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Introduction      
 

Accurate phase detection of utility voltages is the 
most critical factor to control the power converters for 
custom power applications. The reference signal generated 
by a phase-locked loop (PLL) affects the performance of 
custom power devices for compensating power factor, 
harmonic current, and voltage disturbances. Specifically, 
the amplitude and phase angle of the positive-sequence 
component must be fast and accurately obtained, even if 
the utility voltage is distorted and unbalanced.  

Recently, there has been increased interest in PLL 
topologies for grid-connected system. The three-phase PLL 
discussed in [1] is based on a synchronous reference frame 
(SRF) to detect the phase angle, frequency and amplitude 
of the utility voltage, which gives satisfactory performance 
under ideal input conditions but causes large oscillations in 
unbalanced and distorted conditions. A novel decoupled 
double synchronous reference frame phase-locked loop 
(DDSRF-PLL) was propose in [2] , which is achieved by 
transforming both positive-sequence and negative-
sequence components of the utility voltages into the double 
reference frame, and shows excellent performance even in 
case of unbalanced utility voltages. Another three-phase 
PLL was presented in [3], which is based on a 
conventional three-phase PLL followed by a proportional-
integral controlled moving average filter. This PLL gives 
fast, accurate angular frequency and phase-locking and is 
robust to numerous utility distortion conditions.    

This paper investigates a novel three-phase PLL 
which is capable of locking to the phase and frequency of 
three-phase ac supply voltage under distorted conditions, 
which is based on the conventional PLL structure followed 
by an adaptive notch filter (ANF)and proportional-integral 
(PI) controller. The excellent performance of the presented 
PLL is validated by extensive simulation results and a 
detailed comparison with the conventional PLL, which has 
overwhelming advantages in terms of dynamic response, 
high accuracy in phase tracking and enhanced robustness 

under various grid voltage disturbances such as voltage 
sag, harmonics, unbalance. 

                
Conventional three-phase PLL 

                
The conventional three-phase phase-locked-loop 

(CPLL) topology is illustrated in Fig.1.The three-phase 
voltage vector is transformed from abc natural reference 
frame to the dq rotating reference frame by using Clack’s 
transformation and Park’s transformation. The angular 
position of this dq reference frame is controlled by a 
feedback loop which regulates the q component to zero. 
Therefore in steady-state, the d component depicts the 
voltage vector amplitude and its phase is determined by the 
output of the feedback loop. It has been shown that the 
performance of CPLL is significantly degraded in presence 
of even slight disturbance [2].  
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Fig. 1. Block diagram of the conventional PLL 
 
Proposed three-phase PLL  

 

In order to introduce the structure of three-phase PLL, 
some mathematical analysis will be presented. It is 
assumed that the utility voltages are composed of generic 
harmonic components and represented as: 
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where m can be either positive or negative with ω the 
fundamental utility frequency; φ+1 and φm  – the initial 

 7



phase angle of the fundamental; mth order component, 
respectively, which can be expressed as: 
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where θ1 and Δθ1 represent the estimated phase angle of 
the fundamental component of grid voltage and the 
estimation error, respectively, obtained from PLL, and the 
phase angle of the mth order harmonic component; φm – 
derived in terms of the phase angle of the fundamental grid 
voltage and the error signal m

Hence the three-phase grid voltages can be 
transformed to the stationary α-β frame by using Clark’s 
transformation, as: 
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The obtained quantities are transformed into 
synchronous rotating reference frame by using Park’s 
transformation: 

1 /( ) dq SS dq
v T v    ,                                (4) 
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angle detected by PLL. The q-axis voltage νSq
+1 can be 

derived as: 
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If a perfect synchronization of the PLL is possible, 
which means θPLL=ωt+θ1. Substituting Eq. (2) into Eq. (5), 

rearranging terms, the following Equation can be got： 
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(6)

 

Equation (6) suggests that the original signal νSq
+1can be 

regenerated by adjusting the coefficients VS
+1sin (Δθ1),   

VS
mcos [mΔθ1+ (φm-mφ+1)], VS

msin [mΔθ1+ (φm-mφ+1)], 
(m=-1, ±2…±N), even though the phase angle of the 
original signal is unknown. The objective of the proposed 
PLL is to reconstruct the phase information of the 
fundamental grid voltage angle using least-mean-square 
(LMS) algorithm [4]. Applying this algorithm, Eq. (6) can 
be expressed as: 

Ŷ WX ,                                     (7) 

where Ŷ – the estimated value of signal νSq
+1. The vector 

W and X correspond to the weight vector and the input 
vector for the signal, respectively, are represented as: 
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In order to make adaptation of weight vector W, the 
following cost function is chosen: 
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where λ denotes the real-valued Lagrange multiplier, Ŵk 
denotes the old weight vector at the kth iteration and Ŵk+1 
denote its updated weight vector at the (k+1) th iteration, 
Yk – the desired output corresponding to input vector Xk, 
which means that for each (Xk, Yk) pair, there exists at least 
one Ŵk+1, such that the following equation is satisfied: 
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The optimum weight vector can be found by 
minimizing Jk, differentiate Jk with respect to Ŵk+1, then: 
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By setting Eq. (12) to zero, the optimum value for 
Ŵk+1 can be got:  
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The output Yk can be rewritten: 
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Then, the Lagrange multiplier λ can be obtained as: 
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where ek= Yk -Ŵk
H Xk  represents the estimation error of 

the adaptive notch filters. From the above Eq. (13) and Eq. 
(15), the following equation can be derived: 

1 2

1ˆ ˆ
|| ||k k k

k

W W X e
X   k .                       (16) 

In order to ensure stable operation of the weight 
vector updating process, a positive real scaling factor μ is 
introduced to the step size. Therefore Eq. (16) can be 
redefined as: 
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The selection of the step-size parameter μ is a 
compromise between the estimation accuracy and the 
convergence speed of the weights updating process. 
Assuming that the physical mechanism responsible for 
generating the desired response Yk is controlled by the 
multiple regression model: 

 8



 9

k

k

1
ˆ H H

k k k kY W X W X d   ,                       (18)  2
2

1 2

| |
[ ] 2 [
|| || || ||

k
n n

k k

e
E E

X X


      

2
]k ke
,             (22) 

where W represents the model’s unknown parameter vector 
and dk represents unknown disturbances that account for 
various system impairments, such as random noise, 
modeling errors or other unknown sources. The weight 
vector Ŵk computed by the adaptive notch filtering 
algorithm is an estimate of the actual weight vector W, 
hence the estimation error can be presented by: 

where ξk denotes the undisturbed error signal defined by 
ξk=(W-Ŵk)

H; Xk=εk
H Xk, to realize the object of 

convergence, that is ρn+1<ρn, then the step-size parameter μ 
should satisfy the following condition:  
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Description of the proposed three-phase PLL the incremental in the estimation error can be derived as: 
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X

    .                        (20)  
Based on the adaptive notch filter methodology 

mentioned in the above section, a novel phase-locked loop 
algorithm is derived, as shown in Fig.2. For the sake of 
brevity, only fundamental component, fifth and seventh 
order harmonics are considered in the grid voltages, 
including positive sequence and negative sequence 
component, therefore the estimation blocks corresponding 
to these components are considered in the proposed PLL. 
One may extend the order of the PLL by incorporating 
higher order harmonic blocks in the algorithm according to 
the particular applications.  

The object of adaptive notch filter is to minimize the 
incremental change in the weight vector  Ŵk+1  from the 
kth and k+1 th iteration, subject to a constraint imposed on 
the updated weight vector Ŵk+1. Therefore, the stability of 
ANF algorithm can be investigated by defining the mean-
square deviation of the weight vector estimation error: 

2[|| || ]n kE  .                                  (21) 

Taking the squared Euclidean norms of both sides of 
Eq.(20), rearranging terms, and then taking the 
expectations on both sides of equation, we get: 

 
a) 

 
b) 



 
c) 

Fig. 2. The Matlab/Simulink diagram for the proposed PLL: a – the top layer representation of PLL; b – the bottom layer of PLL for the 
fundamental frequency – positive sequence component estimation; c – the bottom layer of PLL for fundamental frequency-positive 
sequence component estimation 

 
    a)         b) 

Fig. 3. Bode plot of the PLL when the fundamental frequency block, the fifth and seventh harmonic blocks are considered: a – 

frequency response from νSq
+1(s) to E(s); b – frequency response from νSq

+1(s) to 1( )Sqv s  

Fig.2a shows the top layer representation of the PLL, 
which shows the estimation error, phase angle of the 
fundamental component. The learning rate are utilized as 
the inputs to the subsystems, namely, the fundamental 
frequency-positive sequence block, the fundamental 
frequency-negative sequence block, the fifth order 
harmonic-negative sequence and seventh order harmonic-
positive sequence block, the fifth order harmonic-positive 
sequence block, the seventh order harmonic-negative 
sequence block. However, only the weight of the 
fundamental frequency-positive sequence block is used for 
the outer loop controller, namely, the PI controller and the 
integrator, in a similar manner as that of the conventional 
three-phase PLL shown in Fig.1. Fig.2 (b)-(c) shows the 
two subsystems for individual component estimation, 
namely, the fundamental frequency -positive sequence 
component estimation and the fundamental frequency-
negative sequence component estimation. Similarly, the 
following subsystems are nearly the same as the 
frequency-negative sequence block, just exchanging the 
gain “2” into “6”, “4” and “8”. The phase estimation error 
denoted by VS

+1sin (Δθ1) can be regulated to zero by using 
such a properly designed closed-loop control system in 
incorporating the adaptive notch filter methodology, and 
the original signal can be regenerated.  

In order to analysis characteristic of the proposed 
PLL, frequency domain analysis on the control block 
diagram will be shown on. According to the block diagram 
in Fig.2, the following transfer functions from estimation 
error E(s) to the individual harmonic component 
output can be derived as: ( )snV s

1
1( )

K
G s

s
 ，

2
( )

( )
n

n
K s

G s
s n 2




,                 (24) 

where n=2, 4, 6, 8. Hence the transfer function from input 
νSq

+1 to E can be represented as: 

        
1

1
2,4,6,8

( ) 1
( )

1 ( ) (( )
error

nSq
n

E s
G s

G s G sv s



 
   )

.       (25) 

Similarly, the transfer function from νSq
+1 to the 

estimated fundamental component 1
Sqv can be derived as: 
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Fig. 3 shows the frequency response of the PLL when 
the positive-sequence and negative-sequence components 
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Fig. 4. Performance comparison between CPLL and the proposed 
PLL  in  case  1: a – grid  voltages; b – angular  frequency  output; 
c – phase estimation error 

 
Simulation results 

 
To compare the operation of the conventional and 

proposed PLLs, simulation results are provided to study 
the effect of voltage distortion on both PLL outputs. Fig.4 
shows the performance of both PLL when 0.2 pu 5th order 
negative-sequence and 0.2 pu 7th order positive-sequence 
harmonic components are suddenly applied to phase b and 
phase c of the grid voltages, meanwhile, phase a voltage 
sags to zero. The waveform of the supply voltage is shown 
in Fig.4a. Fig.4b and Fig.4c show the PLL output angular 

frequency detection and phase detection error of both PLL 
respectively. It can be observed that the phase angle and 
angular frequency are highly distorted for the conventional 
PLL. For the proposed PLL, the angular frequency 
stabilizes in one or two ac cycles, without the large 
oscillations that occur with the conventional PLL, the 
maximum overshoot θ is nearly 0.1 rad. With different 
learning rate μ, the velocity of the proposed PLL 
convergence is quite different. In simulation results shown, 
the conventional PLL phase angle does not phase back like 
the proposed PLL. 
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Fig. 5. Performance comparison between CPLL and the proposed 
PLL  in  case  2: a – grid  voltages; b –  angular  frequency output; 
c – phase estimation error 

Fig.5 shows the performance of both PLL when 
fundamental frequency and harmonic components are 
highly unbalanced and distorted, with 0.3 pu fundamental 
frequency negative-sequence, 0.2 pu 5th order negative-
sequence, 0.1 pu 5th order positive-sequence, 0.1 pu 7th 
order positive-sequence, 0.1 pu 7th order negative-sequence 
component. The waveform of the supply voltage is shown 
in Fig.5a.  It can be observed that the proposed PLL tracks 
the grid frequency in one ac supply period. However, the 
conventional PLL has difficulty tracking the frequency as 
the supply distortion and unbalance increase, as shown in 
Fig.5b and Fig.5c. 

The simulation results shown in Fig.4 and Fig.5 verify 
the ability of the proposed PLL to accurately lock to the 
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supply angular frequency and phase in one ac supply 
period under line disturbances, such as sag, harmonic, 
unbalance, whereas the conventional PLL fails to lock 
accurately in the highly distorted and unbalanced grid. 

Conclusions 

In this paper, a novel PLL composed of an adaptive 
notch filter is proposed. The accuracy and robustness of 
the proposed algorithm is verified by the comparison 
between the proposed and conventional PLLs under 
distorted and unbalanced condition. The transient response 
of the proposed PLL was tested and it responds in one ac 
supply cycle. Supply angular frequency locking and phase 
angle tracking are much better than the conventional PLL 
schemes. The proposed PLL can be utilized as a basic 
control element of a power converter for active power filter 
(APFs), dynamic voltage restorer (DVRs) and motor drives 
applications. 
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kilpoje // Elektronika ir elektrotechnika. – Kaunas: Technologija, 2009. – Nr. 4(92). – P. 7–12.  

Pasiūlyta nauja trifazės fazinės kilpos (FK) struktūra. Siūloma FK turi paprastą struktūrą: įprastas tris FK su adaptuotu užtvariniu 
filtru ir proporcingą integralinį valdiklį. FK tinkamumą patvirtina teorinės analizės ir modeliavimo metu gauti rezultatai. Siūloma FK 
sistema gali dirbti esant įvairiems įtampos sutrikimams. Il. 5, bibl. 4 (anglų kalba; santraukos anglų, rusų ir lietuvių k.). 
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