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Abstract—For utility-scale photovoltaic (PV) systems, the con-
trol objectives, such as maximum power point tracking, synchro-
nization with grid, current control, and harmonic reduction in
output current, are realized in single stage for high efficiency and
simple power converter topology. This paper considers a high-
power three-phase single-stage PV system, which is connected to
a distribution network, with a modified control strategy, which
includes compensation for grid voltage dip and reactive power
injection capability. To regulate the dc-link voltage, a modified
voltage controller using feedback linearization scheme with feed-
forward PV current signal is presented. The real and reactive
powers are controlled by using dq components of the grid current.
A small-signal stability/eigenvalue analysis of a grid-connected PV
system with the complete linearized model is performed to assess
the robustness of the controller and the decoupling character
of the grid-connected PV system. The dynamic performance is
evaluated on a real-time digital simulator.

Index Terms—DC-link voltage control, feedback linearization
(FBL), photovoltaic (PV) systems, reactive power control, small-
signal stability analysis, voltage dip.

I. INTRODUCTION

IN the past few years, penetration of power generated from
the photovoltaic (PV) systems into the electricity grid has

been considerably increasing due to the advancement in techno-
logy leading to the cost reduction of the power electronic device
and many incentive programs introduced by the governments
[1]. In the grid-connected PV systems, the most important
aims are to reduce cost and improve efficiency and reliability
of both the PV panels and converters [2], [3]. To achieve
these, single-stage three-phase dc-to-ac power converter system
seems to be the best choice for utility-scale high-power PV
system [4]. The continuous increase in the interconnection of
these megawatt-sized PV systems in the distribution network
requires study of PV system impacts on the distribution network
and performance of controllers under steady-state and dynamic
conditions.
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The dynamic behavior of PV system is characterized by
its system architecture, control techniques, distribution net-
work parameters, and weather conditions. Much literature have
discussed about these aspects previously. References [5]–[7]
suggested different power electronic converter topologies for
distributed generation. A survey of maximum power point
tracking (MPPT), the most common aspect in PV system, is
thoroughly discussed in [8] and [9]. However, most of the
previous work have investigated about two-stage PV system.
Only few references have considered the control aspects with
both the active and reactive powers and stability for single-
stage utility-scale (high-power) PVs. References [10]–[13] in-
vestigate control strategies for single-stage PV system without
stability consideration. Reference [10] highlights the current
and voltage control issues but does not discuss about grid
connection and reactive power control. In [11], PV system as
reactive power ancillary service is proposed. Yazdani et al.
[12] presented the modeling guidelines for simulation study of
grid-connected PV system utilizing power signal for forward
compensation in voltage controller, but dynamic model and sta-
bility aspects are not attempted. In [13], a feedback linearization
(FBL) technique is used in combined form for both current and
voltage controllers, which increase the design complexity and
oscillations in the dc voltage during MPPT control.

Reference [14] has performed eigenvalue analysis to eval-
uate dynamic behavior of PV system in a two-stage topol-
ogy. In [15], two models for PV system are proposed, and
based on these models, system voltage and angle stability of
grid-connected PV system have been analyzed without MPPT
dynamics. Du et al. [16] have investigated the effect of large-
scale PV penetration on small-signal stability for two-stage
three-phase inverter topology. Reference [17] has discussed
analysis and control of PV system integrated with IEEE 14-bus
system, utilizing two-stage power conversion topology. In [18],
control strategy similar to [12] is used, and sensitivity analysis
is performed with distribution network modeled as an RLC
circuit in PSCAD environment. The control strategy for voltage
controller used in this paper is different and is based on FBL
technique with voltage signal as the input reference and the
feedback signal of controller, whereas in [18], the square of
voltage signal is used for that purpose, which increases the com-
plexity of the controller design. Furthermore, to the best of the
authors’ knowledge, the controller performance and dynamic
stability analysis of a utility-scale (single-stage) PV system in-
tegrated with a standard-size distribution network has not been
attempted.

This paper investigates the performance of a utility-scale
PV system connected to a distribution system with a modified
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Fig. 1. One of the four 375-kW subsystems.

Fig. 2. PV array current and power output characteristics.

control strategy. The major contributions of the this work are as
follows.

• For active power control with incremental conductance
MPPT method, a simple and linearized dc-link voltage
controller with FBL technique and d-axis current control
are used, whereas for reactive power control, a q-axis
current controller is used.

• For voltage controller design, FBL scheme is used to avoid
the impacts of distribution network parameters variation
and the nonlinearity caused by the PV characteristics.

• Unlike the control scheme used in [13], FBL technique is
used in this work only for voltage controller to make the
controller simple with improved results.

• The overall control scheme has been modified and im-
proved with a proposed additional block for compensation
for grid voltage disturbance/dip (CGVD) to avoid the
destabilization of controllers.

A linearized model is used to examine the dynamic behavior
of the PV system with controllers using eigenvalue analysis.
Parallel operation of four PV units sequentially connected to a
grid is also conducted, and short-circuit fault is applied to test
the stability of the system. The performance of the PV system
with the proposed controllers is tested on an IEEE 33-bus
distribution system.

This paper is organized into various sections as follows.
A brief description of the overall system architecture under
analysis is provided in Section II; Section III presents the main

features of various control schemes; Section IV describes the
mathematical dynamic modeling of the PV system connected
to an IEEE 33-bus distribution network; Section V discusses
the eigenvalue analysis of the steady-state and dynamic perfor-
mance of the system based on a linearized model; simulation
results are discussed in Section VI, and finally, conclusions are
drawn in Section VII.

II. PV SYSTEM ARCHITECTURE

Fig. 1 shows a single-stage three-phase PV system connected
to an IEEE 33-bus distribution grid. The complete PV system
(375 kW) consists of many structural units such as PV array; a
three-phase two-level six-pulse pulsewidth modulated voltage
source inverter (VSI) with a switching frequency of 6 kHz; a
low-pass filter; and the transformer connected with the utility
grid at a point of common coupling (PCC). The 375-kW PV
array is realized by using series–parallel combination of 150-W
modules (25 in series and 100 in parallel). The characteristics
of a typical PV array are shown in Fig. 2. It is shown that, at
zero voltage, power output is zero and the current is maximum
termed as short-circuit current for a particular insolation. The
power increases with the voltage up to a certain maximum
power point (MPP). Then, power and current both decrease
until zero at open-circuit voltage.

The PV array is connected to the dc side of the VSI with
a dc-link capacitor. The control of this VSI is based on sinu-
soidal pulsewidth modulation. The ac side of the inverters is



LAL AND SINGH: CONTROL AND PERFORMANCE ANALYSIS OF A UTILITY-SCALE GRID-CONNECTED PV SYSTEM 1603

Fig. 3. Overall 1.5-MW system architecture.

connected to the harmonic filters. The series branch of the filter
consists of an inductor, and the shunt branch is having delta
connected capacitors in series with resistance. By combining
several numbers of such PV systems in parallel, larger capacity
PV systems can be formed, as shown in Fig. 3, where a three-
phase single-stage 1.5-MW PV system is realized by using four
375-kW systems.

III. CONTROL SCHEMES

The control schemes for grid synchronization, MPPT, dc-
link voltage control, and real and reactive power controls are
presented in the following subsections.

A. Grid Synchronization

For PV system synchronization with grid, the amplitude and
phase angle of the utility grid voltage are identified. A syn-
chronous reference frame approach based conventional phase-
locked loop (PLL) [19] with a proposed modified block is
used. This modified block is a compensator for grid voltage
disturbance (CGVD). The d- and q-axes components vd and
vq of the grid voltage vabc are passed through a compensator
block and used in the PLL scheme. By setting the q-axis voltage
component equal to zero, the PLL angle θ is made equal to
the phase angle of the grid phase voltage va, as shown in
Fig. 4. The PLL gives much improved results by using filtered
voltage in terms of fluctuations in the d- and q-axes voltages,
which, consequently, improves the performance of the other
controllers.

B. Compensator for Grid Voltage Dip

Voltage dip phenomena in a power system are caused by
three main reasons: nonlinear load connection, sudden con-
nection of large loads, and short-circuit faults. Due to sudden
voltage dips, problems in control of PV system can arise,
such as possibility of unstable operation of controller, dc-side
voltage oscillations, and distortion in ac currents. According to

Fig. 4. PLL control scheme.

European Standard EN 50160, the voltage dips can be classified
as follows [20]:

• shallow (below 60%) and long (above few seconds);
• deep (more than 60%) and long;
• shallow (below 60%) and short (up to few seconds);
• deep (more than 60%) and short.

There are different types of voltage dips, e.g., three-phase
voltage dip, single-phase voltage dip, two-phase voltages dip,
and change in phase shift. These voltage dips generate the
zero- and negative-sequence components at grid side. As the
dq components of the grid-side voltage and current are one of
the key components of control strategy, a compensator for grid
voltage dip is designed by including filters in the PLL control
scheme, which is shown in Fig. 5. In the case of voltage dip, the
negative-sequence component of voltage in the dq component
appears as 100-Hz notches, which have to be separated and
eliminated from control and synchronization blocks. Moreover,
the dq transformed grid voltage on the ac side of the inverter
contains high frequency harmonics. Therefore, proper filtering
is used to filter out the 100-Hz notches and other harmonics.
The d- and q-axes grid voltages are passed through a band reject
filter of 100 Hz to filter out the notches along with a low-pass
filter of 75 and 150 Hz for d- and q-axes voltages, respectively.
These low-pass filter values are the rough estimates and decided
by heuristic approach as there are higher harmonics visible in
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Fig. 5. Compensator for grid voltage dip (CGVD).

Fig. 6. d-Axis voltage filtering process in case of voltage dip.

the dq components, and these low-pass filters are very much
appropriate to give the satisfactory filtering response of almost
all harmonics. By doing this, the dynamic performance of the
controllers is improved. The filtering process of the d-axis
voltage component is shown in Fig. 6.

The filtering process may be achieved by using the sequence
analysis. However, to implement that analysis in simulation,
voltages have to be converted into the positive and negative
sequences and then filtering is done, and then, again, it is
to be converted into dq-axis for the other controller purpose.
Therefore, extra process is added. In this work, the filter is being
applied directly to the dq components of voltage after abc−dq
transformation, which simplifies the process and reduces the
computational burden without compromising the accuracy.

C. MPPT Algorithm

It is evident from the PV characteristics (see Fig. 2) that the
PV array has a single operating terminal voltage, only for which
the array delivers maximum power at a particular insolation and
temperature. The aim of MPPT is to track the MPP irrespective
of variations in atmospheric conditions. The most popular
MPPT algorithms presented in the literature are the perturb and
observe (P&O) and incremental conductance (INC) methods
[9]. The P&O method is simple in implementation but has
limitations with rapidly changing atmospheric conditions and

may not work correctly in some cases. Therefore, in this paper,
the INC method is considered to track the MPP.

D. DC-Link Voltage Control

The dc-link voltage controller presented in this paper is based
on FBL technique [21]. The controller is used to regulate the dc-
link capacitor voltage according to the reference voltage vdcref ,
which is decided by the MPPT scheme. The dc-link voltage
regulation is achieved through the control of direct axis current,
which, consequently, controls the real power injection into the
grid. Fig. 7 shows the dc-link voltage control scheme, which
is designed on the basis of the FBL technique. Neglecting the
inverter power loss, according to the power balance of both
sides of the inverter in steady state, PPV should be equal to
the power output of the VSI ac-side terminals, which is equal
to the output grid power P , ignoring the filter power loss. The
controller works on the voltage dynamics of dc-link capacitor
based on power balance principle, as given by

d

dt

(
1

2
Cv2dc

)
= PPV − P. (1)

This can be simplified as

C
dvdc
dt

= iPV − 3

2

vd
vdc

id (2)

where vd and id are the d-axis grid voltage and current, re-
spectively; and P = (3/2)vdid [22]. Equation (2) is a nonlinear
differential equation, as it is clear from the PV characteristic
that iPV is a nonlinear function of vPV(= vdc) and it is lin-
earized using FBL.

According to the FBL technique [23], if f(x) and b(x) are
nonlinear functions of a system with states x, as

ẋ = f(x) + b(x) ∗ ui (3)

using the control input ui as

ui =
1

b
[uv − f ] (4)

the nonlinearities can be cancelled out as

ẋ = uv. (5)

Considering id (= (2/3)(vdc/vd)[iPV − uv]) as a control
input, (2) can be written in the form of a linear differential
equation as

C
d

dt
(vdc) = uv. (6)

From (6), a plant transfer function is derived as

Gp(s) =
vdc(s)

uv(s)
=

1

sC
. (7)

For the preceding plant transfer function, a PI controllerGvdc
c

is designed with proper phase margin and settling time, which is
ten times of that of the current controller. Due to this difference
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Fig. 7. Block diagram of the dc-link voltage control.

Fig. 8. Complete real and reactive power control scheme (d- and q-axes current control).

in settling time, decoupling feature is introduced in the voltage
and current controllers.

For the aforementioned FBL technique, there is a singular
point b(x) = 0 or close to zero, which makes the system unsta-
ble. This happens when vd is close to zero, which is possible
only in the case of three phase lines to ground (LLLG) fault
with very small resistance, which is rare in power system.

E. Real and Reactive Power Control/AC Current Control

The real and reactive powers are controlled by using current-
mode control approach of VSI by controlling the d- and
q-axes components of grid currents, respectively [12], by using
PI controllers (see Fig. 8). With MPPT, the d-axis current
control is linked with the dc-link voltage regulation. The dc-
link voltage controller output idref is used as reference for real
power controller. iqref is calculated by using the formula Q =
−(3/2)vdiq [22]. The reactive power delivered by the shunt
branch of the filter, i.e., Qcf , is compensated by subtracting it
from Qref . The current controllers generate sinusoidal modulat-
ing signals and control the output voltage, i.e., vi, of the VSI,
which, in turn, control the grid current, and accordingly, powers
are controlled.

IV. SYSTEM MODELING FOR SMALL-SIGNAL ANALYSIS

In order to understand the dynamic behavior of a grid-
connected PV system with modified controller, a small-signal
analysis is carried out using the linearized model of the PV sys-
tem and the electric grid. To obtain the linearized models, the
dynamic equations of the PV system along with its controllers
and distribution network are to be derived. The following

Fig. 9. Filter branch and transformer.

subsections explain the modeling of the different segments of
the PV system connected to the distribution system.

A. PV Circuit

The PV circuit includes a dc-link capacitor, a series filter
(inverter ac current dynamics), the shunt branch of the filter, and
transformer impedance. The dynamics in the dc-link capacitor
defined by (2) in Section III-D give the state variable vdc. Fig. 9
shows the filters and the transformer. The mathematical model
of the dynamics of inverter ac current in the series filter is
defined by the following equations in dq frame:

Lf
did
dt

= −Rf id + ωLf iq + vid − vd (8)

Lf
diq
dt

= −Rf iq − ωLf id + viq − vq. (9)

The dynamics of the shunt branch of the filter and the
transformer impedance are given by

Cf
dv

dt
= i−Nig + CfRcf

(
di

dt
− dig

dt

)
(10)

LT
dig
dt

= −RT ig +Nv − vg (11)
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Fig. 10. DC-link voltage controller block diagram.

where N , LT , and RT are the turn ratio, the inductance, and the
resistance of the transformer, respectively. ig and vg are the grid
injected current and PCC voltage, respectively. State variables
id and iq are defined by (8) and (9), vd and vq by (10), and igd
and igq by (11).

B. DC-Link Voltage Controller

The dc-link voltage controller is designed using the FBL
technique as discussed in Section III-D. The detailed control
block diagram is shown in Fig. 10. From the dc-link voltage
controller, idref is given to the current controller. The time-
domain equation describing the voltage controller dynamics can
be given as

duv

dt
= Ki(vdcref − vdc) +Kp

(
dvdref
dt

− dvdc
dt

)
(12)

where uv is the state variable, vdcref is the reference signal for
the voltage controller from the MPPT controller, andKp andKi

are the proportional and integral gains of the PI controller used
in the voltage controller.

C. Current Controller

To generate the modulating signals for VSI, the proposed dq-
axis current control strategy is discussed in Section III-D (see
Fig. 8). From the current controller, the output voltage signals
(vid and viq) for the inverter are obtained. In modeling of the
current controller, the inverter is considered as a unity gain
block, and the time delay caused by the inverter to produce the
output voltage signals is neglected. The equations describing
the dynamics of the d- and q-axes current controllers in time
domain are derived as

dvid
dt

=KP

(
didref
dt

− did
dt

)
+KI(idref − id) +

dvd
dt

− ωL
diq
dt

− Liq
dω

dt
(13)

dviq
dt

= −KP
diq
dt

−KIiq +
dvq
dt

+ ωL
did
dt

+ Lid
dω

dt
(14)

where vid and viq are the state variables. KP and KI are
the proportional and integral gains of the PI controllers (Gid

c

and G
iq
c ).

Fig. 11. IEEE 33-bus distribution network connected with a PV plant.

Fig. 12. PV system integration with equivalent distribution network.

D. PLL Controller

For mathematical modeling, the equation describing the PLL
(see Fig. 4) is given as

dθ

dt
= ω. (15)

In the modified PLL control structure used in this paper, the
q-axis component of the transformer’s primary side voltage vq
is passed to a low-pass filter having time constant τ , and the
output v′q can be written as

dv′q
dt

=
1

τ

[
vq − v′q

]
. (16)

Therefore, the dynamic equation describing PLL control
logic can be given by

dω

dt
= −kp

dv′q
dt

− kiv
′
q (17)

where kp and ki are the proportional and integral gains of the PI
controller, respectively; and ω, θ, and v′q are the state variables
of the PLL.

E. Distribution System

The PV system with a local load (Rl is series with Ll) is
connected at bus 2 of the IEEE 33-bus distribution system,
as shown in Fig. 11. Kron’s reduction technique is used [24]
to obtain the equivalent reduced network of the distribution
network for linearized analysis.

Fig. 12 shows the single-line representation of the PV system
interfaced with reduced distribution network, where buses 1 and
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Fig. 13. vdc response at different insolation levels from the (a) RSCAD model and the (b) linearized system model.

2 are retained and the rest of the buses are eliminated. Rn and
Ln represent the equivalent network, and Rl and Ll represent
the local load at the retained bus 2. Rs and Ls represent the
network between the distribution substation (which is repre-
sented by an ideal voltage source) and the retained bus. Pg is the
power injected into the distribution network. in, il, and is are
the network current, the load current, and the substation current,
respectively. At PCC, where the transformer is connected to the
distribution network, the local load and network impedances,
which are in parallel, are combined to form an equivalent
impedance (Lnl in series with Rnl), and equivalent current inl
(sum of in and il) flows in this branch. The dynamics of the
distribution network are described in dq frame as

Lnl
dinld
dt

= −Rnlinld + ωLnlinlq + vgd (18)

Lnl
dinlq
dt

= −Rnlinlq − ωLnlinld + vgq (19)

Ls
disd
dt

= −Rsisd + ωLsisq + vsd − vgd (20)

Ls
disq
dt

= −Rsisq − ωLsisd + vsq − vgq (21)

where inld, inlq, isd, and isq are the state variables of the
distribution network; and vgd and vgq are the d- and q-axes of
the PCC voltage vg , respectively.

V. EIGENVALUE ANALYSIS

The linearized equations of the overall system defined by (2)
and (8)–(21) can be written in state-space form as [25]

˜̇xsys = Asysx̃sys + Bsysũsys (22)

where x̃sys is a state vector that consists of 17 state variables
(13 for PV system and 4 for distribution system). Asys and Bsys

are the plant and control matrices, respectively, and the input
vector is

ũsys = [ṽdcref S̃ ĩqref ] (23)

where ṽdcref , S̃, and ĩqref are perturbations in reference dc
voltage, insolation, and reference reactive power, respectively.

Thus, the overall system consists of 17 eigenvalues, each one
corresponds to a system mode. To evaluate the accuracy of the
linearized model, a perturbation is applied to the system around
steady-state condition, and results obtained from MATLAB are
compared with those of the actual model (PV system with
full distribution system) implemented in RSCAD. The model
accuracy is evaluated at three steady-state operating points
(insolation S = 1000, 800, and 600 W/m2), with vdcref and
iqref at 850 V and 0 A, respectively.

At t = 0.15 s, a 30-V step change in vdcref is applied.
Fig. 13(a) and (b) illustrates the dc-voltage, i.e., vdc, response
of the simulated RSCAD model and the linearized model in
MATLAB at different insolation levels. In Fig. 13, it is shown
that the linearized model gives almost the same response as the
RSCAD model. Thus, the validity of the linearized model is
established.

An eigenvalue analysis is performed on the linearized model
of the system represented by (22). Table I shows the eigenvalues
λ1 to λ17 of the overall system at steady-state operating point
of vdc equal to 850 V, which is a solution of |Asys − λI| = 0.
λ1 to λ13 belong to the PV system, and λ14 to λ17 belong to
the distribution network. Since all the eigenvalues are in the left
half of the s-plane, the system is stable. Table I also shows the
state variables of the whole system and the participation factor
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TABLE I
PARTICIPATION MATRIX AND EIGENVALUES OF THE OVERALL SYSTEM

TABLE II
λ5,6 AT DIFFERENT OPERATING CONDITIONS

of each state variable in particular mode corresponding to the
eigenvalues.

From the table, it can be concluded that the modes corre-
sponding to the PV system (λ1 to λ13) have insignificant partic-
ipation in the network states and vice versa. Therefore, even if
there is a change in the distribution network parameters during
load variations, voltage sag or swell, symmetrical fault, etc., the
PV system remains stable because the eigenmodes correspond-
ing to the PV system are independent of the distribution net-
work modes. The robust stability of the PV system is achieved
due to the effective control design used in it. The critical eigen-
values in the PV system are λ5,6, which belong to the dc-link
voltage controller because the state variables corresponding to
the dc-link voltage controller have dominant participation in
λ5,6. The eigenvalues λ10 to λ13 have the imaginary term,
which corresponds to the resonating frequency formed by an
LC filter with transformer inductance. Since these eigenvalues
have a large negative real value, these oscillations are damped
out very fast and do not affect the PV system dynamics.

VI. TEST RESULTS

The parameters of the complete system is given in the
Appendix. The system is simulated on a real-time digital sim-
ulator (RSCAD), and MATLAB is used for the eigenvalue
analysis.

A. Performance of the DC-Link Voltage Controller

Table II shows the eigenvalues of the dc-link voltage con-
troller (λ5,6) for different operating conditions with FBL block
and without FBL block. With the change in operating condition,
λ5,6 with FBL do not change significantly compared with
λ5,6 without FBL. This is because the FBL linearizes the

Fig. 14. vdc response at different operating conditions on the PV curve.

system nonlinearities introduced by the PV system at different
operating points. Therefore, the response of the controller is
almost same at different operating conditions, as shown in
Fig. 14(c) and (d). λ5,6, without FBL, have zero frequency
terms for higher vdc in their eigenmodes, which indicate that
vdc is having an overdamped response, as shown in Fig. 14(a),
and an oscillatory response, as shown in Fig. 14(b). Thus, the
proposed FBL control strategy maintains the consistency and
cancels the effect of nonlinearities present in the PV curve
under all operating conditions.

B. MPPT and Current Controller Performance

The objective of the MPPT is to track the MPP irrespective of
the operating condition and is achieved by adjusting PV array
output voltage to Vmpp. Fig. 15 shows the responses (PV array
voltage (vdc), real power, and reactive power) of the PV system
(375 kW) connected to an IEEE 33-bus distribution network.
Initially, the dc-link capacitor is charged up to the open-
circuit voltage of PV array, i.e., 1085 V with insolation S =
1000 W/m2, T = 25◦C, and reactive power referenceQref = 0.
The PV array real power PPV and the grid injected reactive
power (Qg) are zero. At t = 1 s, MPPT is applied to the system.
vdc reaches to Vmpp (850 V) point of PV array and oscillates
around it. The PV array real power PPV increases with the de-
crease of the PV array voltage and becomes maximum (375 kW)
at Vmpp. The grid injected real power Pg also increases and
becomes 350 kW at Vmpp, and Qg is still zero. The loss in
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Fig. 15. (a) PV array voltage for MPPT. (b) PV array (PPV) and grid injected
real power (Pg). (c) Grid injected reactive power (Qg).

Fig. 16. Grid injected currents and THD.

the inverter, resistive part of the filter, and transformer is about
25 kW (6.6%). At t = 5 s, reference reactive power Qref for
the q-axis current controller is changed from 0 to 250 kVAR,
and the reactive power injected to grid is changed from 0
to 250 kVAR, as shown in Fig. 15(c). There is very small
(almost insignificant) disturbance in vdc and Pg , thus showing
the decoupling between the d- and q-axes current controllers.

At t=6 s, a step change in insolationS from 1000 to 500 W/m2

is applied, which changes the Vmpp of the PV curve to 830 V.
The MPPT controller tracks the new Vmpp point, and vdc
oscillates around the new Vmpp according to the INC MPPT
algorithm. The PV array output power PPV decreases instantly
from 375 to 182 kW (new MPP) due to sharp change in PV cur-
rent iPV (see Fig. 2), and Pg reduces to 161 kW, with losses
equal to 21 kW. At this point, Qg is disturbed very slightly,
which again shows the decoupling effect between the control-
lers. Fig. 16(a) and (b) shows grid injected currents igabc and

Fig. 17. PV system response to voltage dip in grid.

total harmonic distortion (THD) of grid injected current iga, for
steady-state conditions at S = 1000 W/m2 and vdc = 850 V
from t = 2.5 s to t = 2.6 s. The THD is below 5%, which is
satisfactory according to the IEEE 1547 standards [26].

C. Voltage Dip Response

The performance of the controllers for voltage dip is shown
in Fig. 17. This figure shows the response of the case when
there is a drop of 70% for a duration of 0.1 s (i.e., from 0.4 to
0.5 s) in voltage magnitude in two phases. Fig. 17(a) shows the
three-phase grid voltages. Fig. 17(b) and (c) shows the d- and
q-axes voltages, respectively, with and without compensation
filters. The response of Ed and Eq is completely smoothened
by the low-pass and band reject filters. This helps in the overall
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Fig. 18. PV system response to a three-phase fault at bus 3.

performance of all interlinked controllers and prohibits the
unstable operation. Fig. 17(f) shows that the distortion in grid
current is also reduced compared with Fig. 17(e). In Fig. 17(d),
it is clear that oscillations are present in dc voltages with and
without compensation, but the average Vdc is still 850 V in
compensated filtered system, whereas average Vdc is reduced to
837 V (approximately), thus reducing the real power injection
to the distribution grid.

D. Three-Phase Fault

At t = 1.2 s, a three-phase fault is created at bus 3, as shown
in Fig. 11, and the PV system stability is validated for this case.
For grid currents and real power, the PV system response to
a three-phase fault is shown in Fig. 18. As soon as the fault
occurred, grid injected current increases because of a decrease
in the PCC voltage at bus 2 to maintain the PV input and grid
output power balance. There is a decrease in power Pg because
of an increase in losses in inverter and filter resistance due to an
increase in grid injected current.

E. LG Fault

In order to evaluate the robustness of the PV system against
fault condition, a line-to-ground (LG) fault is applied to phase
a on the high-voltage side of the transformer (Tr) for a duration
of 50 ms from t = 0.5 to 0.55 s.

During the fault, the voltage of phase a is zero, and injected
currents iabc are also unbalanced and distorted, as shown in
Fig. 19(a) and (b). Since the voltages at PCC are unbalanced
and distorted, the voltage controller is affected, which intro-
duces the fluctuations in id and, consequently, fluctuation in
vdc, as shown in Fig. 19(c) and (d). Despite the severity of
the fault, the PV system remains stable and attains to normal
operation after the fault is cleared.

F. Full PV System (1.5 MW) Response

Fig. 20(a) and (b) shows the vdc and Pg response of the
system, respectively, as four numbers of 375-kW PV units are
connected one by one to the system in parallel. Initially, all four
units are at open-circuit condition with no controller signals.
From t = 0 s to t = 0.5 s, vdc for all the units are equal to the
open-circuit voltage (1085 V), and the grid injected power Pg

is zero. Controller signals for the four parallel units are given

Fig. 19. PV system response to an LG fault.

Fig. 20. Pg response of the whole 1.5-MW PV system.

at t = 0.5, 3.5, 6.5, and 9.5 s, respectively; and according to
the timing sequence of controller signals, MPPT is performed
to settle vdc at Vmpp for each PV unit. Consequently, the grid
injected power output Pg is changed to 350, 700, and 1050 kW
and 1.4 MW with a step change of 350 kW (= 375−
25 kW loss).

VII. CONCLUSION

The proposed modified dc-link voltage controller with FBL
technique, using INC MPPT, and real and reactive power
controls with enhanced filter for compensation for grid voltage
dips has been tested at different insolation levels on a real-time
digital simulator (RTDS). Small-signal analysis of a PV system
connected to an IEEE 33-bus distributed system is performed.
The results from simulation and eigenvalue analysis demon-
strate the effectiveness of the FBL controller compared with
the controller without FBL. It is found that the FBL controller
outperforms the controller without FBL, as the FBL controller’s
performance is linear at different operating conditions. With
grid voltage dip compensator filter, the dynamic performance
is much improved in terms of less oscillations and distortion
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TABLE III
SYSTEM PARAMETERS

in waveforms. In addition, the eigenvalue analysis shows that
the effect of the disturbance in distribution system is negligible
on PV system stability as the eigenmodes of the PV system
are almost independent of the distribution system. This has
been also confirmed by three-phase fault analysis of distribution
system in RTDS model. The controller performance is also
validated on 4×375 kW PV units connected to the distribution
system.

APPENDIX

System parameters for simulation are given in Table III.
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