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Abstract—Thispaper, describes the various power theories for 

Electrical power network solution and its mathematical 

approach in view of understanding the various apparent power 

calculation. These are necessary to evaluate the efficiency and 

performance of the transmission, distribution systems and 

various electrical equipment’s. In order to compensate the load, 

it is required to know which components of the load power to be 

compensated. Under balanced and sinusoidal conditions, the 

power definitions and decompositions are well defined and are 

being in the practice. But, in the case of non-ideal, there is no 

common agreement till now about the decompositions of power 

and current. Hence, the power decompositions and theories for 

the load compensation under non-ideal conditions have become 

an important research area. So in that context this article 

presents the current literature about the different power 

definitions and its conceptualisation under various source 

conditions.  
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I. INTRODUCTION 

ecause of the proliferation of nonlinear and power 

electronic loads in the distribution system, the voltage 

and currents are significantly distorted. With the uneven 

distribution of loads on three phases, these quantities are 

having unbalance in addition to the nonsinusoidal nature. 

Hence, the existing power definitions for single phase and 

three phases in ideal conditions are not valid under unbalanced 

and nonsinusoidal situations. Many researchers working on 

quantifying the definitions for active, reactive, apparent 

powers and power factor under these conditions. Till now, 

there is no common agreement on the definitions for the 

power components. The powers are defined either in the 

frequency or in the time domain. The apparent   powerdefined 

in frequency domain as  √     .Though, this definition 

is accepted and practicing, there is an ambiguity over addition 

of two dissimilar quantities (average, peak) to get another 

quantity. In time domain, the apparent power is defined 

as    .The apparent power definition in frequency domain 

and time domain are converging to same result under 

sinusoidal condition, whereas this is not true under non 

sinusoidal conditions.      Hence,      the      apparent      power     

definition  √     in the frequency domain is not valid 

under non sinusoidal conditions. In 1927 C. Budeanu 

developed a power equation and definitions  of the reactive 

and  distortion  powers[1] which dominated studies on 

systems with non-sinusoidalvoltages and currents for several 

decades. Power definitions for non-sinusoidal systems are 

founded on Budeanu's approach even in the present American 

Standard [4]. Budeanu and Fryze suggested their power 

equations Furthermore, Fryze managed to do it without 

decomposition of the voltage and current waveforms into 

harmonics, i.e., in the time- domain. Although supported with 

the German Standard [3], Fryze's power theory was not so 

known as Budeanu's. However, with an increasing 

disappointment with Budeanu's theory, Fryze's approach 

effected formidably the development [5, 6] of power theory of 

circuits with nonsinusoidal voltages and currents.  Budeanu's 

and Fryze's theories co-existed for more than fifty years. 

There were even attempts to combine them into a single 

power theory. Unfortunately, interpretation of power 

phenomena of circuits with nonsinusoidal voltages and 

currents remained unclear and controversial. Moreover, no 

progress was achieved with respect to power factor 

improvement with reactive compensators using these two 

theories. The situation changed in the eighties with an increase 

in the number of sources of waveform distortion, due to 

developments in power electronics. New attempts were made 

aimed at developing power theory and methods of power 

factor improvement in circuits with nonsinusoidal voltages 

and currents. Consequently, power properties of such circuits 

are much better understood now and there is a variety of 

methods for power factor improvement which go far beyond 

the results provided by Budeanu's and Fryze's power theories. 

Very often, however, in books and papers, power properties of 

circuits with nonsinusoidal waveforms are explained only in 

terms of Budeanu's or Fryze's theories. Consequently, they 

shape the knowledge of electrical engineers on powers in non- 

sinusoidal circuits, thus impairing their comprehension of 

power phenomena in such circuits. Often this knowledge is 

shaped even by only one of these theories. Therefore, it would 

be beneficial to discuss these theories from the present 

perspective. Moreover, the development of power theory is 

not completed yet. 

II POWER THEORIES AND DEFINATIONS 

There are different power decompositions, theories and 

approaches towards defining them. First classification is based 

on either it is time domain or frequency domain, second one is 

B 
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based on the decomposition of particular electrical quantity. 

The third one depends on the validation methodology of these 

definitions. Under the last classification, the power theory 

may be either first defined for the ideal case and then extends 

to non-ideal conditions or first defined to the non-ideal case 

and then validating the same for the ideal supply conditions. 

The decompositions are classified based on current, power 

and energy. Based on the lag, lead, linear and non-linear 

behavior of current with respect to voltage, the currents are 

decomposed. Some definitions are formulated based on 

instantaneous or average value of the power. Some authors 

considered energy consumed by the load as the basis for the 

definitions. 

A. Budeanu  power decomposition 

Budeanu decomposed apparent power into two types. The 

first one is active power and another one is deactive power. 

Again, the deactive power divided into two components as 

Budeanu‘s reactive power and Budeanu‘s distortion power. 

The active power is the average of the instantaneous power 

over a cycle [1]. 

 

       ∑          
 
                 (1) 

 

Where, V0 , I0 are dc components present in v(t) and i(t) 

respectively. This power (P) is the actual power that converted 

to the physical work. Budeanu‘s reactive power is defined as 

 

   ∑          
 
                          (2) 

 

The distortion power is defined as the following 
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B. Fryze’s powerdecomposition  

Fryze decomposed the total current into two parts to get the 

power components [2]. The current is decomposed into two 

orthogonal currents named active current and reactive current. 

Its power theory is based on the supply current de- 

composition into the active current, ia, and the reactive 

current, denoted here by iR, namely 

 

                                                (5) 

 

The formulation of the active current is given below. 

 

      ( )  
 

  
  ( )                                                            (6) 

 

Here P is the average power and V is the rms value of 

voltage. The reactive current is  ( )   ( )    ( ) 
Then, the apparent power is calculated as 

 

         
      

          
          (7) 

 

Where, QF is the Fryze‘s reactive power. The Fryze‘s active 

power is not similar to useful power. Active power associated 

with harmonics is useful for resistive loads and it is harmful 

for the rotating machines. The harmonic active power is 

converted as heat in the windings, which can increase the 

temperature gradient of the machine. 

C. Shepherd and Zakikhani’s  power decomposition 

The currents in this decomposition are decomposed as 

given below. Active current is defined as 

 

   √∑   
           

 (8) 

 

Reactive current 

 

   √∑   
             (9) 

 

Distortion current   √ 
    

    
     (10) 

 

Where n1 is defined as the set, which consists of common 

harmonics of voltage and current. The apparent power is 

definedas 

 

     
    

    
                                                      (11) 

 

The active apparent power 

 

   √∑   
   

 
       

(12) 

 

The Reactive apparent power 

 

   √∑   
   

 
       

                                                       (13) 

 

Distortion apparent power is defined as given below. 

 

   √∑   
 

    

∑   
  

    

∑   
 

    

(∑   
 

    

 ∑   
 

    

) 

                                                                                        (14) 

Where n2 is the set of frequency components, which 

consists of only voltage harmonics and  no current   

harmonics. The set n3 represents the frequency components of 

current and no voltage harmonics [7]. 
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However, this decomposition does not provide any 

information leading to the determination of power factor. Here, 

the active apparent power is different from average active 

power (P). The another drawback of these decompositions is 

that, there is no definition of power similar to the  average 

power (P), which is the cause for energy transfer from 

sourceto load. 

D. Sharon’s power decomposition 

The  active  power  based  on the  average  of instantaneous 

power  is  not  used  in  the  Shepherd  and  Zakikhani‘s  

power decomposition,  which is very  much useful in 

determining  theenergy calculations. Hence, in order to 

alleviate this drawback, Sharon proposed a new 

decomposition in which Active Apparent Power (Sa) is 

replaced by Average Power (P) as given below [8] 

 

        
    

                                                       (15) 
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                                                       (16) 

 

       √ 
       

                                       (17) 

E. Bucholz –Goodhue powerdefinition 

The Bucholz –Goodhue proposed apparent power 

definition as follows [9]. The effective voltage of three phase 

is defined as 

 

   √  
    

    
                                                    (18) 

 

The effective current of three phase is defined as 

 

   √  
    

    
                                                      (19) 

 

The effective apparent power is defined as given below. 

 

   √  
    

    
 √  

    
    

                         (20) 

 

F. Ferrero, Superti–Furga  power definition 

 

The authors have defined the power components in both 

time domain and frequency domains. These are presented 

under the following two headings [10,11]. 

 

Time Domain Decomposition 

The active current is defined as 

 

      ( )  
  

  
  ( )                                                                 (21) 

 

Where Ppis the average value of the real power and V is the 

rms value of the voltage Park vector. The residual current is 

obtained as Ix(t) = i(t) – ia(t). The currents defined as above 

are more effective than the decomposition on the single phase 

basis, since they attain the optimal redistribution of the 

average power Ppfor a specified voltage. Hence, to have zero 

sum currents the following equation should befollowed. 

 

    
        

  
    

    
   ( )                                                 (22) 

Frequency Domain Decomposition 

 

The active and reactive powers are defined as below. 

 

   ∑     
 

           ∑     
 

                        (23) 

 

Nu is the set of similar harmonic components in current and 

the voltage vector. The equivalent conductance 

 

   
  

  
Then the active current ia is defined as 

 

  ( )     ( )    ∑    
    

                                  (24) 

 

Then i(t) can be decomposed as follows. The summation of 

individual harmonic active current is written as given below. 

 

   ( )  ∑      
    

                                                 (25) 

 

The scattered current defined as 

 

  ( )     ( )    ( )  ∑ (     )   
    

                (26) 

The reactive current is 

     ∑      
    

    (27) 

  ( )    ∑      
    

                                                   (28) 

Nf is the set of dissimilar harmonic components in current and 
voltage vector. Finally the total current is 

                                                                        (29) 

Because of the orthogonality, the above equation can be 
written for the rms values as given below. 

     
    

    
    

                                                  (30) 

Again, the reactive current can be divided into two 
components based on the average value of park imaginary 
power and it is defined as given below. 

            
  

  
                                                             (31) 

  ( )       ( )                                                              (32) 

The reactive scattering current is 

   ( )    ( )    ( )                                                        (33) 
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Total reactive current is 

  
    

     
                                                                   (34) 

The total current is decomposed as given below 

     
    

    
     

    
         (35) 

 

The drawbacks of these power components include not 

consideration of zero sequence currents and voltages, inability 

to derive single phase situation from three phase case and 

there is no generalization to the polyphase systems for more 

thanthree phases [12]. 

G. Willems apparent power decomposition 

Here, three new concepts are introduced to characterize 

thetransmission efficiency and oscillatory behavior of the 

power. The oscillating power Sosc is defined as the rms value 

of the oscillating components of the instantaneous power.  

The rmspower Srms is defined as the rms value of the 

instantaneous power. The oscillation power factor (λosc ) is 

defined as the ratio of average or active power to the rms 

power. The oscillation power factor is zero for the pure 

oscillatory power and there is no net energy transfer. It equals 

one if the instantaneous power is constant [13]. 

 

    (    )  ∑        (     )           (36) 
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      (37) 

 

Thealternate complex power can be defined as 

 

     
    

 

The magnitude of the alternate complex power equals to the 

amplitude of the oscillation of the instantaneous power. The 

oscillating power Sosc equal to the rms value of the alternate 

complex power 

 

     
 

√ 
|  |      (38) 

 

The rms power equals 

 

     √ 
  

 

√ 
|  |

                                                       (39) 

 

The oscillating power factorequals 

 
 

√   
 

√ 
|  |

 
                                                                          (40) 

 

The maximal value of the oscillation power factor is obtained 

for a balanced load and positive sequence phase voltages and 

is equal to one. This is true for the load having reactive nature 

also. In these definitions of apparent power and power factor, 

there is no distinction between reactive power and oscillating 

power, which are independent quantities. This one is also not 

clearly giving the clear demonstration about different power 

phenomenon in the case of non-ideal conditions. 

 

III. IEEE WORKING GROUP POWER DEFINITION 

The power definitions for single phase and three phase 

systemsaccording to IEEE working group on power 

definitions are given below [4, 16, and 17]. 

Single phasesystem 

The non-sinusoidal voltage and current considered for  

defining the powers are given below. 

 

 ( )     √ ∑      (      )
 
                             (41) 

 

 ( )     √ ∑      (      )
 
                               (42) 

 

The rms voltage and current are defined as given below 

  √∑   
  

                                                                     (43) 

  √∑   
  

             (44) 

 

     
    

        
    

                 (45 , 46) 

The apparent power (S) is definedas 

 

   (  )  (    )
  (    )

  (    )
  (    )

     (47) 

The non-active power (S) is defined as 

  √                                                                        (48) 

The non-active apparent power (S  ) is definedas 

  
  (    )

  (    )
  (    )

                                  (49) 

The power factor is defined as pf = P/S. 

Three phase system 

 

The effective voltage (Ve) and current (Ie) in three phase 

system defined as givenbelow. 
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                                                             (50) 
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                                                               (51) 

 

  
     

     
     

     
     

              (52 , 53) 

 

The effective fundamental voltage ( Ve1) and current ( Ie1 ) 
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are defined as 

   
  

   
     

     
 

 
                                                         (54) 

   
  

   
     

     
 

 
                                                           (55) 

The effective harmonic voltage ( VeH) and current ( IeH ) are 

defined as 

   
  ∑ (

   
     

     
 

 
)                                             (56) 

 

   
  ∑ (

   
     

     
 

 
)             (57) 

The effective apparent power is defined as 

                                                                                  (58) 

IV. IEEE 1459 POWER QUANTITY DEFINITIONS 

In Fig. 2, the diagram of the proposed strategy in the most 

general case of a three-phase four-wire system is reported. 

The same figurerepresents the whole strategy, which includes 

the blocks for the extraction of the positive, negative, and 

zero-sequence components of voltages and currents (called ps, 

ns, and zs) and the PLL block. In thediagram of figure 2, the 

blocks for the measurement of the IEEE Standard 1459-2000 

power quantities are also reported. In Fig. 1, the measurement 

of the active power P, the fundamental positive-sequence 

active and reactive powers   
 and  

 , and the harmonic active 

power   are separated from the block for the evaluation of 

the other 1459 power quantities [14,15,18-21]. 
 

 
 

                                      Fig. 1: Power Measurement Block 

 

 

 
Fig. 2: Block Diagram of Power Measurement using IEEE 1459 

 

In fact, the proposed strategy allows one to perform 

measuring these quantities without evaluating amplitudesand 

phase angles of fundamental and harmonic voltagesand 

currents. In detail, the active power is the dc componentof the 

instantaneous power (P = Vaia + Vbib+ Vcic); thus, it can be 

directly measured by means of a low-pass filter. Similarly,  
  

is directly measured by multiplying the fundamental positive-

sequence components of the voltages, extracted as previously 

shown, and the measured currents and by low-pass filtering 

the obtained instantaneous power as shown in Fig. 3. The 

same operation can be made with respect to 
 
  , just by 

shifting the fundamental positive-sequence components of the 

voltages by a quarter of a period, already by means of the 

Hilbert transformation. 

V. CONCLUSION 

In this paper, the major power definitions and   powertheories 

are presented in the light of real power, reactive power and 

apparent power under ideal and nonideal supply conditions. 

Even though, the researchers are trying to solve the problem 

of defining the powers under nonideal conditions, every 

decomposition or theory is limited in formulation and 

explaining the reactivepower and other fictitious powers. 

Fryze had shown a path to decompose the current based on 

orthogonality principle. Czarnecki and others are following 

this tool to decompose the current to know the nature of load 

before compensation. However, still there is a question of 

how many decompositions have to be made and validity of 
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them. Shepherd and Zakikhani tried to find out optimum 

capacitance value for the load compensation under different 

supply conditions. But, these decompositions are not useful 

for the compensation of time varying loads. In the Klusters 

and Moore decomposition, the load reactive current is divided 

into capacitive and inductive in order to compensate with the 

compensator of inductance and capacitance respectively. 

Willems proposed a new concept for defining the apparent 

power which is using the active power and rms value of the 

oscillating power. The decompositions defined in the time 

domain are not giving frequency information; similarly the 

decompositions made in the frequency domain are not giving 

time information.  

Finally, a time-domain strategy is presented here for the 

evaluation of fundamental positive, negative, and zero-

sequence components of voltages and currents for three-phase 

applications, both three wire and four wire. Thus, this strategy 

is well suited for the apparent power resolution according 

IEEE Standard 1459-2000, as it allows one to measure all of 

the power quantities without using any time-to-frequency 

transformation for voltages and currents‘ spectral analysis. 

Furthermore, active and reactive harmonic power can be 

measured directly without the evaluation of amplitudes and 

phase angles of currents. 
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