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Abstract: To enhance the grid integration of single-stage, three-phase photovoltaic (PV) systems, this paper proposes
arobust dg-frame control scheme for independent and precise regulation of active and reactive power. The proposed
control algorithm generates reference currents directly from the desired active power (P) and reactive power (Q)
power commands, which are then tracked by a dedicated current control loop to ensure fast dynamic response and
improved stability under grid disturbances. When local loads are connected at the point of common coupling (PCC),
the control strategy enables effective sharing of active and reactive power between the PV inverter and the utility grid
according to predefined references, thereby maintaining voltage stability and reliable power delivery. In addition to
basic power injection, the framework supports flexible power factor control for grid support and reactive power
compensation. The paper presents the formulation of reference current generation, controller design, and grid
synchronization methodology. MATLAB/Simulink simulation results validate the effectiveness of the proposed
approach in terms of fast response, accurate power tracking, and enhanced operational reliability.

@words: Current Mode Control, DC-link voltage control, Grid Integration, Renewable Energy Sources (RES) /

1. Introduction

Over the past decade, grid-tied PV generation has seen widespread adoption, largely sustained by government
subsidies and continuous advancements in power semiconductor technology. Within this domain, primary
engineering objectives center on reducing the levelized cost of energy (LCOE) while reinforcing the
performance, stability, and conversion efficiency of PV arrays and their associated power converters [1-3].
Growing concerns about climate change and the continuous depletion of fossil fuel resources have accelerated
the transition toward renewable energy sources (RES) for sustainable power generation. Among these, PV
systems have emerged as a key technology due to their ability to generate clean electricity with minimal
environmental impact. Depending on system design and operational requirements, PV installations can operate
either in grid-connected mode or as standalone (islanded) systems, offering flexibility for a wide range of
applications [4, 5]. A single-stage, three-phase inverter system seems to be the optimal choice for utility-scale
high-power PV installations [6]. A comprehensive analysis of the dynamic behavior of photovoltaic distributed
generation (PV-DG) systems has become increasingly important, particularly under transient voltage
disturbances and varying operating conditions. As the penetration of medium-scale PV installations within
distribution networks continues to increase, it is necessary to evaluate their influence on overall network
performance and to verify the effectiveness of their control strategies during both steady-state and transient
operating conditions. Such an assessment should also consider the interaction of PV-DG systems with existing
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distribution network equipment, including capacitor banks, voltage regulators, and other voltage control
devices, to ensure reliable and stable system operation [7, 8].

The dynamic performance of PV systems is influenced by several factors, including system configuration,
control strategies, distribution network characteristics, and environmental conditions. These aspects have
been extensively investigated in the existing literature due to their significant impact on system stability and
operational performance. Furthermore, numerous studies have proposed a variety of power electronic
converter topologies for integrating distributed generation (DG) into electrical distribution networks, each
designed to enhance power quality, efficiency, and grid compatibility [9, 10].

Maximum Power Point Tracking (MPPT), a fundamental feature of PV systems for maximizing energy
extraction, has been widely investigated in the literature, as reported in [11, 12]. However, the majority of these
studies primarily focus on two-stage PV converter configurations. In contrast, comparatively fewer
investigations have addressed the stability analysis and independent P and Q control of utility-scale single-
stage photovoltaic systems, highlighting the need for further research in this area. Reference [13] presents a
high-power, three-phase, single-stage grid-connected (SSGC) PV system that employs a simplified power
converter architecture, resulting in improved conversion efficiency compared with conventional two-stage
configurations. In addition, transformerless single-stage converter topologies have attracted considerable
attention because of their high efficiency, reduced component count, lower cost, and enhanced reliability.
However, these advantages are accompanied by new control challenges, particularly in maintaining stable
operation, ensuring effective synchronization, and regulating power exchange with the utility grid, as discussed
in [14].

Previous research [15] proposed modeling guidelines for the simulation of grid-connected PV systems
employing power-signal-based feed forward control within the voltage regulation loop. However, the study
primarily focused on system modeling and did not provide a detailed analysis of stability or transient dynamic
performance. Reference [16] presents a comprehensive review of the standards, guidelines, and regulatory
requirements governing the integration of grid-connected PV systems, covering both national and international
interconnection practices. In [17], a simple control strategy for a SSGC PV system was developed to maintain
acceptable power quality at the PCC. Furthermore, the increasing deployment of MW-scale PV plants in
distribution networks has created a need for detailed investigations into their impact on network operation
and controller performance under both steady-state and transient conditions. Such analyses should also
account for the interaction of PV systems with distribution network components, including capacitor banks,
line-voltage regulators, and other voltage control equipment, as highlighted in [18].

This research proposes the design and implementation of a dq-frame control strategy for a three-phase single-
stage grid-connected PV system. The proposed controller is intended to achieve accurate and decoupled
regulation of P and Q, thereby improving the dynamic performance of the PV system while enhancing grid
support and operational stability. By employing synchronous reference frame (dq-frame) control, the
controller generates appropriate current references corresponding to the desired active and reactive power
commands and ensures precise current tracking through an inner current control loop. Consequently, the
proposed approach enables effective power management and stable grid-connected operation under varying
operating conditions [19].

2. System Architecture and Modeling

Figure 1 illustrates the configuration of the single-stage grid-connected PV system considered in this study. The
PV array is directly interfaced with the voltage source inverter (VSI) through a DC-link capacitor, which
maintains a stable DC bus voltage. The VSI is controlled using a sinusoidal pulse-width modulation (SPWM)
technique to produce the required AC output voltage. On the AC side, the inverter is connected to the utility
grid through a harmonic filter designed to suppress switching harmonics and improve power quality. The filter
consists of a series inductor and a shunt branch comprising delta-connected capacitors with damping resistors
connected in series. Furthermore, the proposed system architecture can be readily expanded to higher power
ratings by operating multiple PV inverter units in parallel, enabling scalable integration into medium- and
large-scale PV installations.
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Figure 1. Block Diagram of Grid-Tied Solar PV System

In a grid-connected variable-frequency voltage source converter (VSC) system, applying the of3 reference frame
reduces the three-phase variables to two orthogonal components, thereby simplifying the control process
compared with the conventional abc reference frame. This transformation enables independent regulation of
the active and reactive power exchanged between the VSC and the utility grid. However, the resulting control
signals remain sinusoidal and vary with time. As demonstrated in [20], the dg-reference frame preserves the
advantages of the off transformation while converting the steady-state control variables into constant (DC)
quantities. This characteristic simplifies controller design, facilitates compensator implementation, and
improves overall control performance, particularly in systems operating under variable-frequency conditions.
The PV system illustrated in Figure 1 has been developed to achieve stable and reliable operation while meeting
the required performance objectives during normal operation as well as under varying load conditions.

2.1. Grid Synchronization

In the vector diagram shown in Figure 2, an AC voltage vector v rotates in a stationary aff-frame at an angular
frequency w, with an instantaneous angled(t) = 8, + wyt. The SRF-PLL defines a rotating dq-frame at an
estimated phase anglep(t) = p, + J ®(t) dT. Decomposing the voltage vector onto this rotating frame yields a
direct-axis component v4 and a quadrature-axis component vq. When the estimated frame angle p aligns
perfectly with the actual grid angle 6, the vector lies entirely along the d-axis, driving the quadrature error
voltage v, to zero.

Figure 3 demonstrates how this principle is implemented as a closed-loop control system. The input space
vector v undergoes a dg-transformation using the current phase estimate p to compute vq andvy. The
quadrature voltage v, serving as the phase error signal, is passed through a loop filter H(s)-typically a PI
controller with saturation limits to compute a frequency deviation. This deviation is added to the nominal grid
frequency w, to yield the total estimated angular frequency w. Finally, a Voltage-Controlled Oscillator (VCO),
represented by an integrator, integrates w to continuously update the tracked angle p, which is fed back into
the dg-transformation block to maintain synchronized phase alignment.
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2.2. Decoupled Active and Reactive Power Control

Block diagram of dq-frame decoupled P and Q control for a grid-connected converter is depicted in Figure 4.
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Figure 4. Block Representation of the P and Q Control Strategy Using dq-frame Control
The architecture consists of an outer power control loop and a fast inner current control loop to independently

regulate P and Q. In the top channel, the active power error e, = P" — P is processed by controller k,(s) and
passed through a limiter to establish the d-axis current reference it4. Similarly, in the bottom channel, the
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reactive power error e; = Q" — Q is passed through controller k4 (s) and a limiter to produce the g-axis current
reference igg.

These reference currents are then compared against the measured converter currents (i, itq) in the inner
control loop, where fast-acting current compensators k;(s) output intermediate voltage commands ugq and ug.
To ensure independent control of the two axes, a decoupling network cross-feeds the inductive reactance terms
(woLs) to cancel out the cross-coupling dynamics caused by the converter's output filter. Additionally, grid
voltage components vq and vqpass through feed forward filters F(s) and are added to the control signals to
reject grid disturbances and improve dynamic response. Finally, the resulting terminal reference voltages vi4
and viq are normalized by the measured DC-link voltage v to output the dq modulation indices m¢g and myg,
which drive the PWM switching signals for the converter.

The power P and Q are specified as

3
P() = > [Vsa(Dia (D] (1)

3
Q(® = =5 [VaaDig (O] 2)
As synchronization technique aligns the d-axis voltage vector with the grid voltage vector, resulting in vy = 0,
it follows that P and Q are proportional to and may be regulated by

idref(t) = ﬁ Psref(t) (3)

2
iqref(t) = _Wd Qsref(D) (4)

This decoupling allows P and Q to be controlled independently using two separate channels, as given in Eq. 3
and Eq. 4 in the outer control loops of the converter architecture.

2.3. Control Architecture for DC-link Voltage Regulation

The closed-loop control architecture for regulating the DC-link voltage V. in a grid-connected PV inverter
system incorporating power feed-forward compensation is depicted in the Figure 5.
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Figure 5. DC-link voltage regulation loop

The control scheme operates by taking the error signal e,, derived from the difference between the reference
voltage vy and the measured DC-link voltage v, and processing it through a linear voltage compensator k., (s)
to generate the control effort u,,. To mitigate the impact of sudden environmental variations-such as changes
in solar irradiance and ambient temperature-a feed-forward compensator directly incorporates the measured
PV power into the loop. This feed-forward path bypasses the outer voltage loop's phase delay, significantly
improving transient dynamics during rapid atmospheric transitions. The combined signal passes through a
saturation limiter to establish the P, which is tracked by the inner real power controller G,(s) to regulate the
grid-injected P. The physical dynamics of the DC link are represented by the power balance node, where the
net power mismatch AP = P, — p charges or discharges the DC-link capacitor.

2.4. Reactive Power and AC Voltage Regulation

The control structure for grid reactive power and AC voltage regulation incorporating filter capacitor feed-
forward compensation is illustrated in the Figure 6. The control topology features a dual-mode configuration
(Mode A and Mode B) to enable seamless operational flexibility between grid-injected reactive power tracking
and PCC AC voltage regulation.
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Figure 6. Dual-Mode Control Strategy for Reactive Power and AC Voltage Regulation

In Mode A (Direct Reactive Power Control Mode), the system tracks an external grid reference Qg. In Mode B
(AC Voltage Regulation Mode), the measured d-axis grid voltage v4 is subtracted from the scaled reference
voltage, and the resulting error signal is processed through an AC voltage compensator k,.(s), to dynamically
generate the required reactive power demand.
Qf = 1.5C¢wy v3 (5)

To account for the reactive power consumed or generated by the AC filter capacitor Cy, a feed-forward path
calculates the filter reactive power as given in Eq. 5. The total reactive power delivered to the grid Qg is formed
by the summation of converter power Q and capacitor reactive power Qg, which directly influences the grid AC
voltage model v,.

3. Results and Discussion
To verify the control strategy, a three-phase SSGC PV system in Figure 1 is simulated in MATLAB/Simulink. The
system parameters are listed in Table 1.

Table 1. Simulation Parameters

Symbol Description gpeaﬁcatlon
PV Parameters
Prax PV maximum power 1.5 MW
Vapp \p/g‘l:,ae%e at Maximum 26.3V
Ipp ggxg:t at Maximum 761 A
Isc Short-Circuit Current 8.21A
Voc Open-Circuit Voltage 329V
Number of series- 54
connected Panels
Number of parallel 144
connected Panels
Inverter Parameters
Vbe DC side voltage 1450V
C DC Link Capacitor 9625 pf
Line Resistance 3.26 mQ
L Line Inductance 300 pH
Ce Filter capacitor 500 uF
fs Switching frequency 3.6 kHz
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v, Grid Voltage | 415V

The system performance is evaluated under different load conditions, with particular emphasis on voltage
regulation, power quality, active and reactive power flow, and overall system stability. The test cases
considered in this study are given in Table 2.

Table 2. Different test cases for simulation

Number Load Type Parameters
Case-1 Linear Balanced RL type load P =1 MW, Q= 10kVAr
Case-2 Linear Balanced RL type load P =2MW

Pa=1 MW, Pb=0.9 MW, Pc=0.5 MW,
Qa=10 KVAr, Qb= 15 kVAr, Qc=20 kVAr

3-Ph Bridge Rectifier with RL load
(R=0.25Q and L=10mH)

3.1. Case-1: Performance Evaluation under Linear Balanced RL Type Load

Figure 7 evaluates the dynamic response and steady-state performance of the grid-tied inverter system
supplying a linear balanced RL load. A step-change in the load is introduced at t = 0.5 s to examine the
controller's transient behavior, power-sharing accuracy, and its ability to maintain power quality at the PCC.

Case-3 Linear Unbalanced RL type load

Case-4 Non Linear Load
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Figure 7. Dynamic response of system under Case 1, Considering Solar Irradiance = 1000 w/m?and
Temperature = 25°C.

x©

The voltage waveforms remain strictly sinusoidal, balanced, and constant in amplitude (~ 339 peak) across the
entire timeline. Crucially, at the transient switching instant (t = 0.5 s), there is no noticeable voltage sag, swell,
or phase distortion. This demonstrates that the grid interface is highly robust and the control system
successfully isolates the grid voltage profile from sudden localized load variations.

The load is completely disconnected (P, ,,q=0 W) at t < 0.5 s. The inverter generates a constant active power of
P,cc=1.5 MW. Because there is no local load, the entirety of this power is exported to the utility grid, indicated
by Pyrig=-1.5 MW. At t = 0.5 s, the linear balanced RL load is switched on, drawing a step active power of P ;,q=
1 MW. The inverter output remains undisturbed at 1.5 MW. Consequently, the local load consumes a portion of
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the inverter's generated power, reducing the surplus power exported to the grid. The grid power shifts
smoothly from -1.5 MW to -0.6 MW, satisfying the power conservation law.
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Figure 8. Response of frequency and voltage variation under case-1

Figure 8 evaluates the robustness and dynamic stability of the system's PLL and core voltage controller during
the load step-change introduced at t = 0.5 s. The tracking response of the system frequency (f) and the
synchronous reference frame direct-axis voltage (V4) are analyzed to verify grid synchronization integrity. Att
< 0.5 s the system operates steadily at its nominal grid frequency of 50 Hz. Upon the introduction of the
balanced RL load at t = 0.5 s, a momentary frequency dip occurs due to the sudden active power surge. The
frequency drops to a minimum nadir of approximately 49.9 Hz. The frequency control loop, together with the
internal PLL, demonstrates a well-damped transient response, restoring the system frequency to its nominal
value within approximately 0.1 s. During the disturbance, the peak frequency variation is limited to about
+0.085 Hz, corresponding to only 0.17% of the nominal frequency. This indicates effective frequency regulation
and demonstrates compliance with the frequency performance requirements specified by IEEE 1547.
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Figure 9. PCC current THD under case 1

The direct-axis voltage component remains well regulated at approximately 340 V under steady-state
conditions. When the load step is applied, the voltage experiences a brief transient reduction, reaching nearly
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215 V. This short-duration disturbance reflects the rapid action of the current decoupling and voltage control
loops in responding to the sudden change in load demand. The voltage subsequently returns to its nominal
operating range in less than 0.01 s, with only minor high-frequency oscillations. The fast recovery and limited
ripple indicate effective tracking performance and stable operation of the inner control loop.

An FFT-based assessment is performed on the current waveform at the PCC, as presented in Figure 9, to
evaluate the power quality performance of the proposed system. The analysis yields a current THD of 1.62%,
which is significantly lower than the 5% limit specified by IEEE 519 for the considered grid-interconnection
conditions [21]. This low THD value demonstrates the effectiveness of the inverter control strategy in reducing
harmonic components and maintaining a nearly sinusoidal current waveform at the PCC.

3.2. Case-2: Performance Evaluation under Linear Balanced RL Type Load exceeding PV capacity

The system's dynamic performance and power-sharing strategy when a heavy load step-change is applied at t
= 0.5 s that exceeds the maximum active power generation capability of the PV inverter. This case study verifies
the grid's ability to seamlessly transition from an energy-absorbing state to a deficiency-support state while
keeping the PCC voltage and inverter current tightly regulated.

Att=0.5 s, load step-change occurs, demanding P,,q= 2 MW, exceeds the inverter's maximum output 1.5 MW.
To cover the power deficit, the utility grid instantaneously reverses its power flow direction. Pgq Transitions
from - 1.5 MW to 0.1 MW, feeding power into the local network as shown in Figure 10.
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Figure 10. Dynamic response of system under Case 2, Considering Solar Irradiance = 1000 w/m?and
Temperature = 25°C.

Under the severe active-power overload condition, the system experiences a pronounced reduction in
frequency, with the minimum value reaching approximately 49.85 Hz, as illustrated in Figure 11. Compared
with Case 1, the larger frequency excursion is attributed to the greater impact of the sudden power imbalance
atthe PCC. Despite this disturbance, the frequency returns to its nominal operating range within approximately
0.12 s. The maximum frequency deviation is limited to about 0.15 Hz, corresponding to 0.3%, indicating that
the proposed control strategy provides satisfactory frequency regulation and remains within the applicable
utility grid-code limits.

At the t = 0.5 s the heavy load is connected, a sharp downward transient spike is observed, dropping
momentarily to a minimum of approximately 110 V.
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Figure 11. Response of frequency and voltage variation under case-2

3.3 Case-3: Performance Evaluation under Linear Unbalanced RL Type Load
The dynamic and steady-state performance of the grid-tied inverter system under an unbalanced load

condition is shown in Figure 12. Att = 0.5 s, an unbalanced three-phase load is connected to the system.
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Figure 12. Dynamic response of system under Case 3, Considering Solar Irradiance = 1000 w/m?and
Temperature = 25°C.

Att=0.5s, the unbalanced load is introduced, drawing an average active power of approximately 0.8 MW. Due
to the interaction between positive- and negative-sequence currents and voltages, the load power P,,4 exhibits
a significant double grid-frequency oscillation. Because the inverter controller is designed to deliver a strict,
ripple-free constant active power P, = 1.5 MW, it does not participate in feeding the oscillating power
components. Consequently, the utility grid acts as a buffer 100 Hz active power ripple is entirely absorbed by
the grid.
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Atthe instantt= 0.5 s the unbalanced load is introduced, a sudden disruption in the instantaneous active power
flow causes a localized transient frequency deceleration. The frequency drops to a minimum nadir of
approximately 49.93 Hz. V; exhibits a sharp downward notch, momentary dipping to roughly 280 V as depicted
in Figure 13.
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Figure 13. Response of frequency and voltage variation under case-3

The calculated current THD registers at 1.84% as shown in Figure 14. This is exceptionally low and comfortably

satisfies the standard 5% maximum limit imposed by the IEEE 519 standard.
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Figure 14. PCC current THD under case 3

3.4 Case-4: Performance Evaluation under nonlinear 3-Ph bridge rectifier with RL Type Load

The system's dynamic and steady-state performance when a 3-Ph non-linear load (such as a diode bridge
rectifier feeding a resistive-inductive load) is connected to the network at t = 0.5 s as depicted in Figure 15.
Due to the smoothing characteristics of the load, the active power profile P,,4 exhibits a gradual exponential
ramp, eventually settling at a steady-state consumption of approximately 1.1 MW. The inverter output power

Pycc stays fixed and perfectly linear at 1.5 MW. Consequently, the grid active power smoothly drops to an
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average of -0.4 MW continuing to absorb the remaining surplus generation. Because the inverter does not
participate in harmonic active power delivery, the high-frequency active power ripples generated by the
rectifier stage are seamlessly managed and buffered entirely by the grid.

At t = 0.5 s the non-linear load is introduced, the sudden change in localized current composition causes a
transient frequency dip to a nadir of approximately 49.97 Hz as shown in Figure 16. The internal PLL loop filter
successfully damps the transient without sustained oscillations, smoothly restoring the frequency back to its
nominal value within roughly 0.12 s. Unlike a standard linear load which yields a deep, sharp notch, the non-

linear load transition shows an immediate structural widening of the V4 high-frequency ripple band.
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Figure 16. Response of frequency and voltage variation under case-4

The calculated current THD registers at 4.87% as depicted in Figure 17. While this THD value is higher than
under normal operating conditions due to the heavy load stress, it remains strictly below the 5% maximum
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limit mandated by the IEEE 519 standard, certifying acceptable power quality injection even under peak
loading conditions.

For both the nominal 1 MW and heavy 1.8 MW balanced linear step-load conditions, the system maintains good
power quality, with the current THD remaining at approximately 1.62%. This result indicates effective steady-
state current regulation and limited harmonic distortion. When an unbalanced step load is introduced across
the three phases, the THD increases marginally to 1.84%. The relatively small change demonstrates the
capability of the proposed control architecture to mitigate negative-sequence effects and preserve acceptable
power quality under phase-unbalance conditions.
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Figure 17. PCC current THD under case 4

Under harmonic-rich stress from a three-phase bridge rectifier, the THD rises to 4.87%. Despite significant non-
linear current distortion, the current THD remains below the critical 5% threshold, proving full compliance
with the [EEE 519 grid standard.

4. Conclusion

This paper presented an integrated control framework for a grid-connected PV inverter system capable of
operating reliably under varying environmental conditions, loading scenarios, and power quality disturbances.
The proposed control architecture integrates a SRF-PLL, a decoupled dqg-axis current control strategy for
independent active and reactive power regulation. The coordinated control structure provides accurate grid
synchronization, fast dynamic response, stable DC-link voltage regulation, and effective power quality
enhancement at the PCC. Simulation studies carried out under balanced, heavy, unbalanced, and non-linear
loading conditions demonstrated the effectiveness of the proposed approach. The controller maintained
accurate active and reactive power tracking, minimized DC-link voltage fluctuations during rapid irradiance
variations, and achieved low current harmonic distortion while satisfying the IEEE 519 harmonic limits under
all operating conditions. Moreover, the proposed dual-mode compensation strategy enabled seamless
transition between reactive power control and PCC voltage support, thereby improving voltage stability during
grid disturbances. Overall, the proposed control strategy offers a reliable and practical solution for enhancing
the dynamic performance, power quality, and grid support capability of SSGC PV systems. The results indicate
that the proposed framework is well suited for future power systems with high PV penetration, where reliable
grid support and compliance with grid codes are essential.
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