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 In this paper a method to compensate saturation effects in current transformers using a 

hybrid model containing two linear and non-linear parts is introduced. According to the 

model, both parts including the affected part by saturation and the safe part from the 

secondary current are employed in a recursive process and the model parameters are 
estimated. Since the emergence of error in secondary signals is generally near the 

saturated part of the current, so using this part of signal in addition to its safe part can 

raise the speed of estimation of parameters than the situation in which only the safe part 
of a signal is used. Residual fluxes which have a tangible impact on saturation of 

current transformers are considered in the model. So they cannot have a negative effect 

on accuracy of estimation of parameters. Also, computation load of the recursive 
algorithms is significantly reduced by using of the separable nonlinear least squares 

method. The results obtained from simulations show proper performance of the 

proposed method in compensation of saturation effect of the current transformers. 
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INTRODUCTION 

 

 Nowadays, iron core current transformers are widely used to measure current in power systems, due to their 

good performance, reliable operation and also their proper cost. A disadvantage of the systems is saturation 

phenomenon in their iron core which cause signal distortion in secondary current. Occurrence of distortion in 

secondary current which is used as input signal of protection relays [1] will exert adverse effects and thus 

incomplete performance of protection relay. There are two basic ways to deal with this phenomenon as follows:  

1. Using a large iron core in the current transformers to reduce the risk of saturation.  

2. Using compensation algorithm on the signal of the secondary current to eliminate the effect of transformer 

saturation.  

 It is obvious that the second method is more efficient from an economic perspective. In recent years, the 

compensation of distortion in secondary current method has been studied extensively due to the saturation of 

current transformer. Excitation current of saturated transform can be obtained, by calculating of instantaneous 

flux and by using of magnetization of current transformer [2]. Local saturation of current transformers is a 

phenomenon that may occur due to their original asymmetry of geometrical layout of current carrying 

conductors. This phenomenon has more importance in ground fault of current transformers due to their high 

sensitivity.  

 The proposed method in this study is based on the assumption that residual flux in current transformer is 

zero, before occurrence of an error. Since the assumption may not always be correct, so calculation of excitation 

current (magnetization) will not be good enough by this method. In some studies [3,4], the residual flux problem 

is solved by finding the emergence of distortion and error exact point in secondary signal. Instantaneous flux in 

these points is equal to the flux in curve inflection point and is characteristic of the current transformer 

magnetization capability. However, due to presence of noise and effect of antialiasing filters that are obtained 

with this method will have large deviation from their actual value. Some methods inverse the saturated 

secondary current to a complex function as an input, in order that its output to be in corrected form of the 

secondary current [5,6]. In this case, an artificial neural network is always used as an inverse complex function. 

Theoretically, neural network can perform a good compensation. But the considered network should be taught 
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by a significant number of data which covers all aspects of saturation of current transformer. Because without 

these data will not guarantee the accuracy of the neural network. Another group of methods apply a linear 

regression [7] and a discrete dynamical filter [8] on unsaturated secondary current parts and perform a 

compensated current. To apply these methods on a significant part of the unsaturated part of a signal, it will be 

required to obtain desired results. A new method is proposed in [9] which can compensate the saturation effect 

of current transformer with accuracy and good speed. A developed form of this method will be discussed in this 

research. In the method, both saturated part and safe part from the secondary current are used for producing of a 

nonlinear regression process based on a partial nonlinear model. Thus, a small part of a secondary signal is 

necessary for accurate estimation of parameters and compensation of saturation. Then a safe form of the 

secondary signal will be generated with the estimated parameters.  

 A nonlinear regression model will be discussed, in continues of the article. Then the recursive algorithm is 

introduced based on nonlinear least squares and finally, simulations and examination of the results will be 

presented.  

  

1. Nonlinear regression model: 

 Figure (1) shows a simplified representation of a current transformer.  

 

 
 

Figure 1. A simplified representation of current transformer. 

 

 In the above Figure, the primary current to the secondary side is . im(t) is the magnetization current and 

is(t) is the secondary current. Zs is magnetization effect, Rs and Ls are resistance and average inductance in the 

secondary side, respectively. The relationship between current is as follows:  

( ) ( ) ( )p s mi t i t i t 
                                                                                                               (1)

 

 Where, is(t) is measured by the current transformer. As a function of time,  and im(t) are only depends 

on unknown and fixed parameters. Thus, equation (1) can be converted to a recursive model. The primary 

current can be modeled with a damped DC distortion error, as follows:  

( ) sin( ) t

pi t A t Be     
                                                                                                         (2)

 

 Where A is the amplitude, w is the angular frequency, and θ is the initial phase of current. B and г 

parameters are respectively the initial value and time constant of DC distortion error. The following equation 

will be obtained by using trigonometric expansions and the first-order Taylor series:  

1 2 3 4( ) cos sin( ) sin cos( ) B t a sin( ) cos( )pi t A t A t t a t a a t             
                   

(3)
 

 Where, a1 and a4 are unknown parameters. The excitation current, im(t), is a function of Q(t) in the iron core 

of current transformer. This function determines the magnetization curve function of current transformer. The 

relationship between Q(t) and im(t) will be as follows [10]:  
5 33

1 2 3( ) ( ) ( ) ( )mi t k t k t k t    
                                                                                       (4)

 

 Where, k1 and k3 are constants associated with magnetization characterization of current transformer. Also, 

we have:  

(t)(t)
( ) s

s s s

did
R i t L

dt dt


 

                                                                                                   (5)
 

By integration, we have:  

0
0 0( ) ( ) ( ( ) ( )) ( )

t

s s s s s
t

t R i t dt L i t i t t                                                                                  (6)
 

 The initial flux, Q(t0) , will be considered as an unknown parameter, a5. By inserting the equation (4) in the 

equation (6), we will have:  
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0 1 5( ) ([ ( ). ( )... ( )], )m im s s si t F i t i t i t a
                                                                                     (7)

 

 Where,  are the samples of secondary current from the t0 time to t. The nonlinear regression 

model will be obtained, by insertion of equation (7) in the equation (1).  

1 2 3 4 0 1 5( ) sin( ) cos( ) ([ ( ). ( )... ( )], )s im s s si t a t a t a a t F i t i t i t a     
                                         (8)

 

 

2. Separable nonlinear least squares (NLLS) regression algorithm: 

 Nonlinear regression function, , is obtained from rewriting of equation 8, as following:  

0 5 1 2 3 4( ) ( ) ([ ( ). ( )... ( )], ) ( sin( ) cos( ) )i s i im s s i s i i i if a i t F i t i t i t a a t a t a a t      
                  (9)

 

 Where a is an unknown parameters vector of a1 to a5. By applying of equation 9 to m samples of secondary 

current signal, we have:  

5 (1...4)( ) ( )s imf a i F a La  
                                                                                              (10)

 

That, in which:  
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Thus, the problem of least squares for the regression model will be as follows:  

( ) ( ) ( )T

NLLSr a f a f a
                                                                                                       (11)

 

 Nonlinear least squares (NLLS) problems do not have analytical solution and therefore, are solved by 

repetition and correction method. To reduce the computational load, only a5 parameter which is located in a 

nonlinear function, Fim, will be solved by NLLS and four other parameters that are linearly involved in the least 

squares problem will be obtained analytically and with LLS method. This is same as partial nonlinear concept, 

namely dividing the problem into two parts of linear and nonlinear.  

(1 4) 5

1

( ( ))

L (L )

s im

T T

a L i F a

L L





 

 

                                                                                                        (12)
 

 By insertion of equation (12) in equation (10), a one-dimension NLLS problem, will be obtained:  

5 5 5( ) ( ) ( )T

SNLLS SNLLS SNLLSr a f a f a
                                                                                         (13)

 

Where,  

5 5( ) ( )( ( ))SNLLS s imf a I LL i F a  
                                                                                         (14)

 

The nonlinear regression will be solved by LM method [11].  

3. Simulation results:  

 A relatively wide range of states have been studied, to evaluate the performance of the proposed method. 

To evaluate the performance of the compensation, the following fitness criteria will be used, where, ics is the 

compensated secondary current.  

2

1
(1/ ) ( ( ) ( ))

% 100
max(i ) min( )

m

p csn

NRMS

p p

N i n i n

i
 


 




                                                                   (15)

 

 In simulation process, 32 samples from each cycles of the secondary signal have been taken to use for 

parameter estimation process. The circuit breaker closing time has been considered 0.2 seconds, to observe 

saturation of the current transformer. The above states are divided to four main categories.   

 First state: saturation of the current transformer in normal mode  
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Fig. 2: Saturation of the current transformer in normal mode. 

 

 As can be seen, the compensated secondary current follows well the initial current of transformer, the 

compensation starts at 0.048 s and fitness criteria is equal to 0.36132%NRMS 
.
 

 Second state: saturation of current transformer at high residual flux mode 
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Fig. 3: Saturation of current transformer at high residual flux mode.  

 

 As can be seen, the compensation of secondary current has been made with errors by using of LLS method 

in the first few hundredth of a second of the primary current tracking of the transformer. But in continues, the 

saturation effect of current transformer is compensated well in situation that the residual flux is high. 

Compensation is also started at 0.025 and the fitness criteria is equals to εNRMS = 5.2374%. But it is observed that 

by using of NLLS method, the compensated secondary current follows well the primary current of transformer, 

and saturation effect of transformer current is compensated well in the normal mode. The compensation is 

started at 0.025 S and the fitness criteria is equals to εNRMS = 0.8122%. The above results show better 

performance of NLLS method than LLS.  

Third state: saturation of current transformer with 0.5 power factor for load per second.  
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Fig. 4: Saturation of current transformer with 0.5 power factor for load per second. 

 

 As it is observed, the secondary compensated current follows well the primary current of transformer, and 

the saturation effect of current transformer is compensated well in the normal mode. The compensation is started 

at 0.025 s and the fitness criteria is equals to 0.5 %414NRMS  . 

Fourth state: Saturation of current transformer with small secondary load and large residual flux  
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Fig. 5: Saturation of current transformer by a small secondary load and a large residual flux. 

 

 As it is observed, the secondary compensated current follows well the primary current of transformer, and 

the saturation effect of current transformer is compensated well in the normal mode. The compensation is started 

at 0.021 S and the fitness criteria is equals to εNRMS = 0.54711%. 

 

4. Conclusions:  

 A hybrid model including two linear and nonlinear parts, were proposed in the article, to compensate the 

saturation effects of current transformers. Based on the proposed model, both saturated and safe parts from 

secondary current were applied in a recursive process and model parameters were estimated. A relatively wide 

range of states were examined to evaluate the performance of the proposed method. As shown in the simulation 

results, the saturation effect is compensated well in the normal mode. In the case of high residual flux, the 

compensation function of the saturation effect was performed with a slight error. Finally, in the other two states 

namely the state of saturation of current transformer with 0.5 power factor for load per second and the state of 

saturation of current transformer by a small secondary load and a large residual flux, the compensation function 

of the saturation effect was performed well. The simulation results show very good and proper performance of 

the proposed method.  
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