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Abstract: The paper presents a study regarding the implementation of two 

representative grid synchronization methods, intended to be used in the control structure 

of a three phase switch mode voltage rectifier. 

The methods considered are the Synchronous Reference Frame Phase Locked Loop 

(SRF PLL) and the Double Synchronous Frame Phase Locked Loop (DSRF PLL), 

respectively. These synchronization methods have been compared on a real time 

development system type dSpace 1104 from the point of view of their performance in 

case of an unbalanced mains voltage system. Finally, the influence of the chosen grid 

synchronization method on the performance of a synchronous reference frame 

controlled three-phase switch mode voltage rectifier is studied by simulation, and better 

results are demonstrated to be provided by the use of the DSRF PLL. 
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1. Introduction 

The paper deals with the grid synchronization, which is an important task in 

the control of grid connected switch mode rectifiers [1], [9]. The voltage 

oriented control of the PWM voltage rectifiers is based on the identification of a 

reference frame synchronously rotating with the voltage vector of the direct 

sequence component of the three phase grid voltage system [2]. After the 

presentation of the operating principle of the SRF PLL and of the DSRF PLL  

[5], [6], the study compares the performance of these methods under unbalanced 

grid voltage conditions, in the simulated presence of a large inverse sequence 

component. Real-time models of the rectifier control structures including the 

two PLL versions are built using the Real Time Toolbox of Matlab-Simulink, 
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and are implemented on a dSpace 1104 type development system [8]. The full 

rectifier control structure is included to make possible the determination of the 

minimum program cycle. Practical measurements are made to compare the 

performance of the PLL structures in these conditions, for the secondary voltage 

system of a transformer with unbalanced load. Finally, the performance of the 

PWM rectifier is analyzed by discrete time simulation, using the maximum 

sampling frequency determined for the real time development system, in the 

case of the SRF PLL and DSRF PLL synchronization methods, under 

unbalanced grid conditions. 

2. Grid synchronization methods 

The goal is the identification of the angular position, magnitude and rotation 

frequency of the grid voltage vector. Out of the several existing phase locked 

loop versions [12], designed to perform this task, a well-known initial one is the 

SRF-PLL [4], [6], [7]. Its operation is based on the orientation of a coordinate 

system so that one of the grid voltage vector components in this coordinate 

system is cancelled. Thus, the cancelled component plays the role of the phase 

error, and the controller that cancels this error operates in this coordinate 

system, said synchronous, because in steady state it rotates in phase, and with 

the same frequency with the grid voltage vector. A block diagram is shown in 

Fig. 1, where 𝜃𝑒 is the estimated phase angle in the stationary coordinate system 

of the space vector assigned to the grid voltage system [𝑢𝑎 , 𝑢𝑏 , 𝑢𝑐]
𝑇, [𝐴] is the 

matrix of the 𝑎𝑏𝑐/𝛼𝛽 Clarke transformation, [𝐷(𝜃𝑒)] is the matrix of rotation 

by 𝜃𝑒, while 𝜔𝑓𝑓 is the feedforward value of the angular frequency. 

 

Figure 1: Block diagram of the SRF-PLL [4] 

The main drawback of this PLL structure is its poor performance under 

unbalanced or distorted grid voltage [6], [14]. In this case, the essential task is 

the identification of the fundamental frequency positive sequence voltage 

component. The Matlab-Simulink simulation results shown in Fig. 2 illustrate 

the inaccurate detection of the direct component of a 50 Hz, 3-phase unbalanced 
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voltage system, with components given in Table 1, in case of the controller 

parameters  𝐾𝑝 = 13.06,  𝐾𝑖 = 1451, 𝜔0 = 2𝜋40 
𝑟𝑎𝑑

𝑠
. 

 
Table 1: Components of the voltage system from Figure 2 

Component Amplitude[V] Initial phase[deg] 

𝑈𝑠
+ 17 0 

𝑈𝑠
− 3.4 45 

 

Figure 2: Unbalanced 3-phase grid voltage system (top) and its direct sequence 

component (blue waveforms on the other axes) vs. the 3-phase system that  

results using the phase angle detected with SRF-PLL 

 

Figure 3: The starting transients of the SRF-PLL in case of unbalanced grid voltage 

On the contrary, the Double Synchronous Reference Frame PLL method can 

successfully separate the direct and inverse components of the unbalanced grid 
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voltage, and can also deal with a distorted voltage system [2], [5]. This is 

performed by the PLL structure shown in Figure 4, using two synchronous 

reference frames with direct and inverse rotation senses, respectively. A 

decoupling network (Figure 5) cancels the double-frequency components that 

result from the representation of the direct and inverse sequence voltage vectors 

in the reference frames rotating in the opposite direction. Thus the low-pass 

filtering tasks of the PLL become easier and the dynamic response becomes 

better [5]. 

This structure can even be generalized for the detection of higher order 

harmonics [5]. 

 

Figure 4: The block diagram of the DSRF-PLL [5] 

 

Figure 5: The block diagrams of the positive and negative sequence decoupling  

cells [5] 

The estimated angular positions of the reference frames with (+𝜔) direct 

and (–𝜔) inverse angular speed are 𝜃𝑒 and −𝜃𝑒, respectively. 
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In a similar way to the SRF-PLL case, Figure 6 compares the direct 

sequence component of the voltage system to the voltage system detected by the 

DSRF phase locked loop, for the controller parameters 𝐾𝑝 = 13.06,  𝐾𝑖 = 1451 

The initial value of the angular frequency was 𝜔0 = 2𝜋40 
𝑟𝑎𝑑

𝑠
, while the cut-

off angular frequency of the low-pass filters was 𝜔𝑓 = 222.14 
𝑟𝑎𝑑

𝑠
. 

 

Figure 6: Unbalanced 3-phase grid voltage system (top) and its direct sequence 

component (blue waveforms on the other axes) vs. the 3-phase system that results using 

the phase angle detected with DSRF-PLL 

 

Figure 7: The starting transients of the DSRF-PLL in case of unbalanced grid 

voltage 
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3. The control structure of the switch mode voltage rectifier 

The power circuit of the investigated switch mode voltage rectifier is shown 

in Figure 8. 

The control structure is based on the mathematical model (1), developed in 

the synchronous reference frame [9], [11], [13]. 

 

Figure 8: The power circuit of the 3 phase switch mode voltage rectifier [9] 

 

{
 
 

 
 𝑢𝑘𝑑 = −𝐿

𝑑𝑖𝑑
𝑑𝑡

− 𝑅𝑖𝑑 +𝜔𝐿𝑖𝑞 + 𝑢𝑑

𝑢𝑘𝑞 = −𝐿
𝑑𝑖𝑞

𝑑𝑡
− 𝑅𝑖𝑞 −𝜔𝐿𝑖𝑑 + 𝑢𝑞

𝐶
𝑑𝑢𝑑𝑐
𝑑𝑡

= 𝑆𝑑𝑖𝑑 + 𝑆𝑞𝑖𝑞 − 𝑖𝑙𝑜𝑎𝑑

 (1) 

where 

𝑢𝑑 , u𝑞 , id, iq, 𝑢𝑘𝑑 , ukq   are the d and q components in the synchronous 

reference frame of the grid phase voltage, grid current, and rectifier bridge input 

voltage, respectively. 

𝑆𝑑,𝑞  are the components of the switching vector, defined by the switching 

states of the upper transistors. 

The synchronous coordinate system voltage mode controller synthesizes the 

rectifier input voltage references using the compensation network from Figure 9 

[9]. This structure is based on (1), where  

 
𝛥𝑢𝑑 = −𝐿

𝑑𝑖𝑑
𝑑𝑡

− 𝑅𝑖𝑑 

𝛥𝑢𝑞 = −𝐿
𝑑𝑖𝑞
𝑑𝑡

− 𝑅𝑖𝑞 

(2) 
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are the outputs of the 𝑑 and 𝑞 axes current controllers. 

 

 

Figure 9: Control system in the synchronous reference frame [9] 

The components of the grid current reference in the synchronous reference 

frame result from the assumption that the rectifier is operated at unity power 

factor. This means that the reference of the active grid current component 𝑖𝑑
∗  is 

delivered by the output of the DC-link voltage regulator, and 𝑖𝑞
∗ = 0 [15]. 

In consequence, the block diagram of the voltage controlled rectifier results 

as shown in Figure 10, where the rectifier input voltages result by space phasor 

modulation [11], based on the voltage reference components and the actual DC-

link voltage. 

The grid synchronization is performed by one of the above mentioned PLL 

structures, with significant influence on the performance of the rectifier, as 

discussed in the following sections. 
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Figure 10: The overall control system of the switch mode rectifier with space vector 

modulated gate signals (SVM) 

4. Experimental setup for the PLL assessment 

The experimental setup for the analysis of the PLL structures is based on a 

dSpace DS1104 type real time development system (250 MHz floating point 

603 PowerPC processor) [8], with galvanically isolated analog and digital 

inputs and outputs. The voltage source is the 17 V secondary of a 3-phase 

transformer, which delivers an unbalanced voltage system when heavily loaded. 
One of the goals of this study has been the assessment of the maximum 

sampling frequency when all functionalities of the control system are 

implemented in the DS1104 system. The model from Figure 11, is used for the 

measurement of the execution times that finally limit the sampling frequency. 
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Figure 11: Real time model of the rectifier control system 

Figure 12 shows the turnaround time corresponding to the case  

when all control functions were confined to a single task. 

 

Figure 12: Timer Task 1 turnaround time 

It can be observed that the turnaround time is less than 75 𝜇𝑠, i.e. 75% of the 

initially set 100 𝜇𝑠 cycle period maximum, which makes it possible to increase 

the sampling frequency to 12kHz, corresponding to an 83 𝜇𝑠, sampling period. 

It has to be mentioned that the sampling period can be further decreased by 

creating a multirate model, which allows for the execution of lower priority, but 

time consuming tasks in the time available between the processing of high-

priority tasks [8]. 
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The SRF and DSRF PLL synchronization methods have been compared 

while setting the above established maximum sampling frequency. The 

controller parameters have been set to the values given in the previous section. 

In Figure 13 there are represented on the same time diagrams the balanced 

grid voltage system and the voltage system identified by the corresponding PLL 

method. The bottom diagram shows the 𝑢𝑞 outputs (representing in fact the 

phase error) and the angular positions identified by both methods. It can be 

observed that in case of a balanced grid voltage system, the behavior of both 

methods is similar. The small overshot in case of the DSRF-PLL is attributable 

to the controller settings, but the steady-state phase error is zero in both cases. 

 

Figure 13: The starting transients while using for grid synchronization the SRF (top) 

and DSRF PLL (center) methods, in case of balanced grid voltages 

Figure 14 presents the results of a start-up in case of an unbalanced grid 

simulated by the real time development system. In this case the amplitude ratio 

of the inverse and direct sequence components was 0.5. The steady-state error 
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of the DSRF-PLL method is zero, while the result obtained using the SRF-PLL 

method is unreliable. 

 

Figure 14: Synchronization in case of a synthetic unbalanced grid. The reference is 

the direct component of the asymmetrical voltage system. The red curve in the bottom 

diagram is the phase error in case of the SRF-PLL 

An experiment has been performed using the output voltage system of a 3-

phase 240 VA transformer, and inducing unbalance by an asymmetrical 

resistive load step (5A step between two phases). Figure 15 shows the behavior 

of both PLL methods in this practical case. The voltage system is also distorted 

in this experiment, but, again, the DSRF-PLL proves to be more performant. 
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Figure 15: The response of the SRF and DSRF PLL methods to a transformer 

secondary voltage unbalance induced by an asymmetrical load step at t=0 

5. Simulation of the switch mode rectifier with SRF and DSRF PLL 

synchronization, under unbalanced grid voltage conditions 

This chapter compares by Matlab-Simulink simulation the PLL methods 

applied for the grid synchronization of a switch mode voltage rectifier shown in 

Figure 10. The discrete time models use the highest possible sampling 

frequency, established during the experiments for the implementation on the 

dS1104 real time development system. 

The harmonic content of the grid currents is used to compare the 

performances of the PLL methods under unbalanced grid voltage conditions. 

From (1) and (2) it can be observed, that the actual grid currents and voltages 

directly influence the synthesis of the rectifier voltage reference. On its turn, the 

rectifier voltages directly influence the grid currents, hence the importance of 

the correct identification of the direct sequence grid voltage system. 
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The following parameters were set: 

- The converter components: 𝐿𝑔 = 5.6 𝑚𝐻, 𝐶 = 450𝜇𝐹, 𝑅𝑙  =  32Ω 

- DC voltage controller parameters: 𝐾𝑝  = 0.01,𝐾𝑖  =  0.1 

- Controller of the current component 𝑖𝑑: 𝐾𝑝  = 50,𝐾𝑖 = 10 

- Controller of the current component 𝑖𝑞: 𝐾𝑝  = 50, 𝐾𝑖 = 10 

- Grid line voltage direct sequence component: 𝑈𝑑 = 380 𝑉𝑟𝑚𝑠, f =
50 Hz 

- Grid line voltage inverse sequence component: 𝑈𝑖 = 0.3𝑈𝑑 =
114 𝑉𝑟𝑚𝑠, φ = 30°, f = 50 Hz 

- SRF-PLL controller: 𝐾𝑝  =  0.584, 𝐾𝑖  =  64.93 

- DSRF-PLL controller𝐾𝑝  =  0.584,𝐾𝑖  =  64.93 

Figure 16 shows the unbalanced grid voltage system and the distorted 

grid currents in case of synchronization using the SRF-PLL method. 

 

Figure 16: Asymmetrical grid and distorted currents resulting with the SRF-PLL 

In Figure 17 it can be observed that significant 3-rd and 5-th order 

harmonics appear in the grid current due to the fact that the SRF-PLL is not 

suitable for the direct sequence grid voltage component detection. In this case, 

the total harmonic distortion of the grid current is higher than 5% 
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Figure 17: FFT analysis of a grid phase current in case of SRF-PLL synchronization 

The result is much better when the DSRF-PLL is applied for 

synchronization. This is demonstrated in Figure 18 and Figure 19, which show 

the almost sinusoidal grid currents and their harmonic contents under the same 

unbalanced grid voltage conditions. In this case the total harmonic distortion is 

close to 1.7%, and unity power factor operation can be observed as well 

 

Figure 18: Asymmetrical grid voltage and symmetrical grid current system resulted 

when using the DSRF-PLL synchronization method 
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Figure 19: FFT analysis of a phase current in case of DSRF-PLL synchronization 

6. Conclusions 

In this study, the SRF PLL and DSRF PLL grid synchronization methods, 

used for the control of grid connected switch mode rectifiers, have been 

presented and compared. The voltage oriented control structure of the rectifier, 

that applies these synchronization algorithms, has been implemented on a 

dSpace 1104 type real time development system, and we found that a 12 kHz 

sampling frequency could be reached, with further improvement possibility by 

creating a multirating model. 

A discrete time Matlab-Simulink model of the rectifier supplied from an 

unbalanced grid voltage system was created, which made possible the 

comparison of the harmonic contents of the grid currents absorbed in case of the 

two different synchronization methods. 

For a ratio of the inverse and direct sequence grid voltage components of 

0.4, we found that the total harmonic distortion of the grid currents was 5.62% 

in case of the application of the SRF PLL, but it decreased to 1.69 % when we 

applied the DSRF PLL synchronization method. 

The harmonic content of the grid currents proves that in the case of an 

asymmetrical voltage system, the DSRF PLL provides a more performant 

operation of the rectifier due to its ability to accurately separate the direct and 

inverse sequence voltage components.  
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