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Abstract: A voltage source inverter (VSI) is widely used as an interface for distributed
generation (DG) systems. However, high-power applications with increasing voltage levels
require an extra power converter to reduce costs and complications. Thus, a current source
inverter (CSI) is used. This study presents a precise phasor modeling and control details for
a VSl-based system for DG and compares it with a CSl-based system. First, the dynamic
characteristics of the system based on amplitude-phase transformation are investigated via
small signal analysis in the synchronous reference frame. Moreover, the performance of the
grid-connected system is determined by adopting the closed-loop control method based on
the obtained dynamic model. The control strategies employ an outer active-power loop
cascaded with an inner reactive-power loop, which the inner loop is a single-input single-
output system without coupling terms. The sensitivity analysis of the linearized model
indicates the dynamic features of the system. The simulation results for the different
conditions confirm proposed model and design of the controller.

Keywords: Current Source Inverter (CSI), Distributed Generation (DG), Photovoltaic
(PV), Eigenvalue Analysis, VVoltage-Source Inverter (VSI).

1 Introduction the power converters for PV applications is presented in

the literature [3, 4]. Current studies related to PV

N recent years, photovoltaic (PV) systems have

become popular because of the increasing
environmental effects of fossil-fuel use and the energy
security issue. PV generators can be used to recharge
batteries, connect directly to a power grid, or drive
electric motors without batteries [1]. Renewable-energy
sources can produce DC current, whereas the output
current must be AC to connect to a grid. Therefore,
inverters are required to control power conversion
between a generator and a network [2]. The topologies
of electronic power converters are one of the main
components of PV systems. A comprehensive review of
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systems are generally based on voltage source inverters
(VSIs). VSIs use a capacitor to connect the PV
generator to a grid with a constant voltage and have
lower energy losses than current source inverters (CSIs),
which use an inductor. In high-power applications, a
CSI may be preferable to connect PV systems to a
power grid because a CSI reduces the requirements
related to step-up transformers and receives the
smoother current from PV modules than a VSI. A
particular type of PV module can produce a voltage of
up to several hundred volts [5].

Recently, researchers have focused on the dynamic
model, stability, and control approaches of single-phase
and three-phase, single-stage PV systems [6-18]. The
effect of grid impendence variations on the closed-loop
stability of a single-phase PV system with an
appropriate controller design was investigated in [6].
The pulse-width modulation (PWM) control strategy for
a grid-connected PV system with its control loops and
functions was presented in [7]. The behavior of a PV
system, along with the maximum power point tracking
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approach (MPPT), was studied in [8]. A control method
was proposed in [9] to separate PV system dynamics
from the distribution network and load. Active and
reactive power control of a grid-connected PV system
that used a digital control based on the changes in the
VSI voltage phase in comparison with network voltage
has been investigated in [10]. Dynamic properties of a
grid-connected PV system was analyzed in [11]
considering voltage-fed and current-fed VVSI. Modeling
guidelines and a benchmark for three-phase, single-
stage PV Systems were presented in [12]; further
parameter selection and control tuning issues were
investigated. In [13], the performance of a CSI
connected to a single-phase network with a boost
converter was examined. An analysis of a transformer-
less, grid-connected, and three-phase PV system based
on CSI was presented in [14]. The model and control for
a CSl-based PV system, along with the transient and
steady state performance of the system, were presented
in [15]; the performances of a VVSl-based system and a
CSl-based system were also studied. In[16] an
overview about micro-grid structure and control
schemes of power converters in AC micro-grids were
carried out. A two-stage control structure, concluding
disturbance estimator-based current-mode controller for
grid-tied PV systems is proposed in [17]. A digital
predictive current controller for a single-phase grid-side
power electronics converter employed in PV systems is
presented in [18] that minimize the sensitivity to any
parameter variation via a disturbance estimator.

The literature survey indicates that researchers rarely
perform a comprehensive comparison between CSI-
based and VSl-based PV systems. A division of the
control strategies with respect to the reference frame
they are implemented in is synchronous reference frame
control, stationary reference frame, and natural frame.
In the synchronous reference frame control, the currents
and voltages are transformed into a reference frame that
rotates synchronously with the grid voltage using the
abc — dqg module, and the control variables become DC
values. The cross-coupling terms are the major
drawback of the control structure implemented in dq
frame.

In other literatures employing synchronous reference
frame, only abc — dg module is used in order to
modeling and control of the system. Dealing directly
with phasors is more straightforward than dealing with
dg components. In this study, the phasor dynamic
modeling and control approach for a three-phase grid-
connected PV system is presented for VSI and CSI in
the synchronous reference frame using the abc —
amplitude-phase module. Both inverters operate with an
identical rating and transfer maximum power from a PV
generator to a power system at desired reactive power.
These two systems are compared under various
conditions by considering the eigenvalue sensitivity
analysis of the CSI- and VSI-based systems with regard
to the network parameter deviation. The control
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structure of the system contains an outer loop cascaded
with an inner loop. The external loop is responsible for
active power while the fast internal loop is responsible
for reactive power only. The inner loop is a single-input
single-output system without cross-coupling terms, and
amplitude or phase of the voltage and the current can be
adjusted via only one control variable. The time-domain
simulations indicate the appropriate control and robust
performance of the systems under different conditions.
The rest of this paper is organized as follows.
Section 2 introduces the structure of the studied
systems. The dynamic modeling and design of an
appropriate controller for a VSI-based PV system are
presented in Section 3. Section 4 discusses the modeling
and control for a CSl-based PV system. Section5
compares the performances of a CSl-based PV system
and a VSI-based system. Section 6 concludes the study.

2 Structure of the Grid-Connected PV System

Fig. 1 presents a schematic diagram of a three-phase
grid-connected PV system based onthe VSI. The PV
system contains Np parallel strings composed of Ns
series modules and connected to a VSI via a capacitor
Ca. The VSI switches are controlled using the
sinusoidal PWM strategy. The inverter is connected to a
power system through resistance Rac and inductance Lac.
Rac includes the total of resistances of the switches on-
state, filter, and grid, whereas L. combines inductances
of the filter and the grid. Fig. 2 presents the structure of
a CSl-based PV system. The PV generator is connected
toa CSI via inductance Lg. Rac and L are grid
resistance and inductance, respectively. The output filter
Cs absorbs the switching harmonics to produce a high-
quality sinusoidal current with an acceptable THD at the
grid interface.

3 Dynamic Modeling and Control of the VSI-based
PV System

In this section, an average dynamic model for a grid-
connected VSl-based PV system is obtained. The
system control approach is then determined based on
this model.

3.1VSI-based System Modeling

The output power of a solar cell varies with the
amount of available irradiation and the temperature. The
relationship between the current and the voltage of a PV
array is
|pV:f(vpv,S,T) (1)
where i,y and vy, are the PV array current and voltage,
respectively; S denotes irradiation, and T indicates the
ambient  temperature.  More details for I-V
characteristics of the PV array are referred to [19]. An
appropriate and reliable approach to determine the
performance characteristics of a PV array was proposed
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Fig. 2 Schematic diagram of a grid-connected PV system based on CSI.

in [20]. A numerical method for modeling PV array
based on their performance characteristics was
developed in [21]. This method aims to fit the
mathematical -V equation into the experimental
remarkable points of a practical array. Figs. 3 indicate
the voltage—power characteristics of a PV array under
various radiation levels and temperatures.

The linearized equivalent circuit of a PV generator
can be modeled as a parallel current source with a
resistance, as shown in Fig. 4 [22]. In the circuit shown
in Fig. 4, ipy and vpy represent the terminal current and
voltage of the PV generator, respectively. leg and Req are
given by

. R,
=Nl TR,
s p

O]

N
Reg :NS (R, +R})

p

where | is the output current, R, denotes the parallel
resistance, and R indicates the series resistance of the
PV module. The differential equation of the PV output
DC current can be written as

. dv,, .
Ipv :CdcT+ldc (3)

where igc is the input current of the VSI. The AC-side
equations are formulated as follows:

Vinv - (4)
=1 cos(at +¢) (5)
e, =E,, cos(at) (6)

where vy, is the output voltage of VSI, ig denotes the
grid current, ¢ is the initial phase of ig, eq indicates the
grid voltage, w signifies the angular frequency, M
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Fig. 3 V-P characteristics of a PV array: a) T = 25 °C and b) S = 1 kW/m?2.
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Fig. 4 The equivalent circuit of a PV generator.

represents the amplitude index of the PWM, and 6
denotes the PWM phase index. The three-phase current
and voltage are considered balanced with positive phase
sequences. The magnitude, phase, and frequency of the
VSI output voltage can be obtained via modulation
signals.

m, =M cos(at +0)
m, =M cos(at +6-120 °) @)
m, =M cos(at +6+120 °).

To match the phase of the modulation signals with the
phase of the reference signal as well as to track the
reference frequency, a phase-locked loop (PLL)
technique is adopted [23]. Fig. 5 describes the method
for producing modulation signals using the
obtained amplitude and phase indices of modulation as
well as the synchronous signal (w?) determined by PLL.

By disregarding inverter losses, the output power will
be equal to the input power. Thus,

i =%Mlmcos(0—¢). ©))

pv
The output voltage of VSI can be expressed as

. di,
v, :Raclg+LacE+eg. 9)

inv

Using (1)—(9), the VSl-based PV systemcan be

&g

|
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Fig. 5 The method for producing modulation signals.

described by the following nonlinear differential
equations:

dv 3MI 1
— T meos(@-@)+—f 1
ot i, @-9) c. Vo) (10)
dl Mv,, E R

mo_ _ cos(6 — @) ——"cos(p) ——=1 11
v oL, @-9) L (p) L (11)
do MVp\, . E .
— = sin(@ — ) ——"—sin(p) — w.

it o, ©-9) L1 (p) - (12)

The complete dynamic model for the VSl-based
system is characterized by two inputs, two outputs, and
three state variables, as shown in Fig. 6.

In the frequency domain, the relationships between
the inputs and the outputs of the linearized system are as
follows:

V,, 8) =Gy M (s)+G,” 6(s)

(13)
P(s) =Gy M (8)+G;0(s)

where G, is the transfer function from M to vp,

G;"V denotes the transfer function from 6 to vy, Gu?

indicates the transfer function from M to ¢, and G’
represents the transfer function from 6 to ¢. Also, s
represents complex frequency and both damping
phenomenon and sustained oscillation phenomenon are
considered.
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Fig. 7 The control structure of the grid-connected system:

3.2 VSl-based Control System

In the synchronous reference frame, the control
variables become DC values and controlling can be
easier achieved. The control strategy consists mainly of
two cascaded loops; fast internal active-power loop, and
external reactive-power loop.

The control system adjusts the inverter switching so
that the VSI injects the maximum power into the grid in
the desired power factor (often a unity power
factor) [12]. The modulation-phase index @ is
determined by controlling the PV generator output
voltage to track the voltage that corresponds to the
maximum power point. The power output of a solar cell
is dependent on solar irradiation, ambient temperature,
and external loads. The power point tracking seeks the
voltage and current conditions that maximize the PV
output power. Various MPPT approaches have been
presented in different studies [24-26].

The phase of the VSI output current ¢ is also
controlled by the modulation amplitude index M. Thus,
the inverter works in the unity power factor. ¢ must
follow @, and the two systems interactively affect each
other. Thus, the controllers must be designed in such a
way that the dynamics of the two systems are
independent of each other. Moreover, the controller
must provide an appropriate phase margin for the
robustness of the system. The feedforward control of the
system canalso improve control performance. The
control structure of the system is illustrated in Fig. 7.
Vo, is the reference value of PV array voltage and
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determined through MPPT. Furthermore, ¢" is the
reference value of the grid current phase angle and
determined by 6. Generally, ¢*=6-tan’}(P"/Q%),
where P* and Q" are the reference values for the active
and reactive power of the inverter, respectively. The
feedforward terms are calculated via steady-state
equations of the system, so that §° = 0.5sin (4LaccwP"/
3En?) and M" = 4L P"/ (3EmVpy'sing").

The AC-side controller shapes the phase angle of the
inverter output current via the modulation-amplitude
index. Furthermore, the modulation-amplitude index
determines the amplitude of the inverter output voltage.
Accordingly, regulating bandwidth and damping of AC-
side control structure improves the quality of the
inverter output voltage, while the low-pass filter Lac
reduces THD of the current injected into the grid.

To design appropriate controllers, G, and Gu? are
approximated using first-order transfer functions, as
indicated in Fig. 8. Several methods are available for
reducing the order of a system transfer function. The
basic idea of approximating the first-order system is
based on a “half rule”. In the first step, the time constant
of the first-order system is approximated as the sum of
time constants of poles (with the positive sign) and
zeros (with the negative sign) of the original system.
The time constant of the first-order system is modified
so that it’s settling time approaches to settling time of
the original system.

The first-order transfer
controllers are as follows:

functions and the PI

346



Dynamic Modeling and Control of Grid-Connected Photovoltaic

600 1
500 A’ U “
Transfer Function
400 = = = First Order Approximation
3
2
= 300
£
<
200 -
100
0
0 0.02 0.04 0.06 0.08
Time (seconds)
(@)

M. A. Azghandi, S. M. Barakati and B. Wu

3 -
2.5
2 L
Transfer Function
§ 15} = = = First Order Approximation
£
£ 1r
<<
0.5
0
-0.5 : : . : !
0 0.02 0.04 0.06 0.08 0.1
Time (seconds)
(b)

Fig. 8 First-order transfer function approximation: a) Time response of G;W and its first-order approximation for unit step input and
b) Time response of Gw? and its first-order approximation for unit step input.

v Vo (8)
G," ()=
(S) 6(5 ) M (s)=0 (14)
G, (5) =k, +k,lsl
G (s) = 26)
M (S) M (S) 0(s)=0 (15)

G, (5)=k, +k, ~.
2 2 ZS

From (14) and (15), the closed-loop transfer functions
of the two aforementioned systems can be determined as
follows:

ke 1

ki, p,d+—=5)1+-—5)

L= ' Ky, P (16)
P20 sP (kK +Py)s +k, K

k p (1+kP2s)(1+is)
LR (17)

574 (K, Ky, +P)S K, Ky,

oM

By considering a typical second-order control system
as wn?/(s*+20wn+wy?), the relations below can be
adopted to obtain the appropriate design parameters:

o =k, K,
n 1 h 18
241(0n1 = kF’lk,1 + P, (9

o * =k, K,
ny 2 12 19
242(‘)n2 :szk,z +P; (49)

where w, denotes the natural frequency, and { indicates
the damping ratio of the system. In the frequency
domain, the relationships between the bandwidth «, and
the phase margin ¢n of the system with the parameters
of the second-order system are as follows [27]:

¢ ~0.01g,
o ~ @, (20)
" -1.961¢ +1.8508

4 Modeling and Control of the CSl-based PV
System

Fig. 2 illustrates how the CSI receives the maximum
power from a PV generator and delivers it to the grid in
an acceptable power factor. The PV output current is
controlled by the PWM phase index 8 to achieve the
current that corresponds to the maximum power ip,".
Furthermore, the voltage and current of the CSI must be
in phase to control the reactive power. The phase angle
of the CSI output voltage y is controlled by the
PWM amplitude index M. Generally,
y*=0-tan’}(P"/ Q*), where P* and Q" are the
reference values for the active and reactive power of the
inverter, respectively. The AC-side controller shapes the
phase angle of the inverter output voltage via the
modulation amplitude index. Furthermore, modulation
amplitude index determines the amplitude of the
inverter output current. Accordingly, regulating
bandwidth and damping of the AC-side control structure
improves the quality of the inverter output current,
while the low-pass filter C; reduces THD of the voltage
at the PCC. The -equationsrelatedto the grid-
connected CSI based PV system can be expressed as
follows:

di

Vo =Ly d_:V+V w (21)

iy =Mi, cos(at +0) (22)

Ve, =V, cos(at +7) (23)

. dve

i,, =C; ?Hg (24)
. di

Ve, =Rij+L—>+e (25)

b °
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where vgc denotes the input voltage of the CSI, iy
indicates the output current of the inverter, and v
represents the capacitor filter voltage. The magnitude,
phase, and frequency of the CSI output current are
obtained via modulation signals. Therefore, the CSI-
based PV system can be described by the following
nonlinear differential equations:

2t :—32”L\:Cm cos(e—y)+ﬁg(v ) (26)
Vo 'Vé' cos(e—y)—é—jcos(co—y) (27)
‘(’j_thg:\'/p sin(0— y)—C:\r;m cos@-y)-o  (28)
dolnm :VTmCOS((/,_ ) _En:cos((p) —%a: | (29)
?j—tgp:—l_\a/c—"l‘msin(go—y)+ Limm sin(p) - . (30)

The complete dynamic model for the CSl-based
system is characterized by two inputs, two outputs, and
five state variables, as shown in Fig. 9. It is worth
mentioning that the CSI control structure is as same as
the VSI.

5 Comparative Performance Evaluation of the CSI-
based System with the VSI-based System

This section presents a comparison of the
performances of a CSl-based PV system and a VSI-
based PV system.

5.1 PV System Based on the VSI

To validate the appropriate modeling and evaluate the
proposed control system, the system is simulated in
MATLAB environment. A PV panel type SPR-305-
WHT is used in the simulations. The PV array of a VSI-
based system contains 66 parallel strings and 5 series
modules. The grid-connected PV system parameters are
summarized in Table 1.

The selected phase margins must be as large as
possible to increase system robustness against
disturbance. The phase margins of the AC-side and DC-
side control loops are 60 degrees and 70 degrees,
respectively. To design the controller for the partial
decoupling of the two-input and two-output control
structure (Fig. 7), the bandwidth of the selected AC-side
(reactive power control) is several times higher than that
of the DC-side (active power control). The bandwidth of
the reactive power control loop must be sufficiently
high to obtain a fast response. However, increasing the
bandwidth raises the total harmonic distortion of the
current injected into the grid.

We choose ki1 = 0.055 and ki, = 46.5 in the simulation
of the VSl-based system based on the
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Table 1 System Parameters.
fs [Hz] Cuc [F] Lac [H] Li[H] Ct[F] Rac[Q] Lac[H] Eq [V]
51x50 103 10 5x107° 5x107° 5x103 10* 120

preceding explanations. At the beginning of the
simulation, irradiation S is 0.75 kW/m?, T is 25 °C, and
the voltage of the maximum power point is 260 V. At
t= 0.3s, S increases to 1 KW/m?. As shown in Fig. 3,
the voltage that corresponds to the maximum power
point becomes 273 V. Att = 0.6 s, T becomes 50 °C,
and the voltage that corresponds to the maximum power
point is 252 V.

Fig. 10 shows the performance of the VSI-based
system under these conditions. Fig. 10(a) indicates that
the DC-side control loop can reasonably track the
reference voltage. Fig. 10(b) illustrates the phase-a
voltage and current of the VSI. The figure shows that
the inverter AC-side currentand the voltage are in
phase. Thus, the VSI works in the unity power factor.
Fig. 10(c) indicates that the PV generator delivers the
maximum power to the power grid through the VSI, and
that an exchange of reactive power between the grid and
the generator does not occur under steady-state
conditions. The output voltage of the inverter changes
according to the PV generator voltage and modulation
amplitude index, while the output current of the inverter
changes according to the PV generator power and
voltage.

5.2 PV System Based on CSI

The behavior of a PV system based on CSI is
simulated in this section. For this simulation, the
controller constants are kj; =3.30 and ki, =3000. S is
0.75 kW/m?, T is 25 °C, and the current of the maximum
power point is 270 A at the beginning. At t =0.3 s, the
current of the maximum power point is 395 A and it
eventually reaches 360 A att=0.6s.

Fig. 11 shows the performance of the CSl-based
system under these conditions. Fig. 11(a) illustrates that
the DC-side control loop can precisely follow the
current reference and exhibit better tracking capability
compared with that in the VSI control (Fig. 10(a)).
Changing the current through an inductor might cause
some problems with the voltage transient. However, in
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Fig. 10 The VSI-based system performances in response to a
step change in the insolation level and ambient temperature:
a) The DC-side voltage of the VSI, b) AC-side voltage and

current of the VS| and c) Active and reactive power of the VSI.

practice irradiation and ambient temperature change
slowly, so the output current of the PV generator varies
non-severe. Similar to VSI, the CSI works with the
unity power factor, as indicated in Fig. 11(b).
Furthermore, Fig. 11(c) also illustrates thatthe PV
system delivers the maximum power to the power grid
through the CSI and that an exchange of reactive power
between the grid and the generator does not occur under
normal conditions. The output current of the inverter
changes according to the PV generator current and
modulation amplitude index, while the output voltage of
the inverter changes according to the PV generator
power and current.

As an applying linearization technique to the state
space equations of the system cause to some inaccuracy,
to determine the robustness of the proposed control, the
patterns of variation of the real parts of the system
eigenvalues as functions of different parameters are
shown in Fig. 12. For the sake of investigations on the
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Fig. 11 The CSlI-based system performances in response to a
step change in the insolation level and ambient temperature:
a) The DC-side current of the CSI, b) AC-side current and
voltage of the CSI and c) Active and reactive power of the CSI.

stability assessment, only real part of the network
eigenvalues is considered as shown in Fig. 12. The
variations of the imaginary part of the network
eigenvalues are considerable, but not as much as the real
part of the network eigenvalues.

Fig. 12(a) illustrates the variations in the real part of
the dominant eigenvalues as functions of grid resistance
R. The effect of grid resistance variations on system
eigenvalues is insignificant. Fig. 12(b) illustrates the
variations in the real part of the dominant eigenvalues as
functions of grid reactance X. The figure indicates that
reactance variations in the grid significantly affect the
control of the AC-side of the CSI. The performance of
the PV generator is a function of ambient
conditions. The ambient temperature and irradiation
affect the current, voltage, and resistance of the PV. The
effects of ambient temperature on the system
eigenvalues are illustrated in Fig. 12(c). At the
maximum power point, the effect of ambient is
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Fig. 12 Patterns of variation for the system eigenvalues as functions of the network parameters: a) Variation pattern in the real part of
the network eigenvalues as a function of grid resistance, b) Variation pattern in the real part of the network eigenvalues as a function
of grid reactance, c) Variation pattern in the real part of the network eigenvalues as a function of ambient temperature and
d) Variation pattern in the real part of the network eigenvalues as a function of irradiation.

noticeable on the voltage. In this case, as temperature
increases, the eigenvalue of the AC-side of the VSI
control temperature variations onthe current is
moderate but loops approach the imaginary axis of the
s-plane, whereas a temperature increase does not
significantly affect the eigenvalues of the structure of
the CSI closed-loop control. Fig. 12(d) illustrates
variations in the network eigenvalues as a function of
irradiation. Irradiation variations substantially affect the
current that corresponds to the maximum power point.
The eigenvalues of the DC-side and AC-side of the CSI
control structure are highly sensitive to surface
variations in solar radiation. Fig. 12(d) illustrates that
the eigenvalue of the AC-side control loop, including
the CSI, becomes increasingly stable as the irradiation
level rises. Meanwhile, the eigenvalue of the DC-side
control loop, including the CSI, exhibits the opposite
behavior.

The simulation results indicate that specified designs
based on the system model can suitably control active
and reactive power. So that the proposed simple control
structure (without coupling terms) based on phasor
variables injects the maximum extractable power of PV
system into the grid with unity power factor. The
control performance and robustness of both VSI-based
and CSl-based systems in the amplitude-phase reference

frame are satisfactory and analogous to the current
methods in the d-q reference frame. The closed-loop
system with CSI exhibits higher precision and faster
response than the closed-loop system with VSI.
Furthermore, the VSl-based system is significantly
more robust than the CSl-based system against
variations under different conditions and disturbances.
In addition, the eigenvalues of the AC-side control
loops are more sensitive tochanges in network
conditions and faster than the eigenvalues of the DC-
side control loops.

6 Conclusion

This study presents a control strategy for a single-
stage three-phase grid-connected PV system based on
CSl, as well as a VSI-based system. The synchronous
reference frame control is implemented, uses abc to
amplitude-phase transformation module. Amplitude or
phase of the voltage and the current can be adjusted via
only one control variable. The control structure contains
two cascaded loops;the outer loop transfers the
maximum power based on the output current/voltage
control of the PV generator, and the inner loop regulates
the CSI/VSI power factor. Maximum power point
tracking determines the reference of the CSI/VSI input
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current/voltage. Power factor is also controlled so that
the inverter voltage and current will be in phase in the
AC-side. The simulation results under variations in
irradiation levels and ambient temperatures demonstrate
appropriate tracking of reference and satisfactory
disturbance rejection. The VSI-based system is more
robust, whereas the CSl-based system exhibits better
control performance.
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