J. Electrical Systems 20-7s (2024): 2493-2501

LAdesh K. Real-time Assessment of

Mishra* Ride-through Capability of Grid-tied

*S. M. Tripathi Converter in Renewable Power - —
3 Omveer Singh Applications (gf;':f:

Abstract: This paper presents a comprehensive strategy for controlling grid-tied converters, with the primary goal of seamlessly
integrating renewable power sources into the grid while ensuring stability and reliability. The control strategy is designed to achieve unity
power factor operation under normal grid conditions, while also adhering to ride-through requirements to withstand voltage dips. Using the
Typhoon HIL604 real-time simulation platform, extensive testing of the grid-tied converter is conducted to validate its performance. The
results of the performance assessment are thoroughly analyzed and presented to exemplify the efficacy of the proposed control strategy.
Notably, the paper emphasizes the converter's operation at unity power factor during normal grid conditions, indicating maximized active
power delivery to the grid. Furthermore, the grid-tied converter demonstrates impressive ride-through capability during symmetrical
voltage dip, achieved through the dynamic adjustment of grid current references to maintain grid stability. This research contributes to the
advancement of grid-tied converter control strategies, offering insights into enhancing the integration of renewable power sources into the
power grid while upholding system reliability and stability. Overall, this research offers valuable insights into the practical implementation
of grid-tied converters for renewable power integration. It presents a comprehensive control strategy that not only enhances the integration
of renewable power sources into the power grid but also prioritizes system reliability and stability.

Keywords: Grid-tied converter, real-time simulation, ride-through capability, Typhoon HIL simulator, unity power factor
operation, voltage dip.

I. INTRODUCTION

In recent years, the global effort to address climate change and transition towards sustainable energy systems has
accelerated, driving a remarkable surge in the integration of renewable power sources into power grids [1]. This
shift reflects a growing recognition of the urgent need to diminish greenhouse gas emissions and reliance on
fossil fuels in the energy sector. However, the transition to renewable energy presents unique challenges due to
the inherently irregular nature of renewable power sources [2, 3]. Unlike traditional fossil fuel-based power
generation, renewable power sources exhibit variability in their generation patterns, influenced by factors such
as weather conditions, time of day, and seasonal changes. These fluctuations can lead to mismatches between
power generation and demand, posing significant implications for grid stability and reliability [2].

The irregular nature of renewable power sources underscores the critical importance of advancing grid-tied
converter technologies [3]. Grid-tied converters play a vital role in facilitating the integration of renewable
power sources into existing power infrastructure by converting the variable output of renewable power sources
into stable and synchronous electricity that can be seamlessly integrated into the grid [4-6]. Through
sophisticated control algorithms and innovative hardware designs, grid-tied converters enable efficient energy
conversion and grid synchronization, ensuring optimal utilization of renewable power sources while ensuring
grid stability and reliability. As the global energy landscape continues to evolve, the role of grid-tied converters
in enabling the seamless integration of renewable power sources becomes increasingly vital. By addressing the
challenges posed by the variability of renewable power generation, these converters contribute to the ongoing
transition towards a more sustainable and resilient energy system. Continued research and development efforts
in grid-tied converter technologies are essential to unlocking the full potential of renewable power and
accelerating the transition towards a low-carbon future.

The control strategy adopted for grid-tied converters focuses on several key objectives: ensuring synchronization
with the grid, maintaining power quality, providing reactive power support to the grid, and regulating DC link
capacitor voltage [3, 7, 8]. Additionally, maintaining unity power factor operation in grid-tied converters is
indispensable for maximizing active power delivery to the grid [5-7]. This is critical for efficient energy
utilization, grid stability, and seamless integration of renewable power sources into the grid. Extensive research
has been conducted to explore various control designs for grid-tied converters, with some of these control
designs briefly reviewed in existing literature [3, 7-18]. The development of advanced grid-tied converter
technologies and control strategies is crucial for addressing the challenges posed by the integration of renewable
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power sources into power grids, ultimately contributing to the transition towards a more sustainable and resilient
energy infrastructure.
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Fig.1. Schematic of a grid-tied converter.
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Fig.2. Proposed strategy for grid-tied converter control and operation.

The ride-through capability of grid-tied converters plays a pivotal role in ensuring the seamless and
uninterrupted operation of renewable power generation systems, particularly during adverse grid conditions
such as grid voltage dips [8, 11]. By effectively riding through grid disturbances, these converters help maintain
grid stability, minimize power disruptions, and enhance the overall reliability of renewable power generation
[11, 19-21].

In essence, dedicated grid codes issued for grid-tied converters impose stringent requirements for ride-through
compliance, mandating these converters to remain interconnected with the grid even in the face of short-duration
voltage dips [8, 11, 18, 20]. This regulatory framework underscores the importance of ensuring that grid-tied
converters possess robust ride-through capabilities to meet the stringent grid code requirements and maintain
grid stability during transient grid events.

The ability of grid-tied converters to effectively ride-through grid disturbances not only enhances the reliability
of renewable power generation but also contributes to the overall resilience of the power grid. It enables
renewable power generation systems to continue supplying power to the grid even during abnormal grid
conditions. Therefore, the ongoing development and enhancement of ride-through capabilities in grid-tied
converters remain imperative for the continued growth and integration of renewable power sources into the
power grid.

Testing the ride-through capability of grid-tied converter control using real-time simulators is indispensable for
validating its performance under grid voltage dip conditions. This testing not only ensures the reliability and
robustness of the designed control algorithm but also guarantees the effectiveness of the grid-tied converter in
maintaining grid stability amidst dynamic grid conditions. Consequently, the real-time assessment of ride-
through capability emerges as a critical aspect in the design, deployment, and operation of grid-tied converters
for renewable power applications.
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A control strategy devised for grid-tied converters is explored here, primarily focusing on achieving unity power
factor operation under normal grid conditions. The proposed strategy aims to enhance transient response, ensure
reliable performance during steady-state operation, and minimize power ripples through internal current control
loops. Additionally, the paper conducts a comprehensive investigation into the real-time assessment of ride-
through capability in grid-tied converter utilized in renewable power applications. To assess the performance of
the grid-tied converter, a real-time simulation test bench is established, employing the Typhoon HIL 604
platform. Through real-time experimental validations, this paper aims to provide valuable insights into the
performance and effectiveness of ride-through techniques under symmetrical voltage dip condition.

The remaining part of the paper is structured as follows: Section Il provides an overview of the grid-tied
converter. Section Il discusses the control strategy aimed at enhancing its ride-through capability. Section IV
presents real-time assessments of the performance and ride-through capability of the grid-tied converter. Finally,
Section V sums up the main findings and suggests ideas for future research.

Il. GRID-TIED CONVERTER

The diagram in Fig.1 illustrates the schematic of a grid-tied converter, a crucial element in transferring active
power generated by renewable sources to the grid. Within this schematic, the current source symbolizes the
equivalent DC current output from the renewable power source. This DC current is then supplied to the grid-tied
inverter, where it undergoes conversion into AC with voltage and frequency levels compatible with the utility
grid. Serving as an intermediary, the grid-tied converter ensures the smooth integration of renewable power
sources into the existing grid infrastructure. The grid voltage equations are represented [8, 11, 22, 23] as follows

(1) and (2), where €,, and €, are the grid voltages along the d-axis and g-axis respectively, R denotes the

coupling resistance, L stands for coupling inductance, v,, and Vv,, are the d-axis and g-axis converter voltages,
and « signifies the angular frequency of the grid.
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I11. CONTROL DESCRIPTION

The voltage-oriented control is utilized to control the grid-tied converter [4, 6-8, 11], as depicted in Fig. 2. In
this scheme, a proportional-integral (PI) controller for the DC-link voltage compares the reference and actual
values of the DC-link voltages. It then adjusts any voltage deviations to derive the d-axis reference grid current

iy, according to the following equation:

- 1+ pT .
Idg = va(%} : (\/DC _VDC) (3)

v

where K, and T, denote the proportional gain and the integral time constant, respectively, of the PI controller
for the DC-link voltage.

Conversely, to maintain a power factor of unity for the grid-tied converter operation, the reference value of the
grid current along the g-axis i,, is put to zero [4, 7]. In the event of a grid-voltage dip, adherence to the ride-

through requirement is ensured by appropriately adjusting the g-axis reference grid current in accordance with
the E.ON Netz fault-response code [24]. Consequently,

0 ; 0.9E, <E, 4 wngiion
i; =12x E - EQE—“*’—”"““") e+ 0.5E, <E, 4 wnin <0.9E, @)
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where E _ is the grid voltage in normal grid condition and is given by:
E,=(e5, + ejg)% (5)

and E is the grid voltage during dip condition.

g _dip_condition
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*

Meanwhile, the d-axis reference grid current i,

is constrained as follows:

1
-k 2 =*) o
Idg S(Igmax_lqg)2 (6)
In current control loops, PI controllers analyze the actual d-q axes grid currents i,, and i,, in comparison to

their reference values, making necessary adjustments to rectify any deviations. As a result, reference values are
established for both the d-axis and g-axis converter voltages vy, and v,,. These voltages are then inversely

transformed to derive the three-phase reference converter voltages V,,,.. These values are subsequently utilized
by the pulse width modulator (PWM) to generate switching signals for the grid-tied converter.

This study also addresses the enhancement of the ride-through capability of grid-tied converters. It focuses on
constraining the DC current input to the converter during grid voltage dips to ensure that the DC-link voltage
remains within acceptable limits. Consequently,
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where P, stands for the equivalent DC power produced by the renewable power source, while P, indicates the
active power transferred to the grid, and x«=0.9.
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Fig. 3. Real-time simulation test setup with Typhoon HIL 604 emulator.
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Fig. 4. The response of the grid-tied converter to gradual changes in DC current input under normal grid
conditions, ranging from 995 A to 445 A and back to 995 A within a short duration—(a) CH-1: DC link
capacitor voltage (400 V /div), CH-2: DC current input (200 A /div); (b) CH-1 and CH-2: actual and reference d-
axis grid currents, respectively (400 A /div), CH-3 and CH-4: actual and reference g-axis grid currents,
respectively (400 A /div); (c) CH-1: grid voltage (400 V /div), CH-2: grid current (1000 A /div); (d) CH-1:
active power supplied to the grid (400 kW /div), CH-2: reactive power transfer between grid-tied converter and
the grid (400 kVAR /div).
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IVV. REAL-TIME SIMULATION RESULTS

To showcase the dynamic performance of the grid-tied converter under both normal grid conditions and during
ride-through compliance amid grid voltage dips, a real-time simulation model is developed and tested using the
Typhoon HIL604 emulator, as illustrated in Fig. 3. The system parameters are provided in Appendix. Figs. 4-5
provide a detailed insight into the performance of the grid-tied converter through various test results. These
results are crucial for understanding how the converter behaves under different operational conditions.
Specifically, the tests demonstrate the grid-tied converter's response to gradual changes in input DC current,
which varies from 995A to 445A and back to 995A within a short duration. This dynamic scenario highlights the
adaptability and effectiveness of the control strategy employed.

In Fig. 4(a), the control strategy effectively maintains the DC link capacitor voltage at a constant level amidst
changes in input DC current. This consistency is vital for ensuring stable operation and aligning the capacitor
voltage with the reference value of DC-link capacitor voltage, demonstrating the efficacy of the control strategy.
As depicted in Fig. 4(b), while the d-axis grid current adapts to changes in DC input current, the g-axis grid
current remains consistently at zero. This behavior underscores the ability of the control strategy to track the d-q
axes grid currents to respective reference values with minimal deviation.

Fig. 4(c) illustrates noticeable changes in the magnitude of grid current despite the constant magnitude of the
grid voltage, attributed to variations in the input DC current. This demonstrates the adaptability of the grid-tied
converter in maintaining reliable performance by adjusting accordingly. Additionally, Fig. 4(d) showcases the
gradual changes in active power transferred to the grid in correlation with variations in the input DC current,
while the reactive power remains closer to zero. Additionally, as illustrated in Fig. 5, both the grid voltage and
current display sinusoidal patterns, confirming that the grid-tied converter operates with a unity power factor and
efficiently transfers active power to the grid.
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Fig. 5. Zoomed view of grid voltage and grid current under normal grid condition—CH-1: grid voltage (400 V
/div), CH-2: grid current (1000 A /div).

In addition to the analysis under normal grid conditions, this paper also investigates the performance of the grid-
tied converter under adverse grid condition; particularly during a 50% symmetrical voltage dip lasting 200 ms,
as depicted in Fig. 6. This assessment aims to evaluate the converter's ability to withstand and recover from
transient grid voltage dip, thus assessing its ride-through capability. During the real-time simulation, the input
DC current is initially set at 995 A, and the results are presented in Fig. 6. It is noticed that during the
symmetrical grid-voltage dip, the average g-axis grid currents reach approximately 1775 A, as shown in Fig.
6(b). This indicates the provision of reactive current support to the grid, alongside a limited transfer of active
power (see Fig. 6(d)).

While ensuring ride-through compliance during symmetrical grid-voltage dip condition, there arises an excess of
active power due to the disparity between the power produced by the renewable source and the active power
supplied to the grid. This surplus power can lead to a raise in the DC link capacitor voltage. However, the
implementation of specific control measures is effective in mitigating this issue, as evidenced by Fig. 6(a), where
the DC-link voltage remains within acceptable limits. This strategic control helps enhance the ride-through
capability of the grid-tied converter by ensuring stable operation during transient grid voltage dip.

2498



J. Electrical Systems 20-7s (2024): 2493-2501

GWINSTEK 18k pts S5kSass =t Stop B9 May 2824 23 :24:59

. . N . <2hz
[ 1 1@8ns (@ 131.8ns )
AL
GWINSTEK 18k pts S5kSass e Stop B9 May 2824 23 :29:38
v
. -
D Pr—————————— .
4' : : oH=
I @ = 5U @) = 50U | 1@Bns (m-12.88ns)
GWINSTEK 18k pts 50850 T Stop 89 Hay 2024 23:36:28
i Wz 56.6262Hz
( I 1\8ns (@ -2.162s )|
AEL‘
GUWINSTEK 16k pts SkSass = Stop 89 May 20824 23:33:84
e e T - T ]
M
- <2Hz
( 1 1@8ns (@-255.8ns

Fig. 6. Demonstration of the ride-through capability of the grid-tied converter during a symmetrical grid
voltage dip condition lasting 200 ms—(a) CH-1: DC link capacitor voltage (400 V /div), CH-2: DC current input
(400 A /div); (b) CH-1 and CH-2: actual and reference d-axis grid currents, respectively (1000 A /div), CH-3
and CH-4: actual and reference g-axis grid currents, respectively (1000 A /div); (c) CH-1: grid voltage (400 V
/div), CH-2: grid current (1000 A /div); (d) CH-1: active power supplied to the grid (400 kW /div), CH-2:
reactive power transfer between grid-tied converter and the grid (400 KVAR /div).
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V. CONCLUSIONS

The challenges presented by the intermittent nature of renewable power sources necessitate the development of
advanced grid-tied converter technologies to ensure grid stability and reliability. Grid-tied converters play a
pivotal role in managing grid synchronization, power quality, reactive power support, and DC link voltage
control, especially during adverse grid conditions like voltage dips. The real-time assessment of ride-through
capability is a crucial aspect in the design, deployment, and operation of grid-tied converters, aligning with the
E.ON Netz grid codes mandating ride-through compliance.

The paper introduced a comprehensive voltage-oriented control strategy meant for grid-tied converters, focusing
on achieving unity power factor operation during normal grid condition and demonstrating ride-through
capability during symmetrical voltage dip condition. Leveraging the Typhoon HIL604 real-time simulator,
extensive testing of grid-tied converter validated the efficacy of the proposed control strategy, highlighting unity
power factor operation, and investigating ride-through capability in grid-tied converters within renewable power
applications.

APPENDIX

Coupling inductance : L=0.6mH
Coupling resistance : R=0.1mQ
DC link capacitance . C=60mF
DC link voltage DV, =1500V
Grid frequency : f =50Hz
Grid voltage (r.m.s.) DV, =690V
Rated converter power ' P =15MW
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