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Abstract. In critical power electronic systems, such as Uninterruptible Power Supplies (UPS) and energy 

storage systems, precise and rapid grid synchronization is essential. This paper presents a hardware 

implementation of the Synchronous Reference Frame Phase-Locked Loop (SRF-PLL) implemented in a 

Field-Programmable Gate Array (FPGA). The study discusses architectural details of the SRF-PLL 

implementation of fixed-point arithmetic aimed at optimizing resource utilization. Validation tests confirm 

the effectiveness and robustness of the proposed solution under dynamic grid conditions. The results confirm 

the suitability for high-reliability applications. 

1 Introduction 

All power electronic converters operating in grid-

connected mode (e.g., grid-tied inverters that coupling 

renewable energy sources to the power system/power 

grid) require synchronization with the voltage at the 

point of common coupling (PCC) [1-3]. The high 

penetration of renewable energy sources into the power 

system means that the energy system is increasingly 

dependent on the power supplied by solar or wind farms. 

The energy harvesting from these sources offers many 

advantages, but the main obstacle to a complete energy 

transition is the unpredictability of energy production. 

Recent events in Spain, namely a blackout, the 

shutdown of a significant part of the national power 

system, mainly caused by the loss of power from 

renewable sources, show that this problem is not 

marginal and can cause difficulties in the functioning of 

a state [4, 5]. 

Traditionally, three-phase inverters that link energy 

sources to the power system employ a phase-locked loop 

synchronous reference frame (SRF-PLL), based on the 

dq transformation [6, 7]. In this case, within the control 

system, the component is driven to zero, while the d axis 

represents the amplitude of the supply voltage. This loop 

requires orthogonal αβ signals at its input, and for 

synchronisation purposes, a Clarke transformation is 

used that preserves the correct voltage amplitude (there 

is a second version of the transformation that preserves 

power, which is used in electric drive control).)). 

Synchronizing with voltage in single-phase systems 

presents a certain difficulty. For synchronisation in this 

mode, it is possible to utilise a conventional Phase-

Locked Loop (PLL) which relies on the operation of a 

phase detector. It is also common to use orthogonal 
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signal generators, such as the Second-Order Generalised 

Integrator (SOGI), which are based on arithmetic 

calculations [8], or fuzzy logic [9]. 

A commonly used type of grid-connected converters 

are grid-following (GFL) converters. For correct 

operation, such a converter requires a stable voltage at 

the point of common coupling (PCC). In a situation 

where the voltage disappears or has unstable parameters 

(voltage magnitude or frequency), the GFL converter 

will not be able to maintain constant output power and, 

in a critical situation, will cease to function. Another 

group of grid converters is Grid-Forming (GFM) 

converters. Their task is to generate the desired voltage 

at the connection point. Active power flow is controlled 

similarly to synchronous machines by changing the 

phase angle relationship between the inverter voltage 

and the grid voltage. Reactive power control is achieved 

by changing the amplitude relationship of these 

voltages. Therefore, these converters also require proper 

synchronisation with the voltage at the point of common 

coupling [10, 11]. 

The article proposes a Synchronous Reference 

Frame Phase-Locked Loop (SRF-PLL) for an energy 

source with storage, which, while operating as a Grid-

Following (GFL) converter, upon detecting a 

perturbation in voltage magnitude and/or frequency, 

will disconnect critical infrastructure from the unstable 

grid and maintain the correct voltage for the loads, thus 

changing its operational nature to Grid-Forming (GFM) 

and operating in island mode. Operation in this mode is 

also possible in cooperation with other sources of the 

same nature or other GFL units, provided that the 

network infrastructure allows it, i.e., it is possible to 

isolate a critical section of the system from the unstable 
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grid. The operational principles of the SRF-PLL based 

on the Clarke-Park transformation are presented. 

Subsequently, the concept of a system designed to 

ensure critical infrastructure when the main power 

system fails to ensure continuity of supply is detailed. 

The proposed loop was tested in terms of its operation 

for typical system operating states (where isolation from 

the grid is not necessary) and under instability 

conditions that threaten the operation of systems critical 

for society. The article considered a three-phase supply 

voltage. 

2 SFR-PLL based on Clarke-Park 
Transformation 

There are many solutions available for the detection of 

the phase of the supply voltage. The methods most 

commonly used for controlling power electronic 

converters are based on the Synchronous Reference 

Frame (SRF). This method involves the transformation 

of the natural three-phase system into a rotating two-

phase dq frame. By definition, it is applied in three-

phase systems, but by using an appropriate method to 

generate an orthogonal component to the supply voltage, 

it can also be used in a single-phase system. Figure 1 

presents the schematic diagram of the SRF for a three-

phase system [7]. 

 

 

Fig. 1. Stationary frame reference phase locked loop based 

on the dq axis 

 

The block labelled abc/αβ corresponds to the Clarke 

transformation (described by Equation (equation)), 

while the αβ/dq corresponds to the Park transformation. 

A Voltage-Controlled Oscillator (VCO), tuned by a PI 

controller, is used as the frequency generator. The block 

labelled cosθ, sinθ generates cosine and sine signals 

based on the output signal of the VCO. 

The supply line voltages form a symmetric three-

phase system: 

 

𝑣𝑎𝑏𝑐 = [

𝑣𝑎

𝑣𝑏

𝑣𝑐

] =

[
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2𝜋

3
)
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4𝜋
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  (1) 

 

As a result of the Clarke transformation, a stationary 

two-phase system is obtained. 

 

𝑣𝛼𝛽 = [
𝑣𝛼

𝑣𝛽
] = [

𝑉𝑚 𝑐𝑜𝑠 𝜔 𝑡
𝑉𝑚 𝑠𝑖𝑛 𝜔 𝑡

]  (2) 

 

By applying the Park transformation, the rotating dq 

components are obtained: 

 

𝑣𝑑𝑞 = [
𝑣𝑑

𝑣𝑞
] = [

cos 𝜔̂𝑡 sin 𝜔̂𝑡
− sin 𝜔̂𝑡 cos 𝜔̂𝑡

] ⋅ [
𝑣𝛼

𝑣𝛽
]  (3) 

 

{
𝑣𝑑 = 𝑣𝛼 cos 𝜔̂𝑡 + 𝑣𝛽 sin 𝜔̂𝑡

𝑣𝑞 = −𝑣𝛼 sin 𝜔̂𝑡 + 𝑣𝛽 cos 𝜔̂𝑡
  (4) 

 

Furthermore, it can be expressed as follows. 

 

{
𝑣𝑑 = 𝑉𝑚 𝑐𝑜𝑠 𝜔 𝑡 ⋅ cos 𝜔̂𝑡 + 𝑉𝑚 𝑠𝑖𝑛 𝜔 𝑡 ⋅ sin 𝜔̂𝑡
𝑣𝑞 = −𝑉𝑚 𝑐𝑜𝑠 𝜔 𝑡 ⋅ sin 𝜔̂𝑡 + 𝑉𝑚 𝑠𝑖𝑛 𝜔 𝑡 ⋅ cos 𝜔̂𝑡

(5) 
 

{
𝑣𝑑 = 𝑉𝑚 𝑐𝑜𝑠(𝜔𝑡 − 𝜔̂𝑡)
𝑣𝑞 = 𝑉𝑚 𝑠𝑖𝑛(𝜔𝑡 − 𝜔̂𝑡)

  (6) 

 

Assuming: 

 

{
𝜔𝑡 = 𝜃
𝜔̂𝑡 = 𝜃̂

  (7) 

 

the results are as follows: 

 

𝜔𝑡 − 𝜔̂𝑡 = 𝜃 − 𝜃 = 𝛥𝜃  (8) 

 

Finally: 

 

{
𝑣𝑑 = 𝑉𝑚 𝑐𝑜𝑠 𝛥 𝜃
𝑣𝑞 = 𝑉𝑚 𝑠𝑖𝑛 𝛥 𝜃   (9) 

 

Therefore, if the signals uα and cos𝜔̂𝑡 are in phase 

with each other (and analogously uβ and sin𝜔̂𝑡) then 

θ=0, and the values of the dq components are: 

 

{
𝑣𝑑 = 𝑉𝑚
𝑣𝑞 = 0   (10) 

 

In the SRF Phase-Locked Loop (PLL) system shown 

in Figure 1, the q component of the voltage (with a 

minus sign) is treated as the error signal. This signal is 

fed into the input of a PI controller, whose task is to tune 

the VCO generator (Voltage Controlled Oscillator) so as 

to nullify the phase shift between the synchronized 

voltage and the generated signal (θ). This results in the 

q component becoming 0. 

3 Concept of a critical infrastructure 
power supply system 

Typically, critical infrastructure is supplied from a 

medium voltage (MV) grid, via MV/LV (medium 

voltage/low voltage) transformers. Very often, other 

consumers are also supplied from the same transformer. 

This situation is presented in Figure 2.  
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Fig. 2. Typical topology of the power grid, for supplying 

critical loads 

Critical infrastructure (police stations, ambulance 

stations, etc.) is increasingly being equipped with 

renewable energy source (RES) installations, micro-

photovoltaic installations, less frequently wind turbines, 

and energy storage systems of different types [12]. Most 

often, these installations operate in on-grid mode, 

meaning that the inverters coupling them to the grid are 

of the Grid-Following (GFL) type. In the event of a 

voltage blackout or unstable power system operation, 

these devices will not operate correctly, will be 

disconnected from the grid, and the critical 

infrastructure will be left without power. Therefore, a 

concept is proposed for a common controller for 

components that can supply the energy necessary for the 

infrastructure's operation. The modified system from 

Figure 2 is presented in Figure 3.  

 

 

Fig. 3. Modified Supply System 

The controller observes the supply voltage of the 

protected facility through the SRF-PLL phase-locked 

loop. In the event that the voltage disappears, the 

controller will, after a short delay, change the operating 

mode of one of the inverters to GFM (Grid-Forming) 

and disconnect the protected facility from the power 

system. It would be most beneficial to use the energy 

storage system for this, due to the predictability of the 

energy supplied. In such a system, two storage units 

should be installed, one of which would be fully charged 

and waiting to be activated in the event of a threat to 

supply continuity. To maintain the correct battery life 

cycle, the "duty" storage unit would be swapped 

whenever the unit operating normally reaches full state 

of charge. The capacity of the storage unit should be 

sized to be capable of servicing the infrastructure until 

the fault is resolved. Its operation can also be assisted by 

GFL inverters supplying energy from renewable 

sources. This effectively creates an island microgrid that 

maintains the power supply to critical infrastructure. In 

a situation where large fluctuations in frequency or 

voltage magnitude are detected, the controller can 

disconnect the facility from the system earlier. As in the 

storage inverter previous case, the operating mode is 

changed to GFM, but in this instance, there is no power 

outage for the infrastructure. Every state change and 

decision is delayed by a specified time, tdelay, because 

the registered disturbances may be short-lived. In this 

situation, performing a switchover would be 

disadvantageous and would complicate the operation of 

the devices. This will not cause an interruption in their 

operation because critical devices, such as network 

infrastructure, should be protected against voltage loss, 

for example, by a UPS (Uninterruptible Power Supply).  

The algorithm of the method is presented in Figure 

4. 

 

Fig. 4. Diagram of the algorithm for the proposed method 

4 Implementation of the loop in FPGA 
device 

For the implementation of the phase-locked loop (PLL) 

and the entire proposed control system, an FPGA (Field 

Programmable Gate Array) was used. The main reason 

for this choice is the concurrent nature of such systems, 

which means that every programmable component 

implemented works independently. This allows for the 

implementation of control systems for several grid 

inverters and the phase-locked loop within a single 

structure, if needed. The phase-locked loop was 

implemented in the FPGA according to the structure 

shown in Figure 1. The ALTERA DE1 development 
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board with a Cyclone II chip was used. The input values 

for the loop are the measured three-phase voltage 

signals, which are then converted to a two-phase voltage 

system via the Clarke transformation. Subsequently, the 

Park transformation is performed in the dq_calc block, 

resulting in the vdq signals. As described earlier, the 

signal on the q axis is simultaneously the error signal for 

the PI controller, which tunes the VCO generator 

(Voltage-Controlled Oscillator). The VCO generator 

was designed as a combination of a divider and a counter 

with limitation. The output signal of the controller 

serves as the divisor for this divider, while the dividend 

is, for example, the signal from the FPGA board's 

internal resonator, clocked at a constant frequency. The 

signal obtained in this way determines the counting 

speed of the counter (whose output signal is the phase of 

the supply voltage). The output value of the counter 

addresses the ROM memory (which stores samples of a 

sinusoidal signal), indicating which cell's value should 

be outputted. In this manner, the cos_pll and sin_pll 

signals are formed. The interconnection of the 

programmed functional blocks and the ROM memory of 

the Quartus II programme is presented in Figure 5. 

 

 

Fig. 5. SFR-PLL with proposed control system implemented 

in FPGA device by Quartus II software 

The waveforms in Figures 6 and 7 illustrate the 

operation of the phase-locked loop (PLL) in a steady 

state for, respectively, an undistorted voltage with a 

frequency of 50 Hz and a voltage distorted by 3rd and 

5th order harmonics (at 14% relative value). 

 

 

Fig. 6. Waveforms of signals in the Phase-Locked Loop 

(PLL), for a supply voltage frequency of 50 Hz in a steady 

state. 

 

 

Fig. 7. Waveforms of signals in the Phase-Locked Loop 

(PLL), for a supply voltage frequency of 50 Hz and voltage 

distortion by harmonics of orders h=3,5 (with a relative 

amplitude of 14% each) in a steady state. 

Phase-locked loop (PLL) operates correctly in both 

cases. Only fluctuations are visible in the loop in Figure 

7, which is a result of the distorted supply voltage. While 

these fluctuations are small in this case, in this case 

(approximately 1% of the reference value), large 

distortion can cause serious disturbances in the 

operation of the loop and the systems that rely on its 

signals. 

To limit these fluctuations, low-pass filters (LPFs) 

with a cut-off frequency of, for example, 10 Hz can be 

used. However, it should be noted that these filters will 

limit the loop's dynamic response.  

5 Experimental results 

The experimental tests involved generating disturbances 

and observing the operation of the SRF-PLL loop that 

controls the inverter in the technical infrastructure. 

Figure 8 presents the waveforms of the internal PLL 

signals after a voltage drop occurred that lasted longer 

than the assumed activation delay (tdelay). 
 

 

Fig. 8. Waveforms of signals in the phase-locked loop (PLL) 

after a voltage sag occurred that lasted longer than the 

activation delay assumed in the algorithm. 

After the designated time delay, the controller 
disconnected the critical infrastructure from the system 
and generated the cosPLL and sinPLL signals from its 
internal memory. The inverter operates in GFM mode. 
The next test concerns the loop's operation under 
conditions of large voltage fluctuations. The dq signals 
are observed on the side of the power system relative to 
the circuit breaker. The disturbance was simulated by 
feeding a sinusoidal signal with a DC component to the 
d input —Figure 9. 
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Fig. 9. Waveforms of signals in the Phase-Locked Loop 

(PLL) after a voltage fluctuation occurred that lasted longer 

than the activation delay assumed in the algorithm. 

In this case, too, after the time tdelay was exceeded, the 
controller disconnected the protected facility from the 
system. However, in this case, the cosPLL and sinPLL 
signals were not observed to disappear, since the 
controller, despite disconnection, continues to form these 
signals from the ROM memory, starting from the last 
registered address. In the event of a voltage return with 
the correct parameters, these signals must be 
resynchronized with the grid voltage before reconnecting 
the facility to the grid. The final test involved a voltage 
sag (dip) of 50%. 

 

 

Fig. 10. Signal waveforms in the Phase Locked Loop (PLL), 

after a voltage drop of 50%, occurred that lasted longer than 

the activation delay assumed in the algorithm. 

Similarly to the previous cases, the controller 
appropriately responded to the occurrence of the 
disturbance.  

6 Summary 

The proposed system allows for the avoidance of supply 

with incorrect voltage parameters, voltage loss 

(blackout), or when the voltage is subject to excessive 

and potentially dangerous transient states. 

The system monitors the status of the grid based on 

the magnitude of the voltage. It utilises direct 

measurement and the signals from the phase-locked 

loop (PLL) for this purpose. 

Upon detecting a potentially dangerous event, it 

monitors the parameters for a specific time, and if the 

voltage does not return to normal, it activates the 

emergency procedure. The inverter that serves the RES 

(renewable energy source) and/or energy storage system 

changes its operational nature to GFM (Grid-Forming) 

mode, and the controller disconnects the protected 

facility from the power system. 

It should be noted that the inverter controlled by the 

proposed device can operate continuously in GFM 

mode. The use of such a control algorithm allows the 

protection of critical infrastructure against damage and 

prolonged downtime, which can generate high costs. 

The next stages of research will involve the 

integration of a larger number of installations with 

renewable energy sources and storage systems, to 

protect not only critical facilities, but also individual 

consumers in certain situations. 
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