hand side of the MPP. The main advantages of these methods are that they are suitable for
any PV array, they work reasonably well under most condition and they are simple to implement on a
digital controller. A detailed literature review today would lead to the conclusion that although the
INC is slightly more complicated to implement, it provides better performance than P&O under both
static and dynamic conditions. The two main problems of the P&O that are frequently mentioned in
the literature are the oscillations around the MPP under steady-state conditions and the poor tracking
(possibly in the wrong direction, away from MPP) under changing irradiance [6]. The INC method has
been chosen for this study and will be briefly discussed.

Assuming vy, ipy and ppy are respectively voltage, current and power of the PV panel at its terminals,
(1.1) calculates dppv Idvpy:

dp d(Vyylny) di
L e T L (1.1)
dvp, dvy, dvpy
Rewriting (1.1) at MPP, gives (1.2):
iy  dipy
P T _p 1.2
Vpy AUy (1.2)

Where i,,/v,, is the instantaneous conductance and di,,/dv,, is the incremental conductance.
These two quantities are used to determine the reference voltage V,..r as shown in the flow chart
(Figure 1.5) given v, ipyas inputs for the MPPT algorithm. When the MPP is achieved V.., must be
equal to V,,,,,, at that instant and once it happens, the operation is maintained at MPP until a change A1
occeurs.

PJII

Current

IIll
Maximum power
point (MPP)

Current (A)
Power (W)

0 0

() VIII V”('
Voltage (V)

Figure 1.2 —P-V and I-V curve of a general PV source [6].
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Figure 1.3—P-V and V-1 curves of a PV module for different radiation levels at constant cell
temperature [7]
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Inputs: ¥(r), [(7)
v
AI=I(6)-1(1-Al)
AV=V(0)-V(t-Af)

Increment | | Decrement Decrement | | Increment
Veer Veer Vier Vier

I I
v
Kt-Ad=I(h)
V(t-AY=V(0)

Figure 1.5 — Flow chart of Incremental Conductance method [7]
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Mathematical Model of the System

This chapter deals with the mathematical modeling of the system using differential equations to derive
the small signal model around the working point. In the first part, the general topology and the main
ratings are illustrated; in the second part, the small signal model and the transfer function block
diagram of the system are deduced, allowing to find the desired outputs through an analytical
approach.

2.1 Case Study Definition

The general system topology together with its related control blocks are shown in Figure 2.1. In the
presented topology, the PV generation part has the possibility of paralleling more than one string of
PV panels for the case that the generation power is higher than 100 kW. In that case, each PV panel
string is connected to the DC-Bus through a DC/DC converter which performs the dedicated MPPT
control. A DC/AC inverter connects the DC side to the AC side. To represent the general case study,
the scheme includes a filter stage and a transformer (in case the connected grid is a medium voltage
grid). Finally, the grid supporting unit (GSU) and the uncontrolled units are implemented in the model
to emulate the behavior of an external grid.

In this study, one single PV array is employed consisting of ng, modules connected in series, forming a
string, and n,, strings connected in parallel; ng, n, are chosen in such a way to obtain the desired
values of rated power and rated voltage of the PV-Bus. The PV-Bus capacitance C;,, operate as a filter,
damping the voltage ripple introduced by the converter. The DC-Bus capacitance C . isput in place as
an energy buffer for inertia provision during frequency transients as well as for DC-Bus voltage
stabilization.

The DC/AC inverter connects the system to the grid and performs the inertia provision during
frequency transients by reducing/increasing the DC-Bus voltage according to its control scheme. The
effects of SIC on a similar system have been studied in [3], however, due to the lower nominal power
of the system, the PV-Bus voltage transients were governed by a much smaller time constant
compared to that of the external grid. This implies that the effects of a frequency transient were never
perceived by the PV-Bus, thus the operating point of the PV generator was never influenced. In this
case study, given the larger scale of the system, the time constant that governs the PV-Bus voltage
dynamic is larger, therefore voltage variations caused by MPPT control are slower. Moreover, the
external grid taken in consideration has a smaller starting time than that studied in [3].
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Figure 2.1 — Overall topology of the system [3].

Assuming it is formed by a number n of parallel-connected synchronous generators with rated power
P, and starting time Ty, the equivalent starting time of the GSU T,_,, is equal to the weighted
average of the starting times of all SGs with respect to their rated power [8]:

YnTan P
T _Znlanth

a—-eq — Zh Ph (21)

In the case of many synchronous generators of small size (50-+100kVA), this can lead to an external
GSU with small starting time (50ms) that allows for faster frequency transients. From now on the
equivalent starting time of the external GSU will be indicated simply as T,.

The main ratings of the system are summarized in Table 1.

Table 1 — Main ratings of the system

PV Module Static Parameters DC/AC Inverter Ratings

Rated Power per module, Pp,_moq 305W Rated Power, P, 500 kW
MPP Voltage, Vi, 54.7V Switching Frequency, f;,, 4 kHz
Number of modulesin series, n; 11 AC-Side Rated Voltage, I/, 530V
Number of strings in parallel, n,, 149 DC-Bus Rated Voltage, V.. V2V,
Rated Power, Py, 500 kW Switching Frequency, f,, 4 kHz

Rated Voltage, V,, 602V Rated Power, Py, st 500 kW
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External Grid Grid Supporting Unit

Rated Voltage, V}, 15kV Equivalent Starting Time, T, ¢, 50 ms
Grid Frequency, f, 50Hz Time Delay of Primary Regulation, 50ms
Rated Power, P, 1 MVA Regulating Energy, K4 40 p.u.

2.2 PV Source Model

Typically, for PV array modeling and system analysis, a static single-diode circuit model such as the
one indicated in Figure 2.2Figure 2.2 is considered. The static PV terminal voltage V,,,, and current I,

are related by the following nonlinear relationship [9]:

Voo + Ly, R
Ly = Lo — I — <%) (2.2)
sh
Vo + Ly R (2.3)
_ pv T Ipvlts .
la=1s [exp( .V, )]

Where:
I,,,= photo-generated PV current;
1,= PV diode’s forward-bias current;
I,= dark saturation current;
R, R, = series and shunt static resistances;
n.= number of PV cells in series in a module;

V.= thermal voltage.
Numerical values are reported in Table 2.

The static PV model however, is not directly applicable for the dynamic analysis, therefore a linear
dynamic model is presented in the following section.

3 L

Figure 2.2 — Static nonlinear model of the PV source [9].
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2.2.1 Dynamic Linear Model

The physical semiconductor structure of the PV module inherently carries a diffusion capacitance Cq
due to the forward biased silicon semiconductor junction of the PV cells, and an equivalent series
inductance Ls caused by the metalized bus bars interconnecting the n, PV cells in series. The
linearized dynamic model of PV source is illustrated in Figure 2.3.

The equivalent impedance in the Laplace domain can be written as follows:

1 R,
Zynmoa(®) = Re+ 1)+ (1 [Ran/ 1 ) = Re+s L)+ (Tm

1+ sR,Cq
B (Rs+sLs)(1+5sR,Cyq) + R, (2.4)
- 1+5sR,Cy
Where R, = TT;—R;;, and by considering R,,,, = R + R, equation (2.4) can be rewritten as (2.5):
2
1+ 255—5 + (j 5
va_mod(s) = Rpy 1 - S z (2.5)
@p

The PV impedance has a first order pole w, constituted by the parallel RC-network, a second order

zero w, constituted by the interaction of parallel RC-network with the series-RL network, and a
damping factor ¢.

1+ (2.6)

d -i _S E L pv
+
lPh rd cd Rsh vpv

. J

Figure 2.3 — Dynamic linear model of the PV source for small-signal analysis [9].
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The effect of scaling modules in series/parallel for an array formation is shown in the following
expressions. Considering equation (2.4), n, identical modules connected in series results in (2.7):
snSLs> ngRy,
Z p—series = NsR (1
pv-—series nS S + ns + 1 +SnSRp . Cd/ns

[ (143 o , @)
— s Ry) T1+sR,Cq| 5P

Similarly, for n,, identical modules connected in parallel it results (2.8):

Z RS< +SL /np> R,/n,
pv—parallel — R /np 1+ s(Rp/np)and
R, L, (2.8)
- TSR 2Cal g, P
Thus, for ageneric ng by n,, array:
pv (S) - pv mod (S) (2.9)

Under the assumptions of identical PV characteristics and circuit symmetry, series or parallel
connections of the PV panels is reflected only as a dc shift in the PV impedance characteristics in
frequency spectrum, without impacting the pole and zero locations. Thus, the dynamic characteristics
of the PV do not change with series—parallel connections of multiple modules. The dynamic
parameters are listed in Table 2. For this case study: ny = 11, n, = 149.

The Bode diagram of Z,,,,(s) is shown in Figure 2.4. Z,,,(s) is characterized by afirst order pole w,
and a second order zero w, at approximately 104 rad/s and 9-10* rad/s, respectively. For angular
frequencies lower than w,,, the behavior of Z,, can be approximated to that of a resistance:

|Z,, )| = |Ry,

Thus, at low frequencies the dynamic model can be simplified to a linear static model which is
presented in the next section.

for w<w, (2.10)

Table 2 — Dynamic parameters of the PV source

Dynamic Parameters of the PV Panel Single module | Full Array

Dynamicresistance of the diode, 74 450 0.33Q
Diffusion capacitance ofthe diode, Cy 22.2 uF 301 pF
Shuntresistance, Ry, 270 Q 20 Q
Total seriesresistance, R, 370 mQ 27 m{)
Total series inductance, Lg 5.7 uH 0.42 uH
Firstorder pole, w,, 10* rad/s

Second order zero, w, 9-10* rad/s
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Bode Diagram
0 S i i

Magnitude (dB)

Phase (deg)

p-----

———————— = H

100 1000 10000 100000
Frequency (rad/s)

Figure 2.4 — Bode diagram of Z,.(s)

2.2.2 Static Linear Model

The static linear model of the PV source is obtained by applying the Thevenin equivalent around the
MPP on the I-V characteristic. Figure 2.5 shows a graphical representation of the linearization,
highlighting the equivalent parameters.

The equivalent resistance R can be calculated by computing the differential of the -V curve [10]:

pv_eq

di 1
pv

=— 2.11

0Vpy R (2.11)

Figure 2.5 — Linearization around the MPP [3].
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Table 3 — Static PV model parameters

Rpy eq 1560
Voo eq 852V
——1-V Curve
—— Linearization Curve
0 - e MPP
“ Vovea
- _7_‘.\\

100 200 300 00 S0 60 00 Bod 900

Figure 2.6 — Linearization of the I-V curve around the MPP (MatLab)

I+ 1\
Ry eq = (ncht ) + Ry (2.12)

Where 1 indicated the diode’s quality factor.

For this study however, the values of R, ., and V},, ., have been extrapolated numerically from the I-
V curve of the panel considered (Figure 2.6) and the values obtained are reported in Table 3.

2.3 Power Converters Model

In this section the small signal model of the system will be developed. The circuit in Figure 2.7 shows
the double stage configuration with the static linear model of the PV source, the DC/DC boost
converter and the DC/AC inverter connected to the external grid.

The electric circuit contains nonlinear components such as the switch and the diode of the DC/DC
boost converter. The average operator is used to linearize the differential equations of the system: the
switch operates at switching frequency f;,, = 1/Ty,, = 10 kHz, therefore any given variable x(t) can
be split into two states (on-state and off-state of the switch):

TS w TS w

1 1 [ [9Tsw
— x(t)dt:EUo x(t)dt+jd

- x(t)dt] =dXon + (1 —d)Xopy (2.13)
sw Y0

TS w

Where d =T,,, /Ty, is the duty-cycle of the switch and x,,, X, are the average values of x(t)
during the on-state and off-state, respectively.
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Figure 2.7 — Electric circuit of the power system [3].

The scheme of Figure 2.7 is used to write — for the two states of the system — the Kirchhoff’s Current
Law (KCL) at node A, the Kirchhoff’s Voltage Law (KVL) at loop 1, and the power balance between
sections aa’and bb "

» On-state: 0 <t < dT,,

dvpy, (1) + Vpy (£) = Vpy_eq (1) =

KCL: ip(t)+C; 2.14
L( ) in dt va ( )
di; (t
KVL:  —p, (6) +1,i,() + Ly ét( ) _ 0 (2.15)
aa’-bb’: 0= pC_dc(t) +DPinw (t) (2-16)
» Off-state: dTy, <t < Ty,
. Avy, (1) vy (H) — . ()
KCL: (D + Cip—m— == 0 2.17)
pv
) di ()
KVL:  —v,, (6) +1,i,(0) + Ly —— T () =0 (2.18)
aa’-bb’  pgc(t) = pC_dc(t) +Diny () (2-19)

Bringing the derivative terms to the left-hand side of the KCL and KVL and expanding the terms in
the power balance, the two sets of equations can be written as follows:

» On-state: 0 < t < dTy,,

dv,, (t) 1 1 1
pv
T = _C_m"L( )_R < vpv(t) +R Con Upy_ eq(t) (2.20)



2. Chapter two 17

di (1) L. 1
i@ L ip(t)+ L, Vpy (1) (2.21)

dvgc(t)

0=v4()" Cqc dt

+vq(t) - ig(t) (2.22)
Where in equation (2.22) the quadrature component v, (t) - i, (t) of the power p,, delivered to the
grid has been neglected: assuming a small voltage drop on the filter, the magnitude of the Park voltage

vy isclose to : [V | = [V| = V,; and v, = v, = 0.

» Off-state: dTy,, <t < Ty,

dvpv (t) . 1 1 1
a - C. i,(t)— RouCon P 0+ Ronlon Uy eq(t) (2.23)
di(t) 7 1 1 .
a L i(t)+ L Vpy (1) — L Ve () (2.24)
, dvd (t) .
Vac() " lac(t) = Vac(t) - Cac —— + va () ia(t) (2.25)

The average operator is now applied to the equations with the assumption that the system operates
under continuous conduction mode (CCM). Considering that 7,;.(t) = (1 —d) -7, (t) the set of
equations in the Laplace domain is:

1 1 1
SV, = ——1; — Uy, + v 2.26
Py Cin k va Cin Py vaCin pr-eq ( )
_ T, _ 1 _ 1 _
Sy, = —ELL +EVPU_E(1_ d) Vg4 (2.27)
Vg 1,(1—d) = CacVgc " SVge + Vg " Ig (2.28)

The per-unit values are introduced considering as base values the rated apparent power A, and the
rated DC-bus voltage V., :

VaclJ = Vdcb /\/7

ACside  { facy =Ab/Vac, (2.29)
Zacl7 = Vacb/lacb

Wqc, = Wy
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Idcb = Ab/Vdcb
ZdCb = VdclJ /Idcb
DC side Lac, = Zgc,/Wac, (2.30)
Cdcb = 1/(wdcbzdcb)
Wge, = 1rad/s

Equation (2.26) to (2.28) have been converted in per-unit (from now on, the average symbol is omitted
to simplify the notation).

. S 1 1
Cin——Vy, = —ip ——— VUV, + — 7
n (A)dCb vpv g va vpv va vpv_eq (231)
> S . . . . .
Lb l, = -1 + vp,, - (1 - d)vdc (232)
wdcb
. . A . S . . .
Vge i (1—d) = CycVace o Vdct Va'la (2.33)
dcy

The small variation approach is now introduced for all the variables except for vy, .q = V;y, ¢q and
vy = V, that are considered constant:

Vpy = Vi + 40, ip =1, +A4i;

Vae = Ve + Avg, lac = lqc +Aigc (2.34)

Equations (2.31) to (2.33) can now be split into two sets of steady state and small signal equations
respectively:

» Steady state equations:

Vv Vv eq
R iRA 78 (2.35)
—r 0+ Vi — (1 = D)Vge = 0 (2.36)
VdCIL(l T d) L led 7~ 0 (237)

» Small signal equations:

S 1
Cin— Av,, = —4i; —— Av 2.38
mwdcb pv L va pv ( )
Lb AlL = _rLAiL +Avpv —Avdc + DAde +AdVdC + AdAde (239)

dcp
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VeI Ad + Vg Aiy (1 = D) — VyedipAd + 1,Av g (1= D) — I, Avg Ad + (1 — D)Av g Ad

Va

sA sdv
- deAdZ = CdCVde—C + CdCAvdcw—dC+ VdAid (240)

dcp dcp

Finally, by neglecting second order terms (Ad4v,. = Ai, Ad = Av,.Av,. = 0) and by rearranging the
variables, gives:

Wy, Wgcy,
Av,, = ——24
<s + vaCin> Vpy o iy (2.41)
Wac, T ) Wge,(1—D w
(s+ = L)AiL =%Avpv—%4vdc +Vdc%4\d (2.42)
b b b b
sCy.V,
[IL(l - D)- #] Avge = VI, Ad — V(1 — D)Aiy, + V, A (2.43)
Cpb

Equations (2.41) to (2.43) describe the small signal model of the power converters and the PV source
linearized around the working point (MPP). These equations will be used in section 2.5 to deduce the
transfer function of the full system.

2.4 Current-Controlled Synthetic Inertia Control

Reference [11] and [5] studied a system model consisting of a three-phase converter interfaced to an
external grid by means of an LC filter and a transformer (Figure 2.8). The external grid is represented
by an inductive-resistive impedance in series with a sinusoidal voltage source.

The regulation performed by the grid-supporting units can be analyzed starting from the circuit of
Figure 2.8. Neglecting parasitic losses, the instantaneous power balance of the network is:

Py + Pout T Peonw = 0 (2-44)

Where:
pg represents the load absorption;

Pout 1S the instantaneous contribution from the grid-supporting units;
Pconw 1S the power injected by the grid-following converter.

Referring to the differential model, the power balance becomes:

Apg + Apour + APconw =0 (2.45)
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Pac PQ-converter Pconv

Uncontrolled units

Grid-supporting
unit

Figure 2.8 — Structure of the system with conventions adopted for power measurements [5]

Where:

Ap, is the variation of load absorption (Ap, < 0 for active load increase, Ap, > 0 for active
load decrease);

Ap,.: 1S the contribution from physical inertias in the system and from primary regulation;
Ap.ony 1S the contribution from the PQ-converter.

Assuming that no synthetic inertia is provided from the PQ-converter (Ap.,ny, = 0), a change of the
local load Ap, # 0 causes the system angular frequency w to undergo atransient. Moreover, the GSU
output power variation Ap,,,; changes according to two effects:

>

The kinetic energy variation from physical inertias in the system;
The stabilizing effect provided by the primary frequency regulation.

Apout = ADinertia + Apreg (2.46)

As regards primary regulation, according to national directives the active power injection must
compensate frequency transients according to a negative proportional law with a droop

coefficient m = Kl = 2,4% (Figure 2.9).

reg

When the frequency variation Aw occurs, the power modulation Ap,., happens after a time

delay 7 associated to the internal dynamics of the plant. Thus, the primary regulation effect
can be expressed (2.47) by (2.48) and for time and Laplace domains respectively:

Apreg 7 _Kreg “Aw(t—1) (2.47)

1

Apreg = _Kreg Aw e = _Kreg m

Aw (2.48)

Where the regulating energy is:
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Figure 2.9 — Regulation of active power injection as a function of the frequency [12].

Apyeg 0—1p.u.
Kreo =~ "3 = " 5I5503Hz 2% TP (249
50Hz

» Regarding the effects of physical inertias, they can be considered referring to the swing
equation which models the linearized behavior associated to the kinetic energy derivative: an
angular frequency change Aw on the external system produces a variation of the injected
POWEr Ap;pertia according to:

1 w wb 2 ]wa
APinertia * Ap = —Ap [E]( gn ) == n2 w’pAw (2.50)
Where:
- S
P=4a

- J is the total moment of inertia associated to the system.
- w s the per-unit angular frequency in electrical degrees.
- nis the number of pole-pairs of the equivalent machine.

And it was assumed that before the transient occurrence, the system was operating under
normal conditions (w® = 1 pu).

The negative sign comes from the convention of measuring the delivered power as positive.
Defining the equivalent starting time as T, £ Jw,?/n?A4,, equation (2.50) becomes, in the
Laplace domain:

Apinertia = — Ty " SAw (2.51)

The inertia contribution Ap;,,tiq 1S POSitive when Aw < 0, that is the machine injects power
into the grid when the angular frequency reduces, as the kinetic energy of the rotating masses
decreases.

Substituting (2.48) and (2.51) in (2.46) leads to the dynamical model of Figure 2.10 and expressed by
the following equation (assuming no synthetic inertia, Ap.opn, = 0):
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Primary Regulation

Apg [ [ '

Apconv +

]

_ Aw

___________________________

internal inertia of
the system

Figure 2.10 — Dynamic linear model of the grid used for frequency transients’ analysis.

K
Apour = DPinertia + Apreg = (_STa —— ) Aw (2.52)

1+ st

Aw = —
@ S2Tat+ STy + Kyeg

“Apous (2-53)

And as Apg + Apoyr + APcony = 0, With Apgor,, = 0 it results:

1+st

Aw = :
YT STt 4 5T, + Kyeg

Ap, (2.54)

In case the nominal power is different from the base one, the grid parameters 7, and K., shall be

modified following the typical equivalences: T, =T, -% and Krpg = Kyeq A

b Ap
The fundamental frequency of the grid considers the primary regulation performed by the supporting
unit and the equivalent inertia of the system. Typically, the PQ converter acts as a constant power
source, thus 4p.,n, = 0. Under these conditions the primary frequency regulation can be modelled
according to (2.55) and (2.56):

Wy = Wgn + Ky (s) - Apy (2.55)
K. (s) = Aw, 2 (14 s7) _ (1+s7)

o Apy ST, T+ ST, + Ky 52L+sz—f+ 1 (2.56)
wnz wn

where K, (s) is the equivalent transfer function of the grid, which is characterized by two complex
conjugate poles with natural frequency w,, and damping factor &:

Kreg
= 2.57
on= |7 (2.57)
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1] T,
== a (2.58)
2 |TKyeq

In the case that & <+/2/2 (that is T > Ta/2K,.g4), the Bode diagram shows a resonance peak in

correspondence to the grid natural frequency w,, = 126 rad/s. Figure 2.11 shows the Bode diagrams
for the transfer function of the GSU.

Figure 2.12 shows the general structure of the control system: as in a traditional PQ scheme, an
external DC-bus control with a slow pass-band defines the reference for the internal active power
control; as for the reactive contribution it is assumed an external constant reference Q.. A
frequency-locked loop (FLL) estimates the derivative of the angular frequency 59; the inertia control
behaves as an additional active power reference proportional to the frequency approximate derivative
5g. An independent phase-locked loop (PLL) determines the estimated synchronous control frame

dgs.

Bode Diagram

Magnitude (dB)
2 B S e B

w
o
T

1
S
o

T
I

o ©
o o
T T
I I

w

o
T
|
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o

-30 T
-60 | _

_90 = | 1
1 10 100 1000
Frequency (rad/s)

Figure 2.11 — Bode diagram for Kg(s)
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control ’ A
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- dc 7 - L
[ 3~ )v j;)vo PLL: synchronous
1 frame definition

Figure 2.12 — Structure of the converter [11].

A second-order generalized integrator (SOGI) algorithm [5] has been introduced to separate the

derivative estimation (FLL) from the synchronous frame definition (PLL) to increase the degrees of
freedom associated to the design of the control system.

The linear model developed in [11] is reported in Figure 2.13 in which the following assumptions have
been made:

The effect associated to the PLL is negligible: 8, — 8, = 0; a single dq frame with angular
frequency w; is considered.

Assuming a small voltage drop on the filter, the magnitude of the Park voltage v, is close to
vVl =1Vl= Vyand v, = v, = 0.

o Low losses are assumed on the filter: p;,, = Re{Daq 5Ty o} = Peonw = RelPo aq_sT aq s

The design of the selective inertia is performed including the external grid model into the linearized
system. This model allows to derive the equivalent open-loop function associated to the inertia control
(Figure 2.14), which is given by:

S

Kin

(2.59)
Neglecting the effect of the internal current control which is generally much faster than the considered
dynamics (KI(s) = 1), the open loop function associated to the inertia control becomes:

| 1 s K; (1+s7)
(8) = 1+ s/wpy, 1457, S2T,T+ ST, + Ky

(2.60)
which, for w < 1/7;,, gives an approximate closed loop function:

K'g (5) = Aw, g K, (s) (1+s7)

Apg 1+ L(S) ~ S2(T,T+ Kig?) + 5(Ty + Kin) + Kreg (2.61)
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" Avyq-wLyBi, Avyq-wslAiy,
i X Kln
Vg 1+s1y, Ap, 1 Krep
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Al'oq +w,L,Ald

(b)
Figure 2.13 — Linearized model for the design of the control system: direct (a) and quadrature (b) axis
[11].
Aig, ref Aiy
KI(s) ——» V4
1 K
Va 1+s1i,
A me=====
S ‘L\wg:
ﬂa 1 + S/‘UFLL
g

Ap.'t‘OI‘l‘V

st+1

| TaT 52+ Tys + Kieg

Figure 2.14 — Equivalent control loop associated to the inertia regulation [11].

The introduction of the synthetic inertia provision moves the poles of the grid to lower frequencies
and increases the damping factor &= 0.5,/(T,+ K;)/tK;eq

contributing to the slow-down of the corresponding transient and increasing their equivalent damping;
the magnitude of the resonance peak reduces according to the diagram shown in Figure 2.15. A

w,n = \/Kreg/(TaT + K1)

sufficient condition for stability is L(jw,) < 1, thus:

K in Ta

<
T, TKreg

(2.62)
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2.5 Transfer Function Diagram

In this section the complete transfer function block diagram will be extracted starting from the small
signal equations found previously. Rearranging equation (2.41) and (2.43) respectively gives:

Cin ( Wdc,, )
Aip = — s+ Av. 2.63
k wdcb vaCin Py ( )
Vil Ad =V, (1 —D)Ai, + VA0,
Vac =
I,(1-D)— sCacVae (2.64)
wdcb
Substituting (2.63) into (2.64) gives Avac as a function of Ad, Avyy, and Aia:
Vel Ad + Vo (1 — D) 22 (s + de )Av L +Vadiy
Cin vaCin p
Avdc = S C V (265)
IL(l — D) —2>dc¥dc
wdCb
Av,, is obtained by combining equation (2.41) and (2.42):
Wy 2(1_D) Wqc ZVdc
————Av,;, ——2—Ad
Ao = — LpCin LyCin (2.66)
Py M, (s)
Where the denominator M, (s) is equal to:
M, (s) = 5% + @ <T—L+ ! >s+wdcb2<r—L+1> (2.67)
! e Lb va Cin Lb Cin va '

Equations (2.63), (2.65) and (2.66) give the concept of physical system with its correlations which in
addition to control regulators and loops make it possible to illustrate the overall system transfer
function diagram as shown in Figure 2.16.

K, (j i

kGl LGl

|KQOC’U)| T ww z w
n " w

0B o xx 5 0dB_|

_____ r;,—;“—————-|.k'g,(jcup)| = Tia

T

TatKin

! \

) =
“ Y Jw, )| =
oy

- ‘I\

Kreg -~ +1

+1

-
-
-

Figure 2.15 — (a) Equivalent grid function without synthetic inertia (black dashed line) and with synthetic
inertia (red dashed-dotted line); (b) open-loop transfer function of the selective inertia loop [11].
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Physical Components and Controllers’ Design

This chapter is dedicated to the sizing of the physical components of the system and to the design of
the controllers’ parameters. The first two sections deal with the design of the physical components,
namely the LCL filter on the AC-side, the DC-Bus and PV-Bus capacitors and the DC-DC converter
input inductance. Sections 0 to 3.5 deal with the tuning of the regulators for inertia provision, the DC-
Bus voltage control and the MPPT and PV source voltage.

3.1 LCL Filter Design

The design choices used for sizing the AC-side passive filter are reported in this section. The structure
of the LCL filter is reported in Figure 3.1.
> The parameters L, and R, represent the transformer and the external grid. Considering that the
power delivered by the system is 500 kVA, it can be assumed that, for a transformer of this
size, the short circuit voltage drop is equal to v,,, = 4%. Moreover, the value of the resistance
Ry is usually very small and can be neglected. Thus the transformer’s reactance can be
calculated as:

2
V3 Vo
XLy = Vin -(+") = 67.4 mf (3.1)
n

i
| 1 _{&™

Figure 3.1 — Structure of the LCL filter
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Which gives L, = 215uH. Where V,,_, =530V is the nominal phase voltage on the
primary side and 4,, = 500 kV A is the rated power of the transformer.

The 3-phase capacitor C is designed assuming that its reactive power equals 5% of the power
delivered by the inverter:

3 wy Cr Vyp—p® = 0.05 4, (3.2)

Which gives Cr = 94.5 uF. The resistance R is estimated as one third of the capacitor’s
impedance at switching frequency f;,, = 4 kHz:

1/3

RCf = m =140 mn (3.3)

The inductor L issized in such away that the total voltage drop considering L, and R, must
be less than 5%:

(Xyr + X,g)I, < 0.05V, (3.4)

WhereI,, = A, /3V,p_n, = 314 A

0.05V, — X, 1
Xy < "I " 168 mn (3.5)
n

Assuming that the quality factor of the inductor is Q = w,,Lg/R;f = 100, it results:

X
Ly =~ =53.6uH (3.6)
w‘l’l
(l)an
Rif = oo = 0-168 mA (3.7)

The numerical values of the LCL filter are reported in Table 4.
Table 4 — LCL filter parameters

Le 53.6 uH 0.03 p.u.
Ry s 0.168 mQ) 2.99e-4p.u.
Cr 94.5 uF 0.0167 p.u.
Rey 0.14Q 0.249p.u.

Ly 215 pH 0.120 p.u.
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3.2 DC Components Design

This section presents the criteria used for the design of the following components:

e the DC-Bus capacitor C,,;
e the DC-DC converter input inductance Ly;
e the PV-Bus capacitor C;,,.

The steady state values of the variables that have been used for the sizing are reported in Table 5.

» As regards the DC-Bus capacitor C,,, its main purpose is to act as an energy buffer for inertia
provision, able to supply 10% of the system’s rated power A, during frequency transients.
When a drop in the grid frequency occurs, the control system lowers the DC-Bus voltage
allowing C,4. to deliver power to the grid. The energy balance equation (3.9) allows to
determine the lower bound for C,:

1
ECdc (Vdc2 - Vdc_minz) = 0.1 AbAt* (38)
0.1 4, At*
Coe > 2—— ~=29.96mF - (4 =30mF (3.9)
(Vdc - Vdc_min )

Where:

*  Vicmin = 90% Vg, is the minimum voltage of the DC-Bus.

e At*=4t, , isthe presumed duration of the frequency transient with t,, = 1/w,, being the
time constant of the external grid;

e A, =500 kVAis the system’s rated power.

» For the sizing of the DC-DC converter input inductance L,, the maximum current ripple
criterion is used:

/)

<
Py Lbf:sw
Where AL, is the PV-Bus current ripple whose maximum value is set to be equal to 1% of the

nominal current: Alpy, gy = 2.5% — I, = 20.8 A. From (3.10) the minimum value of L,
can be obtained:

Al

(3.10)

Vo D

Ly>—>——=143mH L, =1.5mH/8314 (3.11)
fsw AIpv_max

Where the final value L, = 1.5 mH has been rounded up to keep some margin.
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Table 5 — Steady state values of the system's variables

Steady State Variables Symbol

PV-Bus voltage and current Vovr Lpy 602 [V], 831 [A]

DC-Busvoltage and current Vaer Lac 750[V], 667 [A]
Switching frequency fow 4 [kHz]
Duty cycle D 0.197

» As regards the PV-Bus capacitor C;,, it is designed to make sure that the current ripple
ALy, max flows mainly through the capacitor instead of the PV panel. The scheme of Figure

3.2 shows the equivalent circuit of the PV-Bus at switching frequency f;,, = 4 kHz. The
impedance of the PV panel has been calculated according to the dynamic model equations
(2.4) and (2.9): |va| = 0.127 0, at w = 27f;,, and the DC-DC converter is modeled as an

ideal current source of amplitude equal to the maximum current ripple Al gy

» The absolute value of the impedance of C,,, is set to be at least an order of magnitude smaller
than |Z,,, [:

| 1
j 27Tfsw Cin

» Which gives:

1
< E|va| (3.12)

C.., =5mF
C,>——————=314mF = Lin
in 27Tfsw|va| m (3.13)

» Where the final value C;,, = 5 mF has been rounded up to keep some margin. Table 6 reports
the final values of the components deigned in this section.

ipvk
A
lcin
va va :: V) AIpv_max
Cin

Figure 3.2 — Equivalent circuit for the PV-Bus capacitor sizing
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Figure 3.3 — Current control loop diagram for the DC/AC inverter [11].

Table 6 — DC-bus and PV-bus parameters

Cac 30 mF 33.8e-3p.u.
L, 1.5 mH 1.3e-3 p.u.
Cin 5 mF 5.6e-3 p.u.

3.3 Current Control Loop

The current loop for the DC/AC inverter is represented in Figure 3.3. Knowing that T}, < 1, the
transfer function of the inverter can be approximated equal to one. The equivalent load function G¢(s)

is given by:

Wp—_qac
wb—acRLf + SLf

Gr(s) = (3.14)

Where w,_,. = 2m - 50 rad/s isthe AC-side base angular frequency.

The load function is characterized by a low frequency pole in wf = w,_qcRyf/Lf = 3.13 rad/s.
Therefore, the cut-off frequency of the open loop function L;(s) = R;(s) - G¢(s) is set to be w; =
40 rad/s, where R, (s) isthe P1 regulator R;(s) = k,; + k;;/s.

Figure 3.4 shows the Bode diagrams associated to the current control loop and

Table 7 reports the parameters of the regulator.
Table 7 - Parameters of the current PI regulator R, (s)
Proportional coefficient, k,,_, 0.00348p.u.

Integral coefficient, k;_,; 0.00635p.u/s
Cut-offfrequency of the openloop, w.; 40 rad/s
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Bode Diagram
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Figure 3.4 - Bode diagram of the current loop functions G, (s) and L, (s)

3.4 DC-BusVoltage Control Loop

The DC-Bus control loop is going to be designed with a desired cut off frequency equal t0 w._,4. =
1 rad/s. The response of the voltage control is chosen to be slow in order to allow the action of the
synthetic inertia: if w._,4. Were to be chosen high, the voltage across the capacitor C,. would change
too quickly, preventing it from storing/delivering energy during frequency transients.

The model associated to the DC voltage control is reported in Figure 3.5 in which the internal current
loop has been approximated as a first order transfer function K;(s) with cut-off angular frequency
w. = 40 rad/s and the control plant is represented by the block F,.(s):

[ Li(s) _ wg
Ki(s) = 1+L(s) " s+wy (3.15)
1
Fac(s) = SCV (3.16)
IL(l_ D)_ wb_dc

The following assumptions for the steady state variables have been made:
- 1,(1=D) =14 €[0;1]p.u;
- Vi = Vdc—ref =1p.u
- Wp_ge =1rad/s.
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The equivalent load function G4, (s) can be identified from Figure 3.5: it is characterized by the pole
in w.; and by an unstable pole introduced by the linear model of the DC-Bus:

1
_ _ Wy _CdCVdC
Gdcl(s) - KI(S) ch(s) - (S+ wcl) (S— Idc ) (317)
Cchdc

Moreover, Figure 3.5 shows the presence of a disturbance 4i . generated by the variation of the PV
source current: normally this disturbance is associated to slow dynamics and has a negligible effect.

Equation (3.17) shows the influence of the PV source current I ;. on the unstable pole: assuming no
current is being injected (1. = 0), the equivalent load function includes a natural integral associated
to the capacitor dynamics; on the other hand, for increasing current injections, the magnitude of
G 4. (s) decreases. The Bode diagram of G 4. (s) isshown in Figure 3.6, highlighting the influence of
the current injection. The most critical case for the control system occurs when the current injection is
maximum (I, = 1 p.uw.).

The double-loop architecture has been chosen to overcome the instability of F;.(s): the inner
regulator R ;. (s) is responsible for the stabilization of the loop function; the outer loop regulator
R 4.2 (s) will provide the desired cut-off frequency and stability margins.

The design of the PI controllers R .1 (s), R4 (s) will be carried out adopting the conservative
hypothesis of I;. = 1 p.u.:

S+ Zge1

Ryci (s) = kp—dcl ’ S + Daoy (3.18)
c

_ ki—dcz 3.19

Rdcz(s) - kp—dc2+ S ( ' )

For the design of the stabilizing controller R, ., (s), let us consider the open loop transfer function
Lgc1 (s) and the closed loop function F, (s):

1
l Control System ‘ : ‘ Physical System ‘
I
) " v
I
I Fd N
Ry (s) Rac1(s) K(s) ()
Avd.c_ref Ky—ger - S+ Zgc iq 1
p=dcl
_ S+ Pac1 IL(l _ D) _ SgdCVdCJ
dc_b

Figure 3.5 — Double loop model associated to the DC voltage loop control.
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1
S +Zd 1 Wy _C V

Lac1 () = Rge1(8) * Gea (5) = kyp—dc1 s+ pdil . (s +ch1) . ( dcldccic )

y CdCVdc (320)

_ s+ Zdc1 . p- kp—dc1
S+Dge1 (S+wgy)- (s — p1)
Lgc (s)
fi(s) = (3.21)
1(5) 1+Lge (s)

_ _—Wql _ _lac
Wherep - Cchdc, pl - CacVac '
The regulator R ., (s) must be designed so that den[F, (s)] = (s + X,)?, where X, = 1.2 rad/s has
been chosen to account for some margin with respect to the desired cut off frequency w._,q. =
1 rad/s (Figure 3.7). By considering z4.; = w,; it results:

p: kp—dcl
(s+Pac1) (s —p1)

Lacr (s) = (3.22)

den[F, ()] =1+ Ly, (s) = s% + S(Pac1 —P1) —PacaP1+ P kp—dcl (3.23)

The root locus of the feedback loop is shown in Figure 3.7. The position of the unstable pole p;is
established by assuming that the system variables can vary within a 10% range around their steady
state value. The worst case corresponds to the rightmost value of p,, which can be obtained by:

Bode Diagram
A |Gac (fw)hdc =0
|Gdc(jw)|!dc=1 pu.

,,,,,,,,,,

______________ Tl w
0dB ‘ s N 7S >
Idc Idc - :..1.-“ . Wey
Cﬂ!c Vdc - .
$“‘
)
. “‘s
A arg(Gg, (](u))hdc:o ",
arg(GacG),,
+90o—— - ,_.'_‘:-,‘»:‘_,'3:’,1-:‘— ———————— -
. Ay » Lac ‘\. w
0 = >

Figure 3.6 — Equivalent load function G, (s) associated to the DC-Bus voltage control [5].
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Ly
D1 < P1omax = C‘ﬂj& =36.16rad/s (3.24)
dcVdc—min

Considering the denominator of F; (s) (3.23), the value of the pole p,.; and k,_4.; can be found as
follows:

22Xy =Dgc1 —P1 — DPdgc1 =DP1 +2X, =3856rad/s (3.25)

—Pac1 P17+ P Kp_ge1 = X,° (3.26)
X, + -

kp—ac1 = % =-1214p.u. (3.27)

As regards the controller R 4., (s), it is designed with reference to function (3.28) and the values of its
parameters have been found with MatLab:

Rgeq (s)- Gacr (s) P kp—dcl

1(8) 1+ Rac1(8): Gaer (s) ~ (s + X,)2 ( )
Lgc (8) = Rac2 (s) - Fi (5) (3.29)
Figure 3.8 shows the Bode diagrams and the step response associated to the DC loop.
‘ Im(s)
I
I
kpfdcl <0 :
I
I
I
I
Wy, Zdel Pdc : Py Re(s)
1% ¥ ——— ¥ -
I
I

N\

>

—_————— ———

Figure 3.7 — Root locus of the DC-Bus feedback loop
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Table 8 — Values of the DC-Bus voltage loop control parameters

TR

voltage

DC-Bus capacitance

Desired cut-offangular frequency

Rdc

Rdc

il (s)

2 (s)

Bode Diagram
T

—————

-

d
1
1
1
1
1
I
1
1
-
R = Sy | E——]

Fi

Vi
10
requency (rad/s)

100

Ve 750V

Cyc 30mF (@750V)
We_de 1rad/s
izl —1.180 p.u.

Zgc1 40.0rad/s

DPdc1 38.6rad/s
kp—dc2 1.331e—3 p.u.
Ki_dc2 1.133e—3 p.u./s

Amplitude

04

0.2

o
@
T

=]
o

Step response of the DC loop

I I I I
0 2 4 6 8

Time (seconds)

Figure 3.8 — Bode diagrams and step response of the DC voltage control loop.

3.5 MPPT and PV Voltage Control

The small-signal model associated to the MPPT and PV-Bus voltage control loops is reported in
Figure 3.9 with the relative PI regulators. The equivalent load function G,, (s) is given by:

Gpv (8=

—wge p Ve
Lb Cin
M, (s)

I
10

(3.30)
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dp mppt(s) vpv(s) Gpv(s)
APpv _
~Wae—b Vge Avpv
Kp—mpp + Kicmpp Kp—vpv + Kicvpy /Lbcm —p
S M, (s)
pu pu
Knl

Figure 3.9 — Small-signal model associated to the MPPT and PV-Bus voltage control loops

Where the denominator M, (s) is defined as:

T 1 Wac—p” [ T,
M =s? — — 41 31
1(5) o Wac-b <Lb * va Cin>s * LbCin <va * ) (3 3 )

and it is characterized by two complex conjugate negative-real part poles at w, = 370 rad/s. The
open-loop transfer function L,,, (s) is obtained from Figure 3.9

ki
Ropv (5) = Koy +—— (3.32)
va (s) = Rvpv (s)- Gpv (s) (3.33)

The numerical Bode diagrams associated to G,, (s) and L,,,(s) are reported in Figure 3.11 as well as
the step response of the closed loop. Figure 3.11 shows that the load function is characterized two

1

complex conjugate poles at wy; = = 365 rad/s. As a consequence, the cut of frequency of

btin

the loop needs to be sufficiently smaller to avoid strong oscillations in the step response.

As regards the MPPT algorithm, the incremental conductance method (INC) has been implemented:
the input to the MPPT controller is PV voltage and current which is used to generate the reference
voltage at which the instantaneous power from the PV array is maximum. The operating point can be
estimated from the incremental conductance:

dppv _ d(vpv ) ipv) — i 4 dipv

dvy,  dvy,, PV PPdyy, (3.34)
L.d’ﬁ_iﬂ+%_,e_‘w+diw |
Vpy AVUpy,  Vp, dUp, Vpy dUpy

Where the quantity e is expressed as a sum of the actual conductance i,,/v,, and the incremental
conductance di,,/dv,,. By linearizing (3.34) around the working point the following expression is
obtained (appendix) [10]:
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2

e =Ky vy, where K,, = — (3.35)

RpwVpy

As regards the MPPT loop, the diagram of Figure 3.10 can be considered where the load function
Gmpypt (s) and the open loop function Ly, (s) are given by:

L v
Comppe (9) = #fis) b Lppe(9) = Kon Ropo(5)* Gonppe (5) (3.36)

The Bode diagram associated to the MPPT loop are reported in Figure 3.11 as well as the step
response of the closed loop function.

Table 9 — Parameters of the PI regulator for MPPT and PV-Bus voltage loop

. Parameter | Symbol | Value |
W
Desired cut-offangular frequencies i 60rad/s
wc—mppt 10 I'ad/S
. PMUpU 600
Phase margin PMy £0°
Proportional coefficients Kp—vpv 0p.u
e —58..5p.u.
. ki 0p.u./s
Integral coefficients t-vpy p
& ki—mppt 5.62 p.u./s
dp R mppt (S )
A= =0
dv

pv ki Avpv
kp—vpv i l ;pv

Figure 3.10 — MPPT loop diagram
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Bode diagram of Vpv loop
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Figure 3.11 — Numerical Bode diagrams of G, (s), Ly, (s) and step response of the PV voltage loop.

Bode diagram of MPP loop
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Figure 3.12 — Numerical Bode diagram and step response of the full PV voltage loop.
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Mathematical Analysis of System Interactions

This chapter is dedicated to the calculation of the most significant transfer functions of the model. In
the beginning, some useful simplifications are introduced to simplify the full transfer function diagram
(Figure 4.1) obtained in section 2.5, which allow to better understand the interaction between different
parts of the system. Later, considering the step change in load power 4p, as input, the response of the
main transfer functions is analyzed. All the results found in this chapter are valid for the small signal
model developed in Chapter two.

4.1 Simplification of Transfer Functions

Considering the numerical values of the parameters found in previous chapters, it is possible to
introduce some simplifications to the system transfer functions (Figure 4.1) and consequentially to the
overall system diagram. This allows show the interactions between the different parts of the system in
a more understandable way.

» Considering w._,q. = 1 rad/s, the current control loop block K;(s) behaves as a low-pass
filter with unitary gain and cut-off frequency w.; = 40 rad/s and thus can be approximated
to its gain value for frequencies lower than w;.

K;(s) = ~1lpu, forw<wg (4.1)

1+4+s/weg
> The blocks G,(s), Gy, (s) determine the PV-Bus voltage variation Av,,. Considering o =

2
Wp—dc /L c.. = 1.33-10° rad?/s?, they can be written as:
b%~in

Avp, o(1-D)

G,(s) = Ivg ML) (4.2)
Avp,, —0 Vy,
Gy (S) = 1d m (4.3)

Where the denominator M, (s) is a second order polynomial with double complex-conjugate
poles, which can be approximated as in (4.4):

T 1 "L Wp—dc
M, (s) = 5%+ w,,_ <—+ >s+a<—+1>zsz+—s+a 4.4
1( ) b—dc Lb va Cin rpv va Cin ( )
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Gp(s)
VacCin (1-D) i ( mdc-b) ]_
Wae—p o R;wcin J
Ryc2(s) Ric1(s) K;(s)
Avdr—rs’.f i + Ki_qea « . S+ Zge | Aid—ré’f ay Aig m Apconv ﬁ / Avdc
pee P P b St e (1) — e
Apy Fyc(s)
Rin() Ko(®)| vt + Koy
a a reg
Kppi(s)
s Wae-p? - (1—D)
A dppy _ 0 R"‘PW(S) RVP"(‘S) GF"(S)
% } J — Kivpo Ad _"‘)dc—bZVdc ﬂlﬂpv
Kpmppe + =15 Ky + =" LyCiy - M (5) -
Figure 4.1 — Full system transfer function diagram
144 1 T,
Where: — <K ; — K 1p.u.
Lb rpv Cin rpv
. 1 . .
The natural frequency of M, (s) iSwy, = o= 365rad/s, therefore at low frequencies it
bLin

can be approximated as M, (s) = g, for w < wy;. The expressions (4.2) and (4.3) can be
rewritten as:

G,(s) ~(1-D) (4.5)
for w < w1
Gpv (S) 5T Vdc (4-6)

» Considering the block G, (s):
VacCin® (1—D) < wb—dc)
s+

Gy(s) = 4.7
b( ) Wp—dc rvain ( )
Ithasazeroinw, = v : —| = 128 rad/s, therefore for w < w, it can be approximated to

pvlin
its gain value:
V4.(1—=D)
Gp(s— 0)= Yar1= D) = (.5786 p.u. (4.8)

pv

The numerical values used for simplifications are reported in Table 10.
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Table 10 — Per-unit values of the parameters used for simplifications

| Parameter | Value[p.u]

L, 1.3-1073
Cin 5.6-1073
r, 17.8-107°
- 1.39

4.2  Simplification of the Model

As regards the reference signals, when the system operates at steady-state and the PV source works at
MPP, the following relations are valid:

AVgeyer =0

Appy
dvy, =0

A (4.9)

This allows to consider the regulators of V,,, and V. loop as two single blocks and simplify the full
block diagram as shown in Figure 4.2.

S-l_Zdl S(1+k—d2)+k-_d2
Rac(s) = —Rgc1 (8)  [1+ Racz ()] = —kp—ger - e [ s —

S+ Paci S
— (S + chl)(s + ki—dcz) -k s? + Zgc1S + chlki—dcz (4'10)
podct s(s +Pac1) prdet s(s+Dac1)

Where: kp—dCZ 1G4 1, ki—dCZ 1G4 Zdc1

ki ko ki
Rpy (s) = _Rvpv(s) ) [1 + kamPP(S)] - _< l:””). [1 +— ; mpp]
s+ kmki—mpp (411)

= _ki—vpv 52

To analyze the interaction between the load power change 4p, and the DC-Bus voltage change 4vg,,
the following relations can be deduced from the simplified diagram of Figure 4.2:

Avy,, = Gy(s) - Avgy. + Gpy (s)-Ad (4.12)
Ad = Ry, () - Avp, (4.13)
Substituting (4.13) into (4.12) and solving for 4v,,, results in (4.15):

Avpy, = G (S) *Avge + Ry () - Gy (5) - Avyy, (4.14)
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Gb(S) -t

Avge
[ Fuc(s) e,

P
\

f

Ad ' A"Upv

l‘
)

Figure 4.2 — Simplified transfer function diagram.

Ga(S)
1- va () Gpv (S)

Av,, = - Avg, (4.15)

From which the block G.(s) can be defined:

Ge(s) = AVpy = Ga(5)
¢ - Avge 1-—- va QS Gpv (s)

(4.16)

The simplified block diagram for w < w; isreported in Figure 4.3, where the block G ;(s) has been
introduced:

Gd(s) 2 Gy (s) + Vacly - va (s) (4.17)

These simplifications highlight the effects of the DC-Bus voltage variations Av,. on the PV-Bus
voltage 4v,, through G.(s). It is also shown how 4v,,, impacts 4v,, as a disturbance through the
block G 4(s).

To analyze G.(s) and G4(s), itis useful to rewrite R,,,,(s) in a more compact form:

(s + zpu)

va(s) =u 52

(4.18)

Where u isthe static gainand z,, is the zero of R, (s):
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Zpy = —kmki_mpp = —10.13 rad/s
U= —ki_yp, =58.53p.u.

e G G
() = 1- va(s) ) Gpv(s) B 1 +M(S + va)’

s2
6u(9) = o D)

SZ+Hps+uzy,

47

(4.19)

with: Gpy (s) = — Ve

“ipu (4.20)

G.(s) has two zeros in the origin (z4.41, Zg., = 0) and two poles that can be found as:

—ut /M2—4uzpv

PGe1:PGe2 = 2

Peer = —13.03 rad/s

Peez = —45.50 rad/s

As regards G 4(s):

> Ga(s) £ Gp(s) + Vgl 'va(s) =
pv

_(-D)

2
Tpv

a=nu. .,

s+ z
[1 +,u'(s—pv)]; where u' =u

(4.21)

(4.22)

= 0.5786 p.u.

Apg

Figure 4.3 — Simplified block diagram for w < w¢;.

Kg(s)
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It has two poles in the origin (pgq41,P642 = 0) and two zeros which can be calculated as:

—u' * J(H,)z — 4y Zpv
ZGd1)26d2 = 2

(4.23)

Zeaz = —115.0 rad/s

The asymptotic Bode diagrams and the zero-pole map of G.(s) and G4(s) are reported in Figure 4.4
and Figure 4.5 respectively.

|Gc(j(‘))|‘ Im(s)
A
PGc1 PaGc2
0 dB—@—X AR————= >
/ w
//
//+1 PGe2 PGc1
Ve \/ N fo\ B
/ VA N\ N
¥ ZGc1,2  Re(s)
;42
/
Figure 4.4 — Asymptotic Bode diagram of G.(s) and zero-pole map
A
; Im(s
|Gd(]w)| \ & ( )
\ 2
\
\
\
Wy Z z
. 4 Gd2 Gd1
My —0 O B
N Pca12 Re(s)
x e \ﬁ >
0dB g e w
ZGd1  Z4Gaz

Figure 4.5 — Asymptotic Bode diagram of G ;(s) and zero-pole map
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Finally, it is useful to analyze the series of G.(s) and G 4(s) which constitutes a positive feedback loop
to the block F. (s):

Ge(s) = Gc(5) - Ga(s) (4.24)

The low frequency zero of G ,(s) is very close to the low frequency pole of G.(s) and therefore they
cancel each other out. Thus, at low frequencies the block G,(s) can be approximated to its gain value:

G,(s) ~ 0.4642 (4.25)

To observe the DC-Bus voltage variations it is useful to define the block E;.(s) as:

a Avdc ch(s)
EdC(S) = A = 1 _ G . F
Pconw e(s) dc (5)

4.3 Analysis of the Results

This section is dedicated to the analysis of the step response of the system variables for two different
cases:

- Case At dp, = —0.25p.u.

- Case B: 4py = +0.25p.u.

(4.26)

According to the conventions used in the transfer function diagram and in Figure 2.8, case A
represents an increase of load power absorption and case B a decrease.

4.3.1 Calculationof Av,./Ap,

The transfer function of Av,./Ap, (4.27) is deduced from the diagram of Figure 4.7.

__ Eqc () *Rin(s) - Ky (5)* K. (5) (4.27)
1= Egc(s) *Rac(s) + Ky (S) " Kpri(S) * Rin(s) '

A Avdc
Pconv ‘ By ) I %

Apg—’es

[ Rin (K (5) Jo—

Figure 4.6 — Simplified block diagram with E ;. (s)
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The step response of T,4._pq () is shown in Figure 4.8 for case A: the voltage of the DC-Bus
decreases quickly to allow the provision of synthetic inertia by partially discharging the capacitor C.,
and slowly settles back to its nominal value. The step response for case B is shown in Figure 4.9: the
DC bus voltage increases to store more energy in the capacitor C;.. As it will be shown in the
following sections, these characteristics help damping the grid frequency transient.

APconv 4 Vac

Rin(s) Kppi(S) — > Eqc(5)

N~——

Y

Rdc(s) i

N—

Figure 4.7 - Simplified transfer function diagram for Av,./Ap, analysis

Figure 4.8 — Step response of Av,./Ap, for case A.

Y
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Figure 4.9 — Step response of 4v,./Ap, for case B.

4.3.2 Calculation of Ap.,n,/Ap, and Ap,,,,/ Ap,

To analyze the influence of a power load variation on the total power delivered by the PQ converter,
that is the power delivered by the PV source plus the power delivered by the DC-Bus capacitor (from
SIC), let us observe the transfer function 4p,y, /4Apg:

_ Apcom; _ Tde—pg (S)
Tpconv -pg (s) = Apg = E.(s)
_ Rin(s) Ky (8)* Kpp(s) (4.28)
C1- Eqc(S) " Rgc(s) + Kg (8) " Krp (8) - Rin(S)

The step response of Ty,cony —pg (S) isreported in Figure 4.10 for case A and in Figure 4.11 for case B.
the results show that in both cases the transients follow the trend of Av .

[———<tetta-Peone-]

Figure 4.10 — Step response Ap.,y,, / Ap, for case A.
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Figure 4.11 — Step response Ap.,,,, / Ap, for case B.

As regards the PV power variation Ap,,, its expression can be found by starting from the transfer
function Ty, ,4 () = 4Av,,,/Ap,. Considering equations (4.16) and (4.27), this function allows to
analyze the variations of the working point of the PV panel due to a change in power load:

Avy, Avy,
Tvpv—pg (8) =————=0G.(9) H = Ge(s) - Tvdc—pg (s)

Ap
) Eae®)  Rin(9) Ky (9) K (5) (4.29)
1= Eqc(s) *Rge(s) + Kg(s)'KFLL(S) “Rin(s)

The step response of T,,,,,_,4 () isreported in Figure 4.12 for case A and in Figure 4.13 for case B.

To obtain the power variation it is necessary to multiply T,,,,_p4 (s) by the current delivered the PV
source according to its static model:

Appv va
Tppv—pg (S) T Apg = (IL + a ' Tvpv—pg (5) (4.30)

Note that, before the load power variation occurs, it is assumed that the system operates at steady state
and under nominal conditions, therefore the PV source is operating at MPP. For this reason, it is
necessary to impose the condition 4p,,,, < 0,V Avy,,.

The step response of T,,,,,_,,, (s) isreported in Figure 4.14 for case A and in Figure 4.15 for case B.
These results show that v,,, decreases rapidly, similarly to v, but it quickly recovers thanks to the
faster control. Moreover, any oscillation around the nominal value, results in a decrease of the power

Ppy-
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Figure 4.12 — Step response of Av,,,/Ap, for case A.

Figure 4.13 — Step response 4v,,,/ Ap, for case B.
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Figure 4.14 — Step response of Ap,,,/Ap, for case A.

Figure 4.15 — Step response of Ap,,,/ Ap, for case B.

4.3.3.. Calculation of Aw/Ap,

The transfer function 4w/ 4p, can be deduced from the diagram of Figure 4.16.

T _ Aoz Ky () * [1 = Eae(s) " Rac()]
w-pg (8) = Apg T 1—Ez.(S) " Rye(s) + K, (5)*Rin(S) - Ky, (5)

(4.31)
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The block R;,,(s) isresponsible for the provision of synthetic inertia. To clearly visualize its effect on
the frequency oscillations, the step response of T,,_,,(s) has been calculated with K;,, = 5 p.u. for

the normal case, and K;,, = 0 to represent the absence of inertia provision.

Figure 4.17 and Figure 4.18 show the step response of 7,,_,,, (s). The results show that the synthetic

inertia provision has a positive effect in reducing the oscillatory response of the transient as well as
shortening its duration. However, due to the very small starting time of the grid, the system isnot able
to dampen significantly the first overshoot of the response which results to be slightly above 3%.

i :ll Kg(S) || e b

_Rin(s)'KFLL(S)]k

a[RdAs)-Edc(s)

Figure 4.16 — Simplified bode diagram for the calculation of Aw/4p,.

— o ta W

<delta_W without SIC>
0.02— n |

Figure 4.17 — Step response of Aw/Ap, for case A.
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—<delta_\W>
<delta_W without SIC>

0.02[~

0.01—

-0.02—

| | | | |
0 0.5 1 1.5 2 25 3

Figure 4.18 — Step response of Aw/Ap,, for case B.

After the transient, the new steady state value of the grid frequency results to be +0.5% for case A and
B, respectively. This is expected since the load increase/decrease is permanent, and the PV system
does not change its power output resulting in a grid imbalance.



57

5. Conclusions

This study has analyzed the interactions between a double-stage PV system equipped with synthetic
inertia and a micro-grid characterized by a small starting time in the event of power load variations.
The goal was to verify if the results found in previous studies still hold in a more critical case for the
whole system.

The mathematical model of the been developed by writing the differential equations and then by
deriving the small signal model around the working point. Furthermore, the system has been
simplified to highlight the interactions between the PV source, the conversion system, and the external
grid.

It is shown that for this system, the provision of synthetic inertia has positive effects on the frequency
transients nonetheless, both in terms of the reduction of the overshoot and the shortening of the
oscillations.
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For the calculation of equation (2.12), referring to [9] the voltage-current relation for the single-diode

PV model is:

Ipvzlph_ld_(

Id=15[exp< —
(o

Vo + 1,,,,RS> - 1]

Vow + Iy R

)

R,y eq Can be found by derivation of (A.1):

iy, 1

v, R

pv_eq

Assuming I,, and I as constants:

—>Isexp(

1(1 Raip
dip, ~s\I sy

bv

v Vpy + ipvRs
e
) xP( meV,

OVpy

Vi

Voo + Ly R
Vs

) 1 RS alpv

Re-write the equation factoring out di,,,/dv,,, on the left-hand side:

Vpy + iR Vpy T iy R
] R.I ( pv pv s) ] ( pv pvits
0lpy 1+&+ sls€xp mcV; _ s€xp .V,
avpv Rsh ncht ncht

Isolating 01,/ 0vy,:

).

>= (g + 1)

1
RSh

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)
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1 (UE,, + ivas)
s mcVi 1
alpv ncht Rsh
v R R I Upv + ipvRs)
I s (
Rsh ncht ncht
Considering (A.2):
. —Ustlg) 1
alpv _ ncht Rsh _ _[Rsh(ls + Id) + ncht]
avpv 1 +& +M RsRsh(Is +Id) +ncht(Rs+ Rsh)
Rsh ncht
And finally, considering (A.3):
R — Rs [ncht + Rsh(ls + Id)] + Rshncht — Rshncht +
pr-eq [Rsh (Is + Id) + ncht] [Rsh (Is + Id) + ncht]
T]TlCV} (Is+1d 1 >_1
= +Rgp+ Ry = +—) +R
Us+1) "7 77 \gnele Ry ’

R
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This appendix includes the steps to derive the expression of K,,, [10]. Starting from equation (3.34):

1 dppy  ipy  dipy

e = U_pv 'dvpv = Vo + dvpv (B.1)

The V-1 characteristic of a PV source can be linearized as a straight-line tangent to the MPP of
coordinates (Vypy, Inpp) as shown in Figure B.1:

1
(iPU - Impp) = _Kpp ) (vpv - Vmpp) (B.2)

Where R,,,,,, is the equivalent resistance of the PV source at MPP

The expression in (3.35) can be obtained by applying Taylor series expansion to (3.34) around the
operating point (Vypp, Inpp) -

] é e(vpv,ip,,)
e(vpv' lpv) = e(Vmpp'Impp) + T ’ (vpv - Vmpp)
by (Vinppslmpp )
Se(vpv, ip,,) . (B.3)
T ) (lpv - Impp)
By (Vinpp Impp )
. Impp 1 .
e(vpv, lpv) T (Upv - Vmpp) + vz’ (lpv - Impp) (B.4)
mpp mpp
Substituting the expression from (B.2) into (B.4), it results:
2 2Vpy
e = — B.5
Rpp  RinppVinpyp (8.3)
Introducing small-signal perturbation, (B.5) can be expressed as:
_ 2 _
e = _vav (B6)
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,,,,,,,,,, S g

(Vnpp »- Lonpp )

- >
PV Voltage, v,

Figure B.1— PV source V-1 characteristic linearized around the MPP [10].
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