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ARTICLE INFO ABSTRACT
In single-phase grid-connected photovoltaic (PV) systems, maintaining a constant
Article History: input power while dealing with a pulsating output power is a crucial challenge. This

isolation is typically achieved using an energy storage element, most commonly a
high-voltage DC link capacitor. The AC array structure of such systems consists of
a single solar array connected to the grid through an inverter. Since the inverter's
operational lifespan should align with that of the solar array, the choice of capacitor
plays a critical role in system reliability. Electrolytic capacitors, despite their cost-
effectiveness, exhibit a significantly shorter lifespan than solar arrays, necessitating
the use of high-cost film capacitors with enhanced durability. A key challenge in
designing the DC link voltage controller is mitigating voltage fluctuations in the
capacitor and suppressing second harmonic ripple, both of which are inversely
related to capacitor capacity and, consequently, system cost. Traditional

approaches often require large capacitors to reduce these fluctuations, leading to
increased cost and bulkiness. This paper proposes a digital control strategy for
stabilizing the DC link capacitor voltage in single-phase grid-connected PV
systems. The proposed method employs a low-pass finite impulse response (FIR)
filter, which effectively suppresses voltage oscillations while maintaining system
efficiency. The digital implementation of this controller enhances flexibility,
reliability, and cost-effectiveness compared to conventional analog controllers.
Simulation and experimental results demonstrate the effectiveness of the proposed
approach in reducing voltage ripple and improving the stability of the DC link,
thereby extending the lifespan of the inverter and enhancing overall system
performance.

Voltage Fluctuations, Second
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1. INTRODUCTION

The continuous increase in greenhouse gas emissions and growing concerns about global environmental
protection, alongside rising energy demand, have led to a significant expansion in the use of various renewable
energy sources [1-5]. Among renewable energy sources, solar energy is an appropriate choice for diverse
applications, primarily because it can be directly converted into electrical energy using photovoltaic (PV) systems
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[6]. Grid-connected photovoltaic systems are connected to solar panels on one side and the grid on the other.
Therefore, these systems must meet two essential requirements: operating the panels at their maximum power point
(MPP) despite their nonlinear behavior, and injecting a pure sinusoidal current into the grid. As a result, several
international standards for designing and constructing photovoltaic systems must be adhered to [7, 8].

Photovoltaic systems have various configurations. Among them, microinverters, shown in Figure 1, are low-
power systems where the inverter is connected at the back of the solar panel. This makes these systems integrated,
and therefore, the lifespan of the components used in the system is expected to be synchronized. However,
electrolytic capacitors used in these systems are known for their short lifespan and are a serious limiting factor. The
nominal lifespan of different capacitors varies, for example, around 1000 to 7000 hours at 105 degrees Celsius,
whereas the lifespan of solar panels is 20 years or more, significantly exceeding that of electrolytic capacitors [9].

Among the various photovoltaic array configurations, microinverters are popular due to their numerous
advantages, including high efficiency, system reliability, maximum power extraction capability, low installation
cost, “Plug-N-Play” capability, increased modularity, and flexibility. The power level in these configurations is
approximately 150 to 300 watts. As mentioned in the introduction, the mismatch in the lifespan of components used
in microinverter-based photovoltaic systems and solar panels is a significant challenge. Since capacitors are used for
power isolation in microinverters, the topic of power isolation and the capacity of capacitors used in these systems
is crucial and will be addressed in the next section [10].
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Fig.1. General Structure of a Photovoltaic System

2. STUDY OF SYSTEM DYNAMICS

If we neglect the power losses in the inverter and the power of the output filter, the input and output power of the
inverter will be equal, as follows:

Pi,inverter o_inverter ( 1 )

where P, jyyerter 1 the input power to the inverter and P, jpyerter 1 the output power from the inverter. On the other
hand, we know that the inverter's output power is the same as the grid power, represented as:

Rg:Vg ®) ig (®)=Po_inverter (2)

where v, (1), iy (t), and F; are the grid voltage, current, and power, respectively. If the power coming from the
solar panel is denoted as P,,, then:

Pin = Pyus + Pi_inverter (3)
where P, is the power of the bus capacitor. By integrating the equations, we get:

Pbus=Pin_Pg “4)

Moreover, the bus capacitor power can be derived from the following equation:
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dv,
Pbus = Cbustus Tus (5)

where Cy, is the capacitance and Vj,, is the voltage across the capacitor. The stored energy in the capacitor can
be considered as:

1
Whus = J-Pbusdt = Ecbusvzbus (6)
By expanding the stored energy, it can be written as:

1 1
Wbus = ECbustus2 ~ ECbusVrefZ + CbusVref (Vbus - Vref) (7)

Based on these relationships, the dynamic loop of the inverter can be illustrated as in Figure 2-a. By employing
approximations, the control loop is shown in Figure 2-b. As observed, this system is entirely linear.
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Fig. 2. Dynamic Loop of Grid-Connected Inverter. a- Non-linear b- Time-Invariant Linear

The characteristic equation of the control loop is:
|7/ 1

1
l-k——2—(1+=)==0 8
TN ®

By comparing the characteristic equation with the quadratic equation, we have:

2tw,=k %

o, =-k———

" 2CbusVref (9)
V. 28w

w?,=k o 250

2Cbus VrefT B T

The response of the bus voltage to a step function is:

S P
1% t) = —
bus (£) CousVier S2+2Em, 5+ 02, S

= ;e'é“’"tsin(wn ’1-&2) (10)

Cbus Vrefwn 1 '&2

Thus, the overshoot value is obtained as:
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) cos L&

Vo= Vbus_max _ P 1-¢2 (1 1)

= e
14 2w
Vref CbusV ref®n

3. DESIGN OF DIGITAL FIR FILTER

As discussed in previous sections, one of the design challenges is the second harmonic on the capacitor voltage.
To eliminate this harmonic, a digital FIR filter can be used for the second harmonic. Thus, as shown in Figure 3,
using a filter can overcome the second challenge. The filter with identical coefficients 1/N is defined as follows, and
its block diagram is presented in Figure 4:

1,1 . 1
HFIR(Z):§+EZI+...+EZ(N” (12)

where N is the filter length, equal to the sampling rate divided by the second harmonic frequency. For instance,
for a sampling rate of 480Hz and a second harmonic frequency of 120Hz, N = 4, and for a sampling rate of 360Hz,
N = 3. The filter performance is shown in Figure 5, where N \ samples are taken per half-cycle of the grid frequency
from the DC link voltage, resulting in a unit gain at low frequency and a notch at the grid's second harmonic
frequency.

sin(w,t)

Current
Controller

1
IV —_—
+T S Cbus Vref
1 .
7 Vief P, v,(t) = Vsin(wyt)

Fig. 3. Control Loop Using Digital FIR Filter
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Fig. 4. Block Diagram of Digital FIR Filter
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Fig.5. DC Link Capacitor Voltage Filter with Sampling Rates of 480Hz and 360Hz

4. DESIGN AND SIMULATION RESULTS

In the investigated system, a 1Soltech 1STH-250WH solar panel, rated at 250 watts, was used. Table 1 displl<ays

the specifications of the simulated system. A proportional-resonant controller with the transfer function K, + sZZJrT
1

was used for current control, and an LCL filter with a series resistor with the capacitor was utilized for the output
filter, where L, is the inverter-side inductor and L is the grid-side inductor.

Table 1. Specifications of the Simulated System

L1 22mH Kp 5

L 13.6mH K 40

C 823nF fsw  20KHz
R  33.77Q fgia  60Hz

The voltage controller was simulated with the specifications shown in Table 2, and the obtained results are
presented below.

Table 2. Specifications for the Voltage Controller

Vier=425v | Cpy=S0pF
a=1 b=28
N=1/4 -

Figure 6 shows the waveform of the DC link capacitor voltage. Figure 7 shows the reference current waveform.
Figures 8, 9, and 10 respectively show the waveforms of the inverter output voltage, grid current, and grid voltage.
Figure 11 shows the harmonic spectrum, indicating a total harmonic distortion (THD) of 0.47%.
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Fig. 6. DC Bus Capacitor Voltage Waveform
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Fig. 7. Reference Current Waveform

1 | ! |
1] 0.05 01 0.15 02 0325 03 0.35 04 045 0.5

Time (s)

Fig.9. Grid Current Waveform
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Fig. 10. Grid Voltage Waveform
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Fig. 11. Harmonic Spectrum of the Grid Current
5. CONCLUSION

This paper examined the challenges in designing a voltage controller for single-phase grid-connected renewable
systems. Additionally, a proportional-integral controller was proposed for voltage control, which performed
effectively. The entire system was simulated in the MATLAB Simulink environment, using a 50-microfarad
isolation capacitor. The overshoot for a 250-watt step was 65 volts, and the THD of the injected current to the grid
at 250 watts was approximately 0.47 percent.
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