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Abstract 

In the paper problem of power supply unbalance voltage states with the same Voltage Unbalance Factor 

(VUF) value for power converters is tackled. This factor is being used to assess the quality of power supply. 

There are many sources of voltage unbalance phenomenon such as system asymmetries and uneven distribution 

of demand throughout phases. Based on literature three unbalance states are presented: lines overvoltage, lines 

undervoltage and phase angle asymmetry. VUF value alone cannot provide information on the type of voltage 

unbalance state. Moreover, the same VUF percentage can be obtained for different amount of unbalanced 

phases. In this paper simulation experiments were conducted in order to obtain data of rectifier output voltage 

during different unbalance states with same VUF. Ripple, mean value and frequency components of said 

voltage were used in order to detect and categorise power supply voltage unbalance. Such approach does not 

require  complex power quality measuring tools as power supply unbalance can be initially diagnosed using 

single voltage sensor. 
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List of Symbols/Acronyms 

 

a – rotational vector (120°);  

AC – Alternating Current; 

DC – Direct Current; 

FFT – Fast Fourier Transform; 

IGBT – insulated-gate bipolar transistor; 

PWM – Pulse Widith Modulation; 

RL – resistance-inductance; 

RMS – Root Mean Square; 

U – Rectifier Output Voltage [V]; 

Ua, Ub, Uc – line-to-ground voltage [V]; 

Uab, Ubc, Uca – line-to-line voltage [V]; 

Un – negative sequence voltage component [V]; 

Up – positive sequence voltage component [V]; 

V – voltmeter; 

VUF – Voltage Unbalance Factor [%]; 

Φa, Φb, Φc – phase shifts of power supply voltages [°]. 

 

1. INTRODUCTION 

 

One of the most important aspects connected to 

the proper operation of three-phase power supplied 

systems is voltage unbalance regarding RMS of 

phase voltage and phase shift values. 

Unbalance of power supply voltage is the cause 

of: power coefficient loss [1-4], DC-link voltage 

ripple amplification, induction motor torque ripple 

amplification [2, 3, 5, 6], system temperature rise 

[7-9], asymmetry of load phase currents [10]. This 
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phenomenon may trigger single-phase rectifier 

operation (instead of its original three-phase 

operation) [11, 12]. Small voltage unbalance can be 

the source of big (in comparison) phase current 

unbalance [7]. Additionally phase voltage 

asymmetry influences the shortening of induction 

motor insulation lifespan [13]. 

Occurrence of voltage unbalance may be 

connected to: load asymmetry, dominating demand 

for single-phase load in the power grid [14], 

asymmetrical transformer winding, high impedance 

connectors [7], traction vehicle power supply [15, 

16] and asymmetry of power grid line impedances 

[17]. 

Voltage unbalance appears in both transient and 

steady-state of power converter operation [18]. 

In the paper authors propose system diagnostic 

method based on mean value and ripple of rectifier 

output voltage. Additionally voltage unbalance 

detection method using frequency spectrum was 

proposed.  

For research purposes models in Matlab 

Simulink environment were made – diode rectifier 

with RL load system and diode rectifier-inverter 

with three-phase RL load system. Simulations were 

conducted for different states of voltage unbalance 

and values of VUF in order to check universality of 

proposed methods. The advantage of proposed 
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solution is that in order to utilize it only one sensor 

is required and it works for both DC and AC loads. 

The main objective of this work is to design a 

diagnostic algorithm that will help in the voltage 

unbalance categorization. Moreover, this method 

should not have high costs of 

implementation – hence it only uses singular voltage 

sensor. 

 
2. VOLTAGE UNBALANCE FACTOR 

 
Unbalanced voltage is the phenomenon in the 

three-phase voltage system when voltage values and 

phase shifts are non-symmetrical [19]. Level of 

unbalance can be expressed via VUF with formulas 

below [20]: 

 𝑉𝑈𝐹 =
𝑈𝑛

𝑈𝑝
∙ 100  (1) 

 𝑈𝑛 =
𝑈𝑎𝑏+𝑎∙𝑈𝑏𝑐+𝑎

2∙𝑈𝑐𝑎

3
 (2) 

 𝑈𝑝 =
𝑈𝑎𝑏+𝑎

2∙𝑈𝑏𝑐+𝑎∙𝑈𝑐𝑎

3
 (3) 

While calculating VUF it is possible to obtain the 

same percentage value for different voltage 

unbalance states. In this article data from [10] is used 

where following unbalance conditions are presented: 

• 3Φ-UV – three undervoltage phases, 

• 2Φ-UV – two undervoltage phases, 

• 1Φ-UV – one undervoltage phase, 

• 2Φ-A – two of the phase shifts are not 120° 

multiple, 

• 1Φ-A – one of the phase shifts is not 120° 

multiple, 

• 1Φ-OV – one overvoltage phase, 

• 2Φ-OV – two overvoltage phases, 

• 3Φ-OV – three overvoltage phases. 

 

3. DIAGNOSIS OF POWER CONVERTER 

UNDER UNBALANCED VOLTAGE 

 

3.1. Mathematical models 

Two models of voltage converter system with 

6-pulse diode rectifier were made using Matlab 

Simulink. First model has RL load (Figure 1) and 

second one represents system with voltage inverter 

and three-phase RL load (Figure 2). The inverter 

consists of IGBTs with antiparallel diodes. Power 

electronic and electrical components of systems 

were represented by objects from Simulink’s 

Specialized Power Systems toolbox. Both power 

converters are supplied with three AC voltage 

sources which parameters are changed according to 

Table 1. Voltage sources are connected to rectifier 

with capacitance filter. Inverter was controlled using 

PWM method. Rectifier output voltage was 

measured. 

 
Fig. 1. System with RL load 

 

 
Fig. 2. System with three-phase RL load 

 

Data from table above (Table 1.) was utilized as 

simulation parameters for power supply in purpose 

of discrimination of voltage unbalance state with the 

same VUF value. 

The parameters of the circuits components are 

listed in the table below (Table 2). 

 
Table 1. Phase voltages and shifts corresponding to VUF percentages [10]  

Unbalance 

state 

VUF 

[%] 

Ua 

[V] 

Ub 

[V] 

Uc 

[V] 

Φa 

[°] 

Φb 

[°] 

Φc 

[°] 

- 0 127.0 127.0 127.0 0.0 240.0 120.0 

3Φ-UV 

4 

110.0 112.7 125.0 0.0 240.0 120.0 

2Φ-UV 111.8 114.3 127.0 0.0 240.0 120.0 

1Φ-UV 112.4 127.0 127.0 0.0 240.0 120.0 

2Φ-A 127.0 127.0 127.0 0.0 231.9 116.0 

1Φ-A 127.0 127.0 127.0 0.0 240.0 113.1 

1Φ-OV 142.9 127.0 127.0 0.0 240.0 120.0 

2Φ-OV 145.9 138.3 127.0 0.0 240.0 120.0 

3Φ-OV 148.2 139.7 129.0 0.0 240.0 120.0 

3Φ-UV 

6 

103.2 107.2 125.0 0.0 240.0 120.0 

2Φ-UV 105.0 108.6 127.0 0.0 240.0 120.0 

1Φ-UV 105.4 127.0 127.0 0.0 240.0 120.0 

2Φ-A 127.0 127.0 127.0 0.0 227.7 113.9 

1Φ-A 127.0 127.0 127.0 0.0 240.0 109.7 

1Φ-OV 151.3 127.0 127.0 0.0 240.0 120.0 

2Φ-OV 156.5 144.7 127.0 0.0 240.0 120.0 
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3Φ-OV 159.0 146.2 129.0 0.0 240.0 120.0 

 
 

Table 2. Circuits’ key parameters 

Parameter Value 

Load resistance 

[Ω] 
100 

Load inductance 

[mH] 
5 

Capacitor capacitance 

[μF] 
1000 

Transistor switching 

frequency 

[kHz] 

10 

 

3.2. Simulation details 

Mathematical solver used for simulation is based 

on Euler method (ode1 in Simulink). Fixed step of 

1∙10-7 seconds was introduced. Length of the 

simulated power converter operation is 0.04 seconds. 

Time related and mean voltage values were 

recorded. After obtaining data, voltage values were 

used in FFT method in order to obtain frequency 

spectrum.  

 

3.3. Simulation results 

In this paper rectifier output voltage is analysed 

because it is the signal that is the least affected by 

load type change in comparison to the effects of 

voltage unbalance. 

In order to recognise voltage unbalance state 

three properties of analysed signals were taken into 

account: 

• low frequency components occurrence (up to 1 

kHz), 

• mean value, 

• ripple level. 

As the reference for ripple value healthy 

(balanced) voltage is considered. As for mean value, 

the reference level is when none of the phases are 

damaged. In every waveform figure (Fig 3. – Fig 14.) 

three subfigures can be seen. The top subfigure 

represents output voltage in the time domain while 

different amount of phases are in the fault condition. 

Middle one shows voltage mean value depending on 

the damaged phases count. Bottom subplot is the 

frequency spectrum of rectifier output voltage where 

amplitude per unit values are presented under 

different power supply improperly functioning 

phases count.  

When power supply voltage unbalance is caused 

by undervoltage (Fig. 3 – Fig. 6), mean value of the 

rectifier output voltage is decreasing for the same 

VUF value as the damaged phase count increases. 

In the frequency spectrum (1 kHz range) not only 

main frequency of 6-pulse rectified voltage (300 Hz) 

and it’s harmonics are present while voltage 

unbalance occurs. Frequency component of 100 Hz 

can be noticed – it’s value is higher than 300 Hz 

component under unbalanced power supply 

conditions. The increase of the ripple, in comparison 

to healthy case, occurs when system is subject to 

voltage unbalance. 

 

Fig. 3. Rectifier output voltage in relation to 

damaged power supply phase count (RL load, 

VUF=4%, undervoltage) 

 

 

Fig. 4. Rectifier output voltage in relation to 

damaged power supply phase count (RL load, 

VUF=6%, undervoltage) 

 

 

Fig. 5. Rectifier output voltage in relation to 

damaged power supply phase count 

(three-phase RL load, VUF=4%, 

undervoltage) 
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Fig. 6. Rectifier output voltage in relation to 

damaged power supply phase count 

(three-phase RL load, VUF=6%, 

undervoltage) 

 

Voltage unbalance due to overvoltage (Fig. 7 – 

Fig. 10) causes increase of mean value of the 

measured voltage signal. At the same VUF 

percentage, increase of output voltage is the bigger 

the higher count of damaged phases is. As in the case 

of undervoltage 100 Hz component has larger value 

than 300 Hz one in event of unbalance. Additionally, 

ripple of the rectifier output voltage, while being 

supplied from the unbalanced power source, is 

higher than in the healthy voltage converter system. 

 
Fig. 7. Rectifier output voltage in relation to 

damaged power supply phase count (RL load, 

VUF=4%, overvoltage) 

 

 
Fig. 8. Rectifier output voltage in relation to 

damaged power supply phase count (RL load, 

VUF=6%, overvoltage) 

 

 

Fig. 9. Rectifier output voltage in relation to 

damaged power supply phase count 

(three-phase RL load, VUF=4%, overvoltage) 

 

 

Fig. 10. Rectifier output voltage in relation to 

damaged power supply phase count 

(three-phase RL load, VUF=6%, overvoltage) 

 

Asymmetry of phase shifts that cause voltage 

unbalance (Fig. 11 – Fig. 14) do not have such big 

impact on output voltage mean value as cases 

mentioned before (undervoltage and overvoltage). 

However, voltage ripple increase can be observed – 

it’s characteristic for this voltage unbalance state.  

As in every considered state of the unbalance 

phenomenon, 100 Hz component has higher 

amplitude than main in the healthy condition 300 Hz 

component. It is worth noting that in the frequency 

spectrum both plots for cases with phase shift 

asymmetry are similar. The only noticeable 

difference is the mean value – it increases as the 

damaged phase count gets higher. 
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Fig. 11. Rectifier output voltage in relation to 

damaged power supply phase count (RL load, 

VUF=4%, phase shift asymmetry) 

 

 

Fig. 12. Rectifier output voltage in relation to 

damaged power supply phase count (RL load, 

VUF=6%, phase shift asymmetry) 

 

 

Fig. 13. Rectifier output voltage in relation to 

damaged power supply phase count 

(three-phase RL load, VUF=4%, phase shift 

asymmetry) 

 

 
Fig. 14. Rectifier output voltage in relation to 

damaged power supply phase count 

(three-phase RL load, VUF=6%, phase shift 

asymmetry) 

 

3.4. Proposed unbalance state recognition 

algorithm 

Using the information obtained during the 

research, power supply voltage unbalance state 

recognition algorithm is proposed (Fig. 15). 

 
Fig. 15. Power supply voltage unbalance state 

recognition algorithm (for 50 Hz power 

supply) 

 

In this algorithm the voltage unbalance state 

recognition procedure begins only when 

single-phase rectifier operation frequency 

component is dominant over the three-phase one. 

This step is necessary in order to ensure that 

unbalance occurs. Indicators of single-phase 
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operation of a diode rectifier may not be present for 

VUF values below 4%. 

Next step allows to assess whether unbalance 

type source comes from voltage amplitudes or phase 

shifts. If the rectified voltage ripple level is not lower 

than the mean value change, phase shift asymmetry 

of power supply voltages is present. In case of 

opposite situation (mean value change is higher than 

ripple level), voltage unbalance state may be 

connected to asymmetrical undervoltage or over 

voltage – further steps have to be taken in the 

recognition algorithm. 

In the next part of algorithm rectifier output 

voltage mean value provides information useful for 

overvoltage and undervoltage discrimination. In the 

relation to normal (healthy) operation of power 

converter lower voltage mean value indicates 

asymmetrical undervoltage phenomenon. On the 

other hand, higher DC-link voltage mean value is 

linked to asymmetrical overvoltage. 

After finishing voltage unbalance state 

assessment algorithm stops. 

  

4. CONCLUSIONS 

 

In the paper simulation experiments regarding 

analysis of voltage converter rectifier output voltage 

under different power supply voltage unbalance 

conditions were conducted. Using obtained output 

voltage data (ripple, mean value, frequency 

spectrum), voltage unbalance state recognition 

algorithm is proposed. 

Voltage unbalance of three-phase power supply 

can be detected (regardless of unbalance state) by 

rectifier output voltage as the frequency component 

related to single-phase operation (100 Hz) has a 

higher value than three-phase operation component 

(300 Hz for 6-pulse rectifier) due to voltage 

converter being prone to operate in a single phase 

manner under unbalanced conditions. Detection of 

the phenomena does not require high sampling rate 

as indicators of it are in the low-frequency spectrum. 

Analysis of rectifier output voltage ripple and 

mean value gives an opportunity to discriminate the 

voltage unbalance state – even with the same value 

of VUF. Power supply voltage unbalance states and 

their indicators are following: 

• undervoltage – lower mean voltage value and 

ripple increase, 

• overvoltage – higher mean voltage and ripple 

increase, 

• phase shift asymmetry – ripple increase without 

(in comparison to ripple) big mean value 

changes. 

Regarding conclusions above usage of frequency 

spectrum, mean and ripple values of rectifier output 

voltage allows to detect power supply voltage 

unbalance and categorize it in scope of unbalance 

state. The advantage of proposed method is that it 

only uses one voltage sensor. 

Proper power supply voltage unbalance state 

recognition is beneficial in terms of maintaining 

power converters as it may shorten the time required 

for finding the source of phenomena in the system. 

 

5. FURTHER RESEARCH AND DISCUSSION 

 

Experimental station has to be designed and 

constructed in order to perform tests of proposed 

analysis methods. Such plant should consist of three 

independent AC voltage sources with possibility to 

control RMS value and phase shift of each. That 

setup could be used for various research regarding 

power supply unbalance of different systems. 

As proven in the [10] VUF is insufficient for 

gauging the severity of power supply voltage 

unbalance state. Based on the analysis done in this 

paper information in frequency spectrum does not 

deliver constant relation to amount of phases 

affected by unbalance, for example – in the 

undervoltage case (figures from 3 to 6) 100 Hz 

component has higher value in 1-phase unbalance 

then in 3- and 2-phase one, whereas in the 

overvoltage 3-phase voltage unbalance has highest 

value of 100 Hz component. However, it could be 

possible to formulate a criterion considering voltage 

mean value absolute change and amount of 

unbalanced phases. Such criterion would provide 

information on the damaged phases count. 

There is a risk of improper voltage unbalance 

state assessment in the situation when relatively 

small overvoltage or undervoltage causes significant 

rise in one-phase rectifier operation frequency 

component. That kind of occurrence may be 

mistakenly categorized as phase shift asymmetry.  

 
Source of funding: This research received no external 

funding. 

 

Author contributions: research concept and design, 

S.O.; Collection and/or assembly of data, S.O.; Data 

analysis and interpretation, S.O.; Writing the article, S.O., 

M.D.; Critical revision of the article, M.D.; Final 

approval of the article, M.D. 

 

Declaration of competing interest: The authors declare 

that they have no known competing financial interests or 

personal relationships that could have appeared to 

influence the work reported in this paper.  

 

REFERENCES 

 
1. Lee K, Venkataramanan G, Jahns TM. Modeling 

effects of voltage unbalances in industrial distribution 

systems with adjustable-speed drives. IEEE 

Transactions on Industry Applications 2008; 

44(5): 1322–32. 

https://doi.org/10.1109/TIA.2008.2002277. 

2. Prateeksha, Thakur P. Assessment of voltage 

unbalance factor to evaluate its effect on three phase 

induction motor. 2023 3rd International Conference on 

Emerging Frontiers in Electrical and Electronic 

Technologies (ICEFEET) 2023; 1–6. 

https://doi.org/10.1109/TIA.2008.2002277


DIAGNOSTYKA, Vol. 25, No. 3 (2024)  

Oliszewski S, Dybkowski M: Diagnosis of voltage unbalance state in a system with power converter. 

 

7 

https://doi.org/10.1109/ICEFEET59656.2023.104521

98. 

3. Fisch LBK, Gonçalves OH, Trentini F, Hummelgen 

CA, Rossa AJ. Impact analysis on variable-speed 

drives under unbalanced grid conditions. 2023 IEEE 

8th Southern Power Electronics Conference and 17th 

Brazilian Power Electronics Conference 

(SPEC/COBEP) 2023 1–8. 

https://doi.org/10.1109/SPEC56436.2023.10408132. 

4. Brasil VP, Ishihara JY, Filho ADLF. Investigating 

power factor definitions in the context of unbalanced 

loads and voltages. IEEE Transactions 

on Power Delivery 2024: 1–16. 

https://doi.org/10.1109/TPWRD.2024.3403040. 

5. Lee K, Jahns TM, Berkopec WE, Lipo TA. Closed-

form analysis of adjustable-speed drive performance 

under input-voltage unbalance and sag conditions. 

IEEE Transactions on Industry Applications 2006; 

42(3): 733–41. 

https://doi.org/10.1109/TIA.2006.872953. 

6. Petronijevic MP, Mitrovic N, Jeftenic B, Kostic V. 

Effects of unsymmetrical voltage sags on adjustable 

speed drives torque ripple. 2009 35th Annual 

Conference of IEEE Industrial Electronics 2009; 

1128–33. 

https://doi.org/10.1109/IECON.2009.5414682. 

7. Von Jouanne A, Banerjee B. Assessment of voltage 

unbalance. IEEE Transactions on Power Delivery 

2001; 16(4): 782–90. 

https://doi.org/10.1109/61.956770. 

8. Mikha‐Beyranvand M, Faiz J, Rezaeealam B, Rezaei‐

Zare A, Jafarboland M. Thermal analysis of power 

transformers under unbalanced supply voltage. IET 

Electric Power Applications 2019; 13(4): 503–12. 

https://doi.org/10.1049/iet-epa.2018.5799. 

9. Abdali A, Maosumkhani H, Mazlumi K, Rabiee A. 

Accurate and nonuniform CFD-based thermal 

behavior analysis of distribution transformers: voltage 

imbalance effect. Journal of the Brazilian Society of 

Mechanical Sciences and Engineering 2023; 45(12): 

613.  

https://doi.org/10.1007/s40430-023-04516-z. 

10. Lee CY, Chen BK, Lee WJ, Hsu YF. Effects of various 

unbalanced voltages on the operation performance of 

an induction motor under the same voltage unbalance 

factor condition. Electric Power Systems Research 

1998; 47(3): 153–63.  

https://doi.org/10.1016/S0378-7796(98)00035-2. 

11. Mansoor A, Collins ER, Morgan RL. Effects of 

unsymmetrical voltage sags on adjustable speed 

drives. 7th IEEE ICHPQ 1996; 1996: 467-472. 

12. Lee K, Venkataramanan G, Jahns TM. Design-

oriented analysis of DC bus dynamics in adjustable 

speed drives under input voltage unbalance and sag 

conditions. 2004 IEEE 35th Annual Power Electronics 

Specialists Conference (IEEE Cat. No.04CH37551) 

2004 1675–81. 

https://doi.org/10.1109/PESC.2004.1355678. 

13. Woll RF. Effect of unbalanced voltage on the 

operation of polyphase induction motors. IEEE 

Transactions on Industry Applications 1975; IA-11(1): 

38–42.  

https://doi.org/10.1109/TIA.1975.349255. 

14. Von Jouanne A, Banerjee B. Voltage unbalance: 

Power quality issues, related standards and mitigation 

techniques. EPRI Final Rep 2000. 

15. Tsai-Hsiang Chen. Criteria to estimate the voltage 

unbalances due to high-speed railway demands. IEEE 

Transactions on Power Systems 1994; 9(3): 1672–8. 

https://doi.org/10.1109/59.336089. 

16. Kneschke TA. Control of utility system unbalance 

caused by single-phase electric traction. IEEE 

Transactions on Industry Applications 1985; IA-21(6): 

1559–70.  

https://doi.org/10.1109/TIA.1985.349618. 

17. Kini PG, Bansal RC, Aithal RS. A novel approach 

toward interpretation and application of voltage 

unbalance factor. IEEE Transactions on Industrial 

Electronics 2007; 54(4): 2315–22. 

https://doi.org/10.1109/TIE.2007.899935. 

18. EPRI power electronics applications center. input 

performance of ASDs during supply voltage 

unbalance, Power Quality Testing Network PQTN 

Brief 28, 1996 

19. Pillay P, Manyage M. Definitions of voltage 

unbalance. IEEE Power Engineering Review 2001; 

21(5): 50–1 

20. Dugan RC, McGranaghan MF, Beaty HW. Electrical 

Power Systems Quality. McGraw-Hill 1996.  

 

Stanisław OLISZEWSKI  

received the B.Sc. degree from 

the Faculty of Electrical 

Engineering, Wrocław, Poland 

in 2023. A the moment of 

writing this paper he is pursuing 

M.Sc. degree at faculty 

mentioned. His research 

interests include power 

electronics diagnostics, elastic 

shaft vibration damping and 

signal analysis. 

 

Mateusz DYBKOWSKI  

received the M.Sc., Ph.D., and 

D.Sc. degrees from the Faculty 

of Electrical Engineering, 

Wrocław University of 

Technology, Wrocław, Poland, 

in 2004, 2008, and 2014, 

respectively. Since 2008, he has 

been a member of the academic 

staff with the Division of 

Electrical Drives Control, 

Department of Electrical 

Machines, Drives and Measurements, Wrocław University 

of Technology. He is the author or coauthor of more than 

160 publications, one thesis, one monograph, 14 chapters 

in monographs, and more than 78 scientific papers in 

refereed conference proceedings and journals. His 

research interests include induction-motor drive control 

and state-variable estimations, control-theory applications 

in electrical drives, ac generators, digital-signal 

processors, and field-programmable gate array 

applications. 

https://doi.org/10.1109/ICEFEET59656.2023.10452198
https://doi.org/10.1109/ICEFEET59656.2023.10452198
https://doi.org/10.1109/TPWRD.2024.3403040
https://doi.org/10.1109/TIA.2006.872953
https://doi.org/10.1109/IECON.2009.5414682
https://doi.org/10.1109/61.956770
https://doi.org/10.1049/iet-epa.2018.5799
https://doi.org/10.1007/s40430-023-04516-z
https://doi.org/10.1016/S0378-7796(98)00035-2
https://doi.org/10.1109/PESC.2004.1355678
https://doi.org/10.1109/TIA.1975.349255
https://doi.org/10.1109/59.336089
https://doi.org/10.1109/TIA.1985.349618
https://doi.org/10.1109/TIE.2007.899935

