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Abstract: The typical layout of power systems is experiencing significant change, due to the
high penetration of renewable energy sources (RESs). The ongoing evaluation of power systems
is expecting more detailed and accurate mathematical modeling approaches for RESs which
are dominated by power electronics. Although modeling techniques based on state—space
averaging (SSA) have traditionally been used to mathematically represent the dynamics of power
systems, the performance of such a model-based system degrades under high switching frequency.
The multi-frequency averaging (MFA)-based higher-index dynamic phasor modeling tool is proposed
in this paper, which is entirely new and can provide better estimations of dynamics. Dynamic stability
analysis is presented in this paper for the MFA-based higher-index dynamical model of single-stage
single-phase (SSSP) grid-connected photovoltaic (PV) systems under different switching frequencies.

Keywords: renewable energy source; power electronic interface; multi-frequency averaging; dynamic
phasor; switching frequency sensitivity; grid-connected photovoltaic systems

1. Introduction

In recent years, renewable energy sources (RESs) have been gaining more attention worldwide
due to their environmentally friendly operations and the variable prices of fossil fuels. The photovoltaic
(PV) generation system is becoming one of the most popular RESs as it generates electricity from
naturally available sunlight [1]. In the literature, there are two modes of operation, stand-alone and
grid-connected, where the latter one is more convenient as it reduces the cost of installing energy
storages than the former. Furthermore, there are initiatives from both local and federal governments for
the integration of grid-connected solar PV systems, which have resulted in more rooftop PV systems
in recent years. As a result, households produce more power than they require, and supply the extra
power to the utility grid. The grid integration of solar PV systems heavily relies on power electronic
interfaces (PEIs) and hence, there exist more harmonics due to the presence of PEIs.

The ongoing interactions between PEIs and RESs introduce new barriers related to stability and
control issues [2—4]. For the stability analysis of any system, which is a preliminary assessment of
its reliable operation, small- and large-signal analyses are widely used. In addition, time-domain
detailed switch simulation tools provide useful insights to outturn small-signal behaviors of PEIs [5].
The drawback of such type analysis is being unable to provide proper transient behavior estimation of
PEIs. Furthermore, the characterizations of PEIs to estimate instability situations require extensive
simulations, which are time-consuming.

The electromagnetic transient (EMT) program and quasi-steady-state approximations are the
available simulation tools for the power system, including advanced and compact PEIs [6]. The EMT
program has been widely accepted at industry level for the dynamic simulation of systems and
controllers [7,8]; however, the usage of this software is quite tricky and time-consuming for large
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networks [9]. Moreover, the quasi-steady-state approximation models are generally useful for systems
with electro-mechanical transients. However, these types of tools do not work for systems with fast
electromagnetic transients e.g., power electronic converters with high-frequency switches [10].

Most of the literature on the grid-connected PV systems is modeled based on the state-space
averaging (SSA) technique to design the switching control inputs for converters [11-14]. In the
single-stage grid-connected PV system, a voltage source inverter (VSI)-type power electronic converter
converts DC power to AC power and injects this AC power into the utility grid. It may not be
possible to capture the higher-index nonlinearities of the VSI by conventional SSA approaches, as
these approaches only address zero indexes of state variables [15,16]. Due to this limitation of existing
techniques, the nonlinear switching function-based VSI highly demands an approach for convenient
mathematical representation, which will have the capability to include the remaining higher index.

The switching frequency-sensitive MFA-based dynamic phasor approach provides a detailed
mathematical representation of the dynamical system, which is able to address DC, fundamental,
and other harmonic components of the state variable in the form of Fourier series [16]. However,
this modeling technique provides negligible flexibilities for harmonic components which have no
considerable impact on state variables. Moreover, it is provided with a conventional state—space
model where the involvement of fundamental and harmonic components is not under consideration.
The MFA-based dynamic phasor modeling technique is able to provide a detailed model of PEIs [15-18],
flexible AC transmission system [19,20], electrical machines [21,22] and other active parts of the power
systems. The dynamic phasor-based mathematical model of single-stage and two-stage grid-connected
inverter system is proposed in [23,24], where the generation side acts as an ideal DC source. However,
the grid-connected VSI associated with RESs is a more practical problem.

This paper aims to represent a detailed dynamic phasor model of the SSSP grid-connected PV
system for DC and fundamental components. The other novelty of this paper includes the active state
during the capacitance rather than existing grid-connected VSI systems. The eigenvalues and stability
analysis of the dynamic phasor model are also investigated which is an essential assessment for every
dynamic system. The assessment was done for different switching frequencies that may provide a
better understanding of the sensitivity for the switching frequency of the VSI.

The remaining parts of this paper will present in the following sequence. The dynamical model
for an SSSP grid-connected PV system is presented in Section 2. Section 3 shows the fundamental
phenomena associated of the dynamic phasor. The dynamic phasor model of the SSSP grid-connected
PV system shown in Section 4. Section 5 explains the analysis of the eigenvalues of the proposed
dynamic system under different switching frequencies. Section 6 represents the performance analysis
of the proposed modeling technique under time and frequency domain. Finally, the paper summarizes
with future works in Section 7.

2. Dynamical Model of the SSSP Grid-Connected PV System

This section presents the dynamic mathematical model of the proposed SSSP grid-connected
PV system as shown in Figure 1. The schematic circuit diagram of the proposed system as shown in
Figure 1 includes a PV array which is connected to the grid through a DC-link and a single-phase
full-bridge VSI used for transferring the DC power from the PV system to the AC grid.

In Figure 1, v is the output voltage of PV array which is also the voltage across to the DC-link
capacitor C and iy, is the output current of the solar array while uy, up, u3, and uy are the four
switches of the inverter. At the output-side of the single-phase full-bridge inverter, R and L are the
line resistance and the combination of filter-line inductance, respectively. The grid current is 1 and
voltage e(t) = Viusin(wt) where V,, denotes the amplitude of the grid voltage. The angular frequency
is w = 27t f where f is the grid frequency. When u; and u4 are ON, in Figure 1 u; and u3 are OFF.
In this situation, and Kirchhoff’s voltage and current laws, i.e., KVL and KCL, can be applied to obtain
the following dynamical equations [11,12]:
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When u; and u4 are OFF, and u; and u3 are ON. In this situation, and Kirchhoff’s voltage and
current laws, i.e., KVL and KCL can be applied to obtain the following dynamical equations:
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Figure 1. Schematic circuit diagram of SSSP grid-connected PV system.

Finally, by applying the averaging technique, Equations (1)—(4) can be written as follows:

dv 1
I=C (1,,0 — uz) 5)

d 1
dt_L(Uu_Rl_e> 6)

The final average model of the SSSP grid-connected PV system as represented by Equations (5) and (6)
can be used to develop the corresponding dynamical phasor model. The fundamentals associated with the
dynamic phasor modeling is discussed in the following section before developing the dynamic phasor
model of the SSSP grid-connected PV system.

3. Fundamentals of the Dynamic Phasor Analysis

This section provides a brief overview of the MFA-based dynamic phasor modeling [16].
The fundamental idea of the dynamic phasor technique is the representations of the differential
equations characterizing the dynamics of a nonlinear system in the forms of the corresponding Fourier
coefficients of almost, but not precisely, periodic sinusoidal waveforms. These equations are linear
with higher dimensions as compared to the dynamical equations which include nonlinear switching
functions. Some basic definitions of the terms used in the dynamic phasor are presented here.

The Fourier transform of an almost periodic waveform x(T), can be written as:
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with 1
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where ws = 271/T and ¥y (t) represents the complex Fourier coefficients, which define phasors.
From the above definition, the key equation for the kth Fourier coefficient can be written as follows:

() = T (1) — jreo (1) ©)

If the change in the kth Fourier coefficient, i.e., % (t)is neglected; Equation (9) demonstrates the
well-known phasor relationship. In practice, imaginary and real parts of dynamic phasor equations
can be separated to obtain a system of differential equations.

Another critical property of the dynamic phasor is the computation of the product of two signals

or variables. The index-k average of the product of variables x(t) and y(t) can be computed as follows

W= Y. TkemYm (10)

m=—oo

where m is the sum of all integers. If the state variables x(t) and y(t) and their index-0 and index-1
carry almost whole properties of a state, other higher indices can be neglected to avoid the complexity.

x(t) =~ %o+ T_qe st 4 5 efst (11)

y(t) =7y +y_ye 1 4 gt (12)

Hence, Equation (10) can be simplified as follows:

XYy = XYy + X1Y_q + X113 (13)
XY_q = X_1Yy +XoY_4 (14)
XYy = X1y + Xolq (15)

Furthermore, all higher indices except index-0 have two parts: positive and negative which are
complex conjugates of each other and, whose are written as:

X=X+ =% = (@ + )" (16)

Vo=V =T = 0 )" (17)
where the superscripts, R and I define the real and imaginary parts of complex conjugates.
Using Equations (16) and (17), Equations (13)—(15) can be rewritten as follows:

XYy = %o, + 2(XY; + X171) (18)

Xy} = Xovt + %1V, (19)
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X7 = %oyl + 77, (20)

The relationships as discussed in this section are used to develop the dynamic phasor model
based on the average model of the VSI in the SSSP grid-connected PV systems. The detailed dynamic
phasor modeling of the SSSP grid-connected PV system is discussed in the following section.

4. Dynamic Phasor Modeling of the SSSP Grid-Connected PV System

In this section, the MFA-based dynamic phasor model of the proposed system been developed for
the DC and fundamental components of the state variables where k = 1 (k = 77 = index 0 to index n).
The step-by-step averaging scheme for the SSSP grid-connected PV system is presented in a simplified
way here to obtain the dynamic phasor model.

The average model of the SSSP grid-connected system (5) and (6) can be derived for an index-0

as follows:
o _ é(zpv mo) 21)
% = % (WQ — Rip — e) (22)
Substituting (18) into (21) and (22), these equations becomes as follows:
% — % (zm, — Tgtig + 2iKuR + +21{u{) (23)
% - % (vouo + 208y + 2071] — Rip — €> (24)

These equations represent the modified averages for index-0 of the SSSP grid-connected PV
system. Without considering the presence of index-1 terms, these adjusted averages of index-0 give
standard state—space average model of the proposed system. The higher index of the Fourier coefficient
might be able to address the higher order harmonics of the state variables.

The average model of the SSSP grid-connected system (5) and (6) can be derived for an index-1

as follows:
do 1_ . _
d—tl = — ol — jws? (25)
dip 1/__ . o
d—tl =1 (vu1 — Rzl) — jwsiy (26)

Similarly, the real and imaginary differential equations to represent the dynamic phasor model
for the index-1 can be written as follows:

dof 1/ Rr, & _
chl =-C (zoui2 + zfu0> + wsdl (27)
do} 1/ 1 g _
ditl =-c (zou{ + z{uo) — wsTR (28)
dif 1/ R R o -
w1 (Wf ok, — sz) + sk (29)
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dil 1/_ 1 _j— , -R
7; = _Z <00u{ -+ 'Z]{MO — Rl{) — C(Jsll (30)

These six differential equations for both indexes represent the detailed dynamics of the SSSP
grid-connected PV system. These equations in the standard state—space representation will have the

d |a o B
These state variables have separated into two different sets, &y define the set of state variables for
index-0 and 3, define the set of state variables for index-1 as defined in the following:

following structure:

A A
Ay Axp

=R

41

To . ol

Ko = | _ & ﬁl = |-r

The standard state—space model as represented by Equation (31) with the six differential equations
in (23) and (30) defines the matrices A1; through Aj; and B the vector as follows:

2uk 21
0 —1 o o0 % _24
An = luo Rl A= |k ¢ ¢
- -7 1 1
L 1 T T 0 0
R
0 _%1 0 w —HC—O 0
71 —
0 -2 —w 0 0 o 1
Apn=|x ©|, Apn=|, C| & B=|C
21 R 22 0 R
1 0 T 0 - I Wg 0
L 0 % _ _R
oo L Ws L
L

The sub-matrix A11, A1z, Ar; and Ay; are the constitutional elements of matrix A. This matrix
structure exhibits extensive analytical properties and the dynamic stability of the SSP grid-connected
PV system is analyzed using both eigenvalue analysis and time-domain simulation results along with
the corresponding frequency-domain analysis. The stability analysis of the SSSP grid-connected PV
system using the eigenvalue analysis is discussed in the following section.

5. Stability Analysis Using Eigenvalue

The duty ratio of the associated full-bridge DC-AC converter of the SSSP grid-connected PV
system enters this model through the switching control input u(t). If the duty ratio of the inverter,
d is 0.5 then the index-0 and index-1 becomes iy = d, i} = 5-sin(2nd) and ] = 5= (sin(27td) — 1).
We shall consider the SSSP grid-connected PV system in Figure 1 with the its parameters as R =1 (),
L =100 uH, and C = 40 uF.

As mentioned in the previous section, Equation (26) represents the dynamic phasor averaging
model of the SSSP grid-connected PV system. This modified mathematical model offers a great
investigation platform to obtain the solution. For the proposed system, the eigenvalues of 6 x 6
characteristic matrix A in Equation (31) under different switching frequencies are shown following
Table 1.

In Table 1, the first two and other four eigenvalues in all columns have come from index-0 and
index-1, respectively. The eigenvalues of matrix A are also closely estimated through sub-matrices A1q
and Aj separately. The evaluating formula for eigenvalues of sub-matrices A7 and A are derived

as discussed in the following.
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Table 1. Eigenvalues of the SSSP grid-connected PV system at different switching frequencies.

Index & Switching Frequency fs =10kHz fs =20kHz fs = 50kHz
(—0.0503 + 0.0620i) x 10°  (—0.0501 + 0.0614i) x 10°  (—0.0500 + 0.06137) x 10°
k=0 (—0.0503 — 0.06207) x 105 (—0.0501 — 0.06147) x 10>  (—0.0500 — 0.06137) x 103
(—0.0506 + 0.69297) x 105 (—0.0504 + 1.3195{) x 105  (—0.0502 + 3.20357) x 10°
-1 (—0.0506 — 0.6929i) x 10°  (—0.0504 — 1.3195{) x 10°  (—0.0502 — 3.2035i) x 10°
(—0.0490 + 0.56967) x 105 (—0.0495 + 1.1968i) x 105  (—0.0498 + 3.0809i) x 103
(—0.0490 — 0.5696i) x 10°  (—0.0495 — 1.1968i) x 10°  (—0.0498 — 3.0809i) x 10°

Two eigenvalues provide sub-matrix A1 in index-0 as below:

AM2(A11) = —a £ j\/b? — a2 (32)
Four eigenvalues provide sub-matrix Aj; in index-1 as below:
M2(A22) = —a % j(ws + VB2 — a2) (33)
A34(A22) = —a =+ j(—ws + V% —a?) (34)
where a = %, b= % and ws = 27t fs.

Table 2 shows the eigenvalues for the decoupled sub-matrices A;; and Ay which are almost like
the eigenvalues of the full matrix A. Hence, it can be said that the dynamic phasor averaging technique
has the decoupling property of the characteristic matrix A. In addition, this technique has shown that
the imaginary part of eigenvalues becomes larger with the increases in the switching frequency for
index-1. The time-domain simulation along with the frequency-domain results are discussed in the
following section.

Table 2. Eigenvalues of the SSSP grid-connected PV system at different switching frequencies through
Equations (32)—(34).

Index & Switching Frequency fs =10kHz fs =20kHz fs = 50kHz
(—0.0500 + 0.0612i) x 10°  (—0.0500 + 0.0612i) x 10°  (—0.0500 + 0.0612i) x 10°
k=0 (—0.0500 — 0.0612i) x 10°  (—0.0500 — 0.0612i) x 10°  (—0.0500 — 0.0612i) x 10°
(—0.0500 + 0.6895i) x 105 (—0.0500 + 1.3179i) x 10>  (—0.0500 4 3.2028) x 10°
-1 (—0.0500 — 0.6895i) x 10°  (—0.0500 — 1.3179{) x 10>  (—0.0500 — 3.2028) x 10°
(—0.0500 + 0.5670i) x 105 (—0.0500 + 1.1954i) x 105 (—0.0500 + 3.0803i) x 10°
(—0.0500 — 0.5670i) x 10°  (—0.0500 — 1.1954i) x 10°  (—0.0500 — 3.0803i) x 10°

6. Stability Analysis through Simulation Results

The performance of the dynamic phasor model of the SSSP grid-connected PV system with
the open-loop is analyzed in MATLAB. This section will provide an idea about the necessity of the
dynamic phasor averaging model for the proposed system. The change in the model depending on the
switching frequency in a full-bridge inverter for the SSSP grid-connected PV system is analyzed here.

The time-domain results of the existing state—space and proposed dynamic phasor averaging
approach for the SSSP grid-connected PV system are compared in Figure 2 through the step response
of the inverter. The open-loop step responses for power electronic converters change with variations in
the switching frequency. However, the state-space averaging technique does not allow the switching
frequency of converters as a part of mathematical representation. For this reason, the output response of
the device is fixed. The dynamic phasor averaging mathematical representation of the power electronic
converter has sensitivity to the switching frequency, which can be clearly seen from Figure 2b.
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Figure 2.  Open-loop step response for the SSSP grid-connected PV system at different
switching frequencies.

Figure 3 shows the Bode plots of the open-loop system under different switching frequencies
which are also compared with the state—space averaging model, where i), and i are input and output
variables of the system, respectively. The conventional technique is not capable of demonstrating the
sensitivity to switching frequencies as shown in Figure 3b.
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Figure 3. Bode plot for the open-loop SSSP grid-connected PV system at different switching frequency.

The power electronics converters are high-frequency switching devices, where their frequencies
are selected randomly for the conventional SSA model, which may affect the stability of the system.
Figure 4 shows the locus of roots of the SSSP grid-connected PV system using the root-locus stability
analysis tool. Each locus entry on the positive side of the horizontal axis increases with higher
switching frequencies, which is an issue that needs to be addressed in the design of a proper controller
for the system’s reliable operation, whereas the designed SSA approach does not depend on the
switching frequency.
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Figure 4. Root-locus of open-loop SSSP grid-connected PV system at different switching frequency.
7. Conclusions

The dynamic phasor averaging approach proposed in this paper has some advantages over
conventional SSA methods for modeling a SSSP grid-connected PV system. This mathematical
representation technique extends the second-order to sixth-order model of the proposed system.
The dynamic phasor averaging technique is independent of the switching frequency, which can give a
better approximation of the SSSP grid-connected PV system. In this paper, transient stability analysis is
done and the effects of different switching frequencies on the dynamical model are analyzed. A proper
mathematical model is essential to enhance the transient stability of SSSP grid-connected PV systems,
where the designed dynamic phasor averaging will provide a convenient dynamical model to design a
controller for reliable operation. In future work, the proposed dynamic phasor averaging model will
be used to design a controller to enhance the transient stability of the grid-connected PV system.
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