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Abstract: The power quality problems in the power grid have some direct impact on the distribution network such as to 

increase the system's active power loss. There are many single-phase power users in the power distribution network which will 

inevitably cause the power quality problems such as three-phase imbalance. Three phase imbalance is widespread across the 

power grid and causes additional loss in the transformer and the transmission line. Therefore, the loss of the low-voltage 

distribution network is also increased rapidly, so it is of great significance to consider the loss of low-voltage distribution 

network under the disturbance of such a power quality problem. In this paper, the calculation method of the additional losses of 

the transmission line and the transformer in three-phase imbalance is derived theoretically. The accuracy of theoretical formula 

is verified in MATLAB/SIMULINK simulation platform. Secondly, the simulation data of the additional loss generated in the 

transformer and the transmission line when the three-phase imbalance exists is comprehensively analyzed. Several cases of 

different unbalanced loads are considered in the paper. The additional value of the power loss relative to the balanced case 

which is caused by the three phase imbalance is the largest one for the case in which phase A and B have heavy load and phase C 

is light load and the absolute value of the power loss in this case is also the largest in three cases. The additional loss is not 

proportional to the total loss both for the transformer and the line. We verify that the additional loss caused by three-phase 

imbalance is dependent on the unbalanced degree. As the unbalanced degree is increasing, both the absolute value of the 

additional loss and the increment ratio of loss for the transformer and the line are enhanced simultaneously. 
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1. Introduction 

As various nonlinear and impact loads are widely used in 

modern society, more and more power quality problems have 

emerged in the power grid. The most direct impact of the 

power quality problem on the distribution network is to 

increase the system's active power loss. The power loss of 

low-voltage distribution network accounts for almost one half 

of the total loss of the power distribution network. The 

increase of the additional loss in the low-voltage distribution 

network caused by the power quality problems directly affects 

the operating efficiency of the power grid companies [1-3]. 

At present, more research focuses on the analysis of the 

impact of harmonics and three-phase imbalance on the low 

voltage distribution network and the corresponding control 

measures. Literature [4] analyzes the effect of harmonics on 

the losses of low-voltage distribution networks. It uses 

Norton's equivalent method to model and analyze the 

nonlinear loads of distribution networks. Literature [5] 

describes the effects of three-phase imbalance on the losses of 

low-voltage distribution networks. A new method of network 

loss calculation is proposed, which uses the sequence 

components of three-phase unbalanced current to solve the 

total loss of the distribution network. The literature [6] 

analyzes the effect of the transformer three-phase load 

asymmetry on the line loss ratio of the low-voltage 

distribution network. The study on the power quality issues of 

the low-voltage distribution network loss is not very thorough 

and most of the existing studies have studied the loss of the 

low-voltage distribution network when a certain kind of power 

quality exists [7-13]. However, the additional loss of the actual 

low-voltage distribution network which is caused by the 

three-phase imbalance is deserved to study carefully. 

Therefore, it is of great significance to study the relation 
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between the additional losses of low-voltage distribution 

network and the three-phase imbalance degree. 

The remainder of this paper is organized as follows: we first 

deduce the additional losses of the transmission line and the 

transformer when the three-phase imbalances exist and then 

study deeply the additional losses in the low-voltage 

distribution network in Section 2. To verify the validity and 

rationality of the theoretical derivation, we consider several 

cases which are simulated and verified in the MATLAB 

software, and the effect of three-phase imbalance on the 

additional loss of key equipment is analyzed in Section 3. 

Furthermore, the correlation between the additional loss of the 

transmission line and the transformer and the three-phase 

unbalanced degree is studied. We give the conclusion of the 

paper in Section 4. 

2. Calculation of Additional Power Loss 

Under Three Phase Imbalance 

In the electric power system, the amplitude and phase angle 

of the three-phase voltage and current are asymmetrical due to 

three-phase unbalanced load. The phenomenon is called three 

phase imbalance. 

According to the national standard, the three-phase 

unbalanced degree is expressed as the square root mean value 

of the positive sequence fundamental wave component and the 

negative sequence fundamental wave component or the 

zero-sequence fundamental wave component of the current. 

But this representation method is not intuitive enough to 

calculate the loss of the devices. In this paper, we express the 

unbalanced degree of each phase referring to IEEE 

std112-1991 to analyze the influence of the three-phase 

unbalance on the loss of the low voltage distribution network, 

so it can be more intuitively characterized the internal 

relations between the additional loss of the equipment and the 

three-phase unbalanced degree [7]. 

The following formula is the definition of the three-phase 

current unbalanced degree: 
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= 100%
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At the same time, the maximal unbalanced coefficient is 

introduced as follows: 
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In the upper formulas: Iϕ  is the current root mean square 

(RMS) of each phase ( , ,A B Cϕ = ); avI  is the mean value of 

the effective value of the three-phase current, which is:
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When the amplitude and phase angle of three-phase current 

are unbalanced, the currents of the three phases can be 

expressed as: 
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2.1. Additional Loss of Distribution Transformer 

There are many single-phase and two-phase loads in the 

low voltage distribution network and the asymmetric 

three-phase load result in unbalanced currents in the system. 

In three-phase unbalanced operation condition, the 

transformer and transmission line generate more active power 

loss, transformer output capacity reduction, power supply 

quality reduction and other adverse consequences. 

Three-phase imbalance should be considered when the 

amplitude and phase angle do not meet the three-phase 

equilibrium condition, and the additional loss of distribution 

transformer and line will be calculated [8]. 

When the three-phase winding has balanced current, the 

transformer winding loss can be expressed as: 

( ) 2 2
1 03 / 3 3T A B C T av TP I I I R I R = × + + × =      (4) 

When the three-phase winding current is unbalanced, the 

transformer winding loss can be expressed as: 
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In the calculation of three-phase unbalanced loss of low 

voltage distribution network, the additional iron loss of 

transformer is usually ignored. Owing to 0BA Cβ β β+ + = , 

the additional loss of low voltage distribution transformer can 

be expressed as: 
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Where: KT represents the three phase unbalanced 

coefficient of the transformer. 

Equation (6) is the additional loss model of distribution 

transformer under unbalanced three-phase current. 

2.2. Additional loss of Transmission Line 

When the three-phase load is balanced, the current flowing 

through the neutral line is zero, and there is no power loss on 

the neutral line. Therefore, it is not necessary to calculate the 

loss on the neutral line. When the three-phase current is 

unbalanced, the line will not only cause additional losses on 

each phase line, but the loss on the neutral line should be also 
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considered [9]. 

First we consider the loss on the phase line of low voltage 

distribution network. The loss on three phases which is caused 

by three-phase imbalance can be expressed as: 

( ) 2 2
0 0

2 2 2 2 3 3 3av L avavL B L L LA C I K IP I R R Rβ β β + − = −∆ = + +  (7) 

Now we calculate the neutral line loss of low voltage 

distribution network. When the three-phase load is unbalanced, 

the current of the neutral line of the three-phase four-wire 

low-voltage distribution network is: 
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Make ( ) ( ) ( )1 cos 1 cos 1 cosA A B B C Ca β φ β φ β φ+ + + + +=
and ( ) ( ) ( )1 sin 1 sin 1 sinA A B B C Cb β φ β φ β φ+ + + + += . The 

loss of the neutral line can be expressed as: 
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The additional loss of the three-phase four-wire distribution 

line is: 
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Among them, KL represents the three-phase unbalance 

coefficient of three phase line, and the K0 represents the 

three-phase unbalance coefficient of the neutral line. 

The above Equation shows that the additional loss of the 

distribution line is greater when the three-phase unbalance 

coefficient and the three-phase unbalance coefficient of the 

neutral line become larger, and the additional loss of the 

distribution line is proportional to the two coefficients KL and K0. 

To obtain the quantitative relationship between the 

additional loss of low-voltage distribution network and the 

indicators three-phase unbalanced degree, the concept of loss 

increment ratio of the transformer is given in this paper: 

= 100%T
T

T

P
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Where: ∆PT
 is the additional loss of the transformer when 

the system is unbalanced; PT is the total loss of the 

transformer. 

The loss increment ratio of the transmission line is 

= 100%L
L

L

P
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×              (12) 

Where: ∆PL
 is the additional loss of the line when the 

system is unbalanced; PL is the total loss of the line. 

3. Theoretical Result and Simulation 

Analysis of Additional Losses 

It can be seen from the above formula that the additional 

loss of the low-voltage distribution network under the 

condition of the power quality disturbance is closely related to 

the unbalanced degree of the currents. In the simulation 

software MATLAB, a simulation system is set up with the 

simplified model to verify the correctness of the proposed 

formula. Then, the overall power loss of the system is 

calculated for several situations with the different unbalanced 

degree of the load. 

In low-voltage distribution network, the transformers are 

often used to reduce the 10kV voltage level to 0.4 kV voltage 

level and supply power to customers through three-phase 

four-wire distribution, so this simulation also uses 0.4 kV 

distribution system. Because the circuit of the low-voltage 

distribution network is very complex, the equivalent 

resistance method is used to configure the main equipment in 

the distribution network. The simulation system sets the same 

three-phase impedance, and the neutral line resistance is equal 

to the line resistance. Under the condition of constant total 

load, the three-phase load distribution ratio is adjusted step by 

step, and the loss under different unbalance degree is obtained. 

The equivalent distribution network is shown in the 

diagram [13]. The equivalent impedance of the transformer is 

converted to the low voltage side in the diagram, where the 

equivalent impedance of the line is taken at the same time. We 

can directly analyze the relationship between power quality 

problems and equipment additional losses. The three-phase 

impedance of the setting system is the same, and the neutral 

line resistance is assumed to be equal to the resistance of the 

line. Under the condition that the total load is constant, the 

distribution ratio of load between three phases is gradually 

adjusted, and the valued of the power loss under different 

unbalanced degrees is obtained [14, 15]
. 

Figure 1 shows the equivalent resistance model for the 

low-voltage distribution network. According to the different 

situations for the different unbalanced loads, the three-phase 

imbalance of the low-voltage distribution network can be 

roughly divided into three situations. The three cases are 

respectively: one-phase is heavy-duty, two-phases are light 

loads (case I), one-phase is light load, two-phases are heavy 

loads (case II), and one-phase load is averaging other two 

phases which are one heavy load phase and one light load 

phase (case III). As the three-phase imbalance mainly affects 

the copper loss of the low-voltage distribution network, only 

the additional copper consumption is analyzed here. Table 1 

shows the three-phase load conditions of load A, B and C. 

There are three cases which are analyzed here. Three-phase 

equilibrium case is set for all the three phases load is 20 kVA. 

The additional loss equals the loss in the unbalanced case 

minus the loss in the balanced case. The additional loss means 

the loss in the unbalanced case minus the loss of the 

equilibrium case. Then the additional loss represents the effect 

of the unbalanced degree to the power loss. 
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Figure 1. The equivalent resistance model for the low-voltage distribution network. 

Table 2 is the results comparing the simulation data with the 

theoretical results when three-phase load is unbalanced. PTH 

represents the theoretical results of the power loss of the 

transformer and the line for three cases. PSIM represents the 

simulated results of the power loss of the transformer and the 

line for three cases. From Table 2 we find that the theoretical 

results are in agreement with the simulation results. The 

calculation data is very close to the simulation data and the 

deviation of the additional loss between calculation and 

simulation is guaranteed within 6%, which verifies the 

accuracy of the theoretical derivation. 

Table 1. A, B and C three phase load distribution for equilibrium case and 

different unbalanced cases. 

Phase line 
Three-phase 

equilibrium (kVA) 

Case I 

(kVA) 

Case II 

(kVA) 

Case III 

(kVA) 

A 20 24 22 22 

B 20 18 22 20 

C 20 18 16 18 

Table 2. Simulation data compared with the theoretical value when 

three-phase load is unbalanced. 

Load distribution type PTh(W) Psim(W) 

Case I 554 586 

Case II 620 659 

Case III 614 637 

The distribution of the three-phase load is adjusted under 

the condition that the total load is unchanged, so that the 

relationship between the maximum current unbalance and the 

additional loss of the low-voltage distribution network under 

the above three different load distribution conditions is 

obtained. 

Table 3 gives the simulated data for the power loss and 

additional loss of the transformer and the transmission line 

when the three-phase load is unbalanced. According to the 

Table 3, in the above three cases, When the three-phase load is 

unbalanced in low voltage distribution network, under the 

condition that the total three-phase load is not changed, when 

changing the three-phase load distribution, it is found that 

when the phases A and B are heavy and C phase is light (case 

II), the additional loss is the largest. The situation should be 

avoided in the actual application. Additional losses are 

smallest in three cases when phase A heavy load, phase B 

average load and phase C light load (case III). The power loss 

in the neutral line is also calculated and is not listed here. For 

the neutral current, When the phase A overload, phase C light 

load and phase B is average load (case III), neutral loss is the 

largest, and the difference between the other two is small. In a 

word the three-phase imbalance has great influence on the 

additional power loss of the transformer and the transmission 

line. 

Table 3. Simulated addtional loss and l loss of the transformer and the line for 

three-phase load imbalance. 

Load distribution type ∆PT(W) ∆PL(W) PT(W) PL(W) 

Case I 8.4 25.3 138.4 448.5 

Case II 10.1 36.3 155.2 504.3 

Case III 6.6 17.7 154.6 483.7 

Figure 2 shows the total additional loss of the simulation 

data comparing with the theoretical results of a low-voltage 

distribution network for different loads with the different 

maximum current unbalance coefficient. The calculation data 

is very close to the simulation data and the results guarantee 

the accuracy of the theoretical derivation. 

 

Figure 2. The sumulated results and the theoretical results for different cases. 
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Figure 3. Relationship curve between additional loss for different unbalanced 

cases. 

Figure 3 gives the plots of the additional loss of the 

transformer and the transmission line for different unbalanced 

cases. As can be seen from Figure 3, the incremental values of 

the loss are different for different unbalanced situations. The 

increment curve is the largest in the second case just as the 

absolute value of the power loss is also the largest in three 

cases. For the case I, the total loss is smaller than the total loss 

of the case II, but the additional loss is greater than the 

additional loss of the case II. The result shows that the 

additional loss is not proportional to the total loss both for the 

transformer and the line. 

Table 4. A, B and C three phase unbalanced load distribution with increasing 

unbalanced degree. 

Phase line Case III(kVA) Case IV (kVA) Case V (kVA) 

A 22 23 24 

B 20 20 20 

C 18 17 16 

Table 5. Additional loss and increment ratio of the transformer and the line 

for three cases with different unbalanced degree. 

Load distribution type ∆PT(W) ∆PL(W) δT δL 

Case III 6.6 17.7 4.3% 3.7% 

Case IV 9.4 24.5 6.0% 5.0% 

Case V 14.5 31.1 9.2% 6.4% 

Table 4 gives three cases of unbalanced load with increasing 

unbalanced degree. Case III is the same as before. The load of 

phase A in case IV and case V is greater than the value in case 

III. The load of phase C in case IV and case V is smaller than 

the value in case III which guarantee the total load is the same. 

Thus the unbalanced degree is greater in case IV and case V 

than the case III. Table 5 gives the additional loss and 

increment ratio of the transformer and the line for the three 

cases in Table 4. The additional loss and the increment ratio of 

loss for the transformer and the line in case IV or V are greater 

than the value in case III. The results show that both the 

additional loss and the increment ratio of loss for the 

transformer and the line are increasing with the increase of the 

unbalanced degree. 

The results for the additional loss and the increment ratio of 

loss for the transformer and the line are plotted in Figure 4. 

The additional loss of line is greater than the additional loss of 

the transformer for each case. As the unbalanced degree is 

increasing, both the additional loss and the increment ratio of 

loss for the transformer and the line are enhanced. 

 

Figure 4. Relationship curve between additional loss with the three 

unbalanced cases with increasing unbalanced degree. 

4. Conclusion 

Imbalance in power grid is a main aspect of power quality. 

The power distribution network for single-phase load and 

uneven distribution in three-phase unbalanced transformer not 

only cause the insufficient output, overload damage, but also 

the additional power loss. The degree of current imbalance can 

influence the additional loss of the equipment such as the 

transformer and the transmission line in the low voltage 

distribution network. We verify that the additional loss of the 

transformer and the transmission line in the low-voltage 

distribution network for different three phase unbalanced 

situations. The results show that the three-phase unbalance has 

great influence on the additional loss. The calculation data is 

very close to the simulation data and the accuracy of the 

theoretical derivation is verified. The increase value is the 

largest one in the second case in which phase A and B have 

heavy load and phase C is light load just as the absolute value 

of the power loss in this case is also the largest in three cases. 

The additional loss is not proportional to the total loss both for 

the transformer and the line. For case III, one phase is heavy, 

one phase is light and the last phase is the average one. If the 

unbalanced degree in case IV and case V is greater than the 

value in case III, the results show that both the additional loss 

and the increment ratio of loss for the transformer and the line 

are enhanced with the increase of the unbalanced degree. 

With the advance of energy saving and consumption 

reduction, the accurate calculation model of additional loss 

caused by composite power quality is of great practical 

significance. Based on the study of this article, we should 

develop and manage devices and preventive measures as soon 
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as possible. From the angle of power loss, the management of 

power quality can not only be limited to the control of a single 

index, but also should be comprehensively managed from 

multiple aspects to achieve optimal results. 
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