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Assessment of Voltage Unbalance

Annette von Jouann&enior Member, IEEBNnd Basudeb (Ben) Banerjddember, IEEE

Abstract—T his paper endeavors to present a comprehensive T
summary of the causes and effects of voltage unbalance and to
discuss related standards, definitions and mitigation techniques.
Several causes of voltage unbalance on the power system and
in industrial facilities are presented as well as the resulting
adver se effects on the system and on equipment such asinduction
motors and power electronic converters and drives. Standards
addressing voltage unbalance are discussed and clarified, and
several mitigation techniques are suggested to correct voltage
unbalance problems. This paper makes apparent the importance
of identifying potential unbalance problemsfor the benefit of both
the utility and customer.
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|. INTRODUCTION - :
I N THREE-PHASE power systems the generated VOltagéigét(e:Lﬁw [lAé)]proximate percent voltage unbalance on the U.S. Distribution
are sinusoidal and equal in magnitude, with the individual '

phases 120 apart. However, the resulting power system ) o
voltages at the distribution end and the point of utilization cdfy unbalanced and overloaded equipment, and high impedance

be unbalanced for several reasons. The nature of the unbaldffidnections (e.g., bad or loose contacts). An example of un-
includes unequal voltage magnitudes at the fundamental systédanced equipment is motor impedance unbalance, which has
frequency (under-voltages and over-voltages), fundamenkgen seen to increase with time, possibly because of the unbal-
phase angle deviation, and unequal levels of harmonic dist8ficed heating of the stator [12]. Motor unbalance can be due to
tion between the phases. A major cause of voltage unbalafdroblem in manufacturing such as unequal number of tumns in
is the uneven distribution of single-phase loads, that can #¢ windings, a misaligned rotor or an asymmetric stator. The
continuously changing across a three-phase power syst&RQtor winding unbalance can also occur in the repair process
Example problem areas can be rural electric power systemgere failed windings are quickly and inexpensively repaired
with long distribution lines, as well as large urban powel?y isolating the failed turn, thus reducing the impedance of the
systems where heavy single-phase demands, such as Iighﬂ?&a?red phase [13]. Thus, it is prudent tp be conservative with
loads, are imposed by large commercial facilities [1], [2f€Paired motors compared to new machines.
Single-phase traction and electric transit and railroad systemd he balancing problem becomes particularly difficult to com-
can also cause considerable unbalance on the utility three-ph@@@sate for when the unbalance is continually varying as with
system unless proper design steps are taken [3]-[5]. Additiof@ige industrial loads such as arc furnaces. In addition, when
causes of power system voltage unbalance can be asymmet§@&rgy-saving schemes such as adjustable speed drives (ASDs)
transformer winding impedances, open wye and open deR: employed, the customer load can vary continuously with
transformer banks, asymmetrical transmission impedanc¢@ie hourly variations. When a large number of single-phase
possibly caused by incomplete transposition of transmissi@®DS are employed, this can result in continuously varying
lines, and blown fuses on three-phase capacitor banks [1], [¢ibalanced loads [14], [15]. ASDs are also nonlinear loads,
[6]-[11]. with most topologies containing a diode rectifier front-end that
Industrial and commercial facilities may have well balancegf@ws very nonsinusoidal currents leading to harmonic distor-
incoming supply voltages, but unbalance can develop withi@n- The combination of ASDs, with the proliferation of single-
the building from its own single-phase power requirements f1ase nonlinear switch-mode power supply based loads such
the loads are not uniformly spread among the three phas@$.computers, can lead to unbalanced levels of distortion be-

Within a user facility, unbalanced voltages can also be caus¥gen phases which can also make the balancing process more
challenging.
. . ) _Fig. 1 presents the approximate percent voltage unbalance
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Power Quality surveys therefore tend to focus on disturbance 1.0 T ———
involving the following voltage event types: sags, swells, « [Listabincs | Owatng |
over-voltages, under-voltages, impulses, transients, surges a = gaf i ;:: ’;;T
interruptions (outages), which can also cause severe voltacz | W™ e
unbalances but is not the focus of this paper [17], [18]. The § ;: :::

. . . . L=
problems associated with voltage unbalance will be discusse™ 5 =
. . FOF ITIOICTE MR el TN
in the next section. Pamuied (i, (a1

weEr nbout dormineyg
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Il. THE EFFECTS OFVOLTAGE UNBALANCE Foranl of Voligs Ushalanos
Unbalanced VOltageS can result i_n a_dv_erse e_ffeCtS on eql’l'i . 2. Derating graph and table for induction motors based upon percent of
ment and on the power system, which is intensified by the faglitage unbalance (from NEMA Standard MG 1-1993: Motors and Generators).
that a small unbalance in the phase voltages can cause a dis-
proportionately larger unbalance in the phase currents [9], [10]. . . .
Under unbalanced conditions, the power system will incur mo e rated stator winding current is taken to be the maximum
losses and heating effects, and be less stable because wheR'f} able current [6]. . :
phases are balanced, the system is in a better position to respor;r e adverse effects of unbalanced voltages on induction
to emergency load transfers [15]. The effect of voltage unb 1otors stem from the_fact that the unbalanced voltage br_eaks
ance can also be severe on equipment such as induction mo pu/n Into two opposing components that can be described
power electronic converters and adjustable speed drives (AS ing ihe method of symmetrical components. Through the use
Methods for determining the amount of voltage unbalance at symmetrical components, an unbalanced three-phase system

presented in the next section, followed by the effects on equ _ voltage or current phasors can be d,E?SC”bed using three
ment. alanced systems of phasors termed positive, negative and zero

sequence. However, in the case of machines, the zero sequence
A. Definitions of Percent Voltage Unbalance components will be zero since motors are typically connected
Ita or ungrounded wye and thus there is no path to neutral
zero sequence components to flow. Completely balanced
gystems would contain only positive sequence components of
voltage, current and impedance.

The voltage unbalance in percent is defined by the Natior%i
Electrical Manufacturers Association (NEMA) in Standard
Publication no. MG 1-1993 as [19]:

% Unbalance Therefore, the unbalanced motor voltage contains positive
Maximum Deviation from Average and negative sequence components which have opposing phase
= Average of Three Phase-to-Phase Voltaées : sequences, i.e., “abc” and “acb”, respectively. The positive se-

quence voltage produces the desired positive torque, whereas

Note that the line voltages are used in this NEMA standard e negative sequence voltage produces an air gap flux rotating

opposed to the phase voltages. When phase voltages are ugglinst the rotation of the rotor, thus generating an unwanted

the phase angle unbalance is not reflected in the % Unbalanggative (reversing) torque. The result is a reduction in the net
and therefore phase VOItageS are seldom used to CalCUt@‘@ue and Speed, and the poss|b|||ty of Speed and torque pu|_
voltage unbalance. sations and increased motor noise. In addition, the negative se-
Another index used in European standards to indicate the g@rence component in the unbalanced voltages generates large
gree of unbalance is the voltage unbalance factor (VUF) whiggative sequence currents due to the low negative sequence
is the ratio of the negative sequence voltage to the positive g@pedance, which increases the machine losses and tempera-

quence voltage represented as [20], [21], [10]: tures. At normal operating speeds, unbalanced voltages cause
Va the line currents to be unbalanced in the order of 6 to 10 times
% VUF = v, X 100. the voltage unbalance [19]. Overall, the net effect of the voltage

unbalance is reduced efficiency and decreased life of the motor.

Vi andV; are the positive and negative sequence voltages, reBecause of the excess heating, the NEMA Standard MG
spectively, and can be obtained using symmetrical component$993 recommends that the rated horsepower of the motor
as will be described in the next section. should be multiplied by a derating factor based upon the degree
of voltage unbalance as shown in Fig. 2 [19], [23]. The curve
assumes that the motor is already operating at its rated load.

The adverse effects of unbalanced voltages on inductiblowever, many motors do not operate at the rated load and
motors has been documented since the 1950s [10]. In 198%refore can handle more voltage unbalance, since the percent
Williams proved that an induction motor operating unddpad significantly affects the effect of unbalance [24], [23].
unbalanced voltage conditions would experience a reductibrom Fig. 2, it can be seen that a 2% voltage unbalance requires
in efficiency [7]. In 1959, Gafforcet alshowed the increasedabout a 5% larger motor. A 3% voltage unbalance requires
heating effects of unbalanced voltage operation of inducti@out a 12% larger motor, or motors with a service factor of
motors, that could lead to premature motor failure [22]. In 1963, 15.
Berndt and Schmitz presented a method for the derating ofThe manner in which the voltages are unbalanced has
induction motors operating with unbalanced voltages in whigh marked effect on the losses and required derating factor

B. Effects of Voltage Unbalance on Machines
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1 2 3 4
Voltage Unbalance (%)
Voitage Unbalance

[—Case A—Case B]

L- - Stator - - Rotor — Total |

Fig. 5. Derating graph for 240 V 25 hp induction motor based upon percent
Fig. 3. Losses for unbalanced voltages in Case A, for 240 V 25 hp inducti8F1V0|tage unbalance using derating method presented in [6].
motor.
in [6], while the voltages were unbalanced for Cases A and B.
120 . The derating factor for the two cases is shown in Fig. 5, where
{ ; : { the Case A derating factor for 5% voltage unbalance is 0.7018,
9 : : : : while for Case B itis 0.7773 [25]. These compare to the NEMA
2 110 1. : ; value of 0.75 in Fig. 2. Thus, it is not sufficient to merely know
0 < H H :
a : : ; :
S

the percent voltage unbalance, but it is equally important to
know how they are unbalanced [25].

100 ’
0 1 v 'é U b?a 4 5 C. Effects of Voltage Unbalance on Power Electronic
otiage Lnbalance Converters and Drives
[- - Stator - - Rotor — Total | Power electronic converters serve as the interface for many

large electronic loads ranging from three-phase uninterruptible
Fig. 4. Losses for unbalanced voltages in Case B, for 240 V 25 hp inductippwer supplies (UPSs) to motors operating at variable speeds
motor. through the use of ASDs. Most of these converters contain a
diode rectifier front-end, as shown in Fig. 6, and dc-link ca-
[25]. There are several possible voltage unbalance conditidd®gitor to convert the incoming ac voltage to a low-ripple dc
including: single-phase under-voltage unbalance, two-phagstage. In Fig. 6, the pulse-width modulated (PWM) inverter
under-voltage unbalance, single-phase over-voltage unbalariggiverts the dc voltage back to variable three-phase ac. The
unequal single-phase angle displacement, etc. magnitude and frequency of the PWM inverter output control
To illustrate the effect of different unbalance conditions, Kethe motor speed.
sting and Phillips applied two methods of voltage unbalancing to Three-phase converters with diode rectifier front-ends draw
a 240V, 25 hp induction motor [25]. The first method (Case A)onsinusoidal currents rich in odd harmonics. For rectifier sys-
holds the average of the line voltage magnitudes constantteis supplied byalancedutility voltages, the input current
240V by holding V;.| constant and increasint,, | at the same characteristic harmonics are determined by:
rate|V.,| is reduced for unbalances up to 5%. In Case B, the
average voltage is again held constant at 240 V by allowing h=kexl
|Vai| and|V,,| to increase, whilgV;,.| decreases, again for un-
balance_s up to 5%. Figs. 3 and 4 display the total percent in- _ order of the harmonics:
crease in losses for the stator, rotor and total motor for Case A —1.2.3 4. -
and B, respectively, [25]. In Fig. 3 (Case A), the stator, rotor o o
and total losses have increased 114%, 117%, and 115%, rei%:sa‘ = number of pulses ofthe rectifier system.

. . ) wentional ASDs as shown in Fig. 6 have “six-pulse” rec-
tively. In Fig. 4_ (Case B), the increases are 104%, 106%, ers (g = 6), defined by the fact that the dc-bus voltage con-
105%, respectively.

. ) . sists of portions of the line-to-line ac waveform and repeats with
Figs. 3 and 4 illustrate three points [25]: a 6 duration, i.e., containing six pulses in 360herefore,
1) The manner in which the voltages are unbalanced hag@ characteristic current harmonics present in the ASD input
marked effect on the increase in losses. will be 2 = 5th (300 Hz), 7th (420 Hz), 11th and 13th etc., as
2) Asthe voltages become more unbalanced, the rotor losg@gwn in Fig. 7 for a 460 V, 80 kVA ASD. Notice in Fig. 7 the
increase at a faster rate than the stator losses. characteristic double-pulse current waveform resulting in a total
3) With high voltage unbalance, the stator and rotor circuitgarmonic distortion (THD) for the ASD input current of 79.4%
experience significant increase in losses, which will qu@e]_
to excessive heating. Under the conditions of utility voltage unbalance, the input
To demonstrate the effect of different forms of unbalance aurrent harmonics are not restricted to the converter charac-
appropriate derating, the same 25 hp motor was studied whiggistic harmonics, and uncharacteristic triplen harmonics can
holding the stator current fixed at the rated value as suggestgbear such as the 3rd and 9th harmonics, as demonstrated in
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Fig. 6. Typical adjustable speed drive (ASD) system.

13:51:37.45

Bvent Nusher 1 Chamel @ Setup t  8/20/34 _ 13:51:37.45 Event Musber 1

Satup 1

E/2H

Horizontal 5 williseconds/division Vertical 288 Volts/division Horizontal 18 millisecomds/division Vertical 28 aups/division

Urms: Prew=0.808, Hin476.7, Mod7?.5 - Vorst Inp= -169 Upk, 54 deg fArus: Prev=8.808, Nin<39.48, Hax=48.88 - Uorst Imp= A fpk, 8 deg
@ ®)
Rvent Munber 1 Channel ) Satup { 85/20/9  13:51:37.45 Bvent Nunber 1 Chamel D . Setup 1 vy 13SLR.G
mz e e e rae et caaaea it a e aaas e ae i aaeas N: 31‘m m M 18ﬂl1 e.u m deg m: 1.42 23? deg
* .............................................................. ZM: ng w M 19“‘: 4'22 m deg 361;1!! 0.3‘ % dw
w .............................................................. M: 2.12 148 dw M: a.‘z m dw m: 1.& m dw
n ............................................................. 4tl': e-sx 194 dq zht: n.& w dq m: e.& m ‘q
@ Sth 65.5¢ W dey 2u: 0.2 M deg  Ih 8.2 254 deg
g 6t 18 09deg i 32 Wdeg 4Bh 8.2 208 deg
@ g Hhi A8 BIdey  2th 0.5 103deg  Alst: B.9 212 deg
g e Bh B2 MIdeg  Bth 24cZdeg Al Bx 42 deg
o . ............................................ 9hi Bx ZWieg  Kth 0.2 Zdeg  AE 1.3 263 deg
1 e Wth 040 12dey  ZMh B My  Mth .2 163 deg
] T T O O T R AR fith: 942 14degy 28tht 0.2435% dey  45th! 8.1x 232 deg
F 8 5 8 B I K ¥ H B 12th: 0.72 99 dey 9th:  1.92 217 deg 46th:  B.2¢ 304 deg
1th: 9.82332deg  3Bth: 8.2¢ 85deg  47tht 8.92 195 deg
HARNONIC NUMBER: 8 Sthe  65.5% Phasa: 92 degrees 14th:  0.6x 285 deg AUst: 1.4 266 deg 40th: 8.2 66 deg
TOTAL HARNONIC DISTORTION:  79.4x  7th:  41.8% Phase: 353 degrees 15th: 0.7 3 dey Ved:  0.32235 deg 9th:  1.16 245 deg
ODD CONTRIBUTION: M4z 13th:  9.8% Phase: 332 degrees f6th: 0.3z Bdeg Brd: 022339 deg  SBth! B.1x 178 deg
PVEN CONTRIBUTION: 2.8z 1ith:  9.1% Phase: 14 degress 1#he S.62 332 dey  Mth:  8.2¢ 319 deg
Horizontal: Harmonic Number Vertical: ¥ of Fundawental T.H.D.: 794« 00D CONTREB.: 79.4x EVEN CONTRID.: 2.8«
Frequency: 68.8 Iz Frequency: 68.8 Hx
©) ()

Fig. 7. Case 1: 460V, 80 kVA ASD. (a).s- (b):,. (c) Line frequency spectrum feg . (d) Harmonic quantities in percent of the fundamental rms curfent,

Figs. 8 and 9 with a 0.3% and 3.75% voltage unbalance, respeapacitor or require the use of a larger capacitor. Table | gives a
tively, on a 460 V, 30 kVA ASD [26]. Notice that as the ASDcomparison of the three cases. Note the increase in the percent
input voltage unbalance increases, the input current becomnséthe 3rd harmonic from 2.1% to 19.2% to 83.7% as the voltage
significantly more unbalanced and changes from a double-puls#alance increases. The significant 3rd harmonic can increase
waveform to a single-pulse waveform (Fig. 9) due to the asyrharmonic and resonance problems on the system as well as re-
metric conduction of the diodes. The voltage unbalance maquire larger filter ratings.

cause excessive current in one or two phases, which can trig-ig. 10 shows an ASD with an active PWM rectifier, which is
overload-protection circuits [27]. The increased current can alsecoming more commonly offered among ASD manufacturers.
cause excess heating of the diodes and decrease the life ofRkplacing the diode rectifier with an active PWM rectifier has
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Fig. 8. Case 2: 460V, 30 kVA, ASD with 0.30% line voltage unbalanceuv{a) (b) i, . (c) Line frequency spectrum fag . (d) Harmonic quantities in percent
of the fundamental rms current, .

the following advantages: regulated dc-bus which offers immu- Concurrently, NEMA, the developer of ANSI C84.1-1995, in
nity to voltage sags and transients; unity power factor with lothe standard NEMA MG1-1993 “Motors and Generators” rec-
input current harmonics (near sinusoidal) and compliance witlmnmends that for voltage unbalance greater than 1%, induc-
IEEE 519 harmonic limits; power flow in both directions whichtion motors should be derated by the appropriate factor given in
enables regenerative braking. The effects of input voltage Urig. 2. IEC standards also restrict the permissible voltage unbal-
balance on PWM rectifiers include increased input current diance on induction motors to 1% and require a derating of the ma-
tortion, the generation of 120 Hz voltage ripple in the dc-linkhines if unbalance is greater [14], [4]. The derating factor graph
and an increase in reactive power [28]—[31]. in Fig. 2 also appears in the ANSI/IEEE Std. 141-1993, “IEEE
Recommended Practice for Electric Power Distribution for In-
dustrial Plants” (Red Book), and ANSI/IEEE Std. 241-1990,
The American National Standards Institute (ANSI) starfEEE Recommended Practice for Electric Power Systems in
dard C84.1-1995 “for Electric Power Systems and Equigzommercial Buildings” (Gray Book). Both the Red Book and
ment-\oltage Ratings (60 Hertz),” was developed by thé&e Gray Book indicate that some electronic equipment, such as
National Electrical Manufacturers Association (NEMA)computers, may experience problems if the voltage unbalance
ANSI C84.1-1995 recommends that electrical supply systenissmore than 2 or 2.5%. They both also state that in general,
should be designed and operated to limit the maximum voltag@egle-phase loads should not be connected to three-phase low
unbalance to 3% when measured at the electric-utility revenuatage circuits supplying equipment sensitive to phase-voltage
meter under no-load conditions [16]. The International Elecnbalance. Instead, a separate circuit should be used [32], [33].
trotechnical Commission (IEC) recommends that the maximumThe apparent contradiction in ANSI C84.1-1995 (allowing
voltage unbalance of electrical supply systems be limited £3% voltage unbalance on power systems) and the NEMA
2% [27]. MG1-1993 (recommending motor derating in the presence of

I1l. CURRENT STANDARDS ON VOLTAGE UNBALANCE
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Fig. 9. Case 3: 460V, 30 kVA ASD with 3.75% line voltage unbalancev{a) (b) i... (¢) Line frequency spectrum fay,. (d) Harmonic quantities in percent
of the fundamental rms currert, .

TABLE |
COMPARISON OFVOLTAGE UNBALANCE CASES
Line RMS G He |1 Iy B THD | Logut
Valiage | Logui fiis ol l; ) (e af i ) (vaofl;) FF
Un- Currem | Line
kalamce | L Coroem

I

%a Amps Amps Amps | Y Amps | ¥ Amps | % o
Case | - l4066 |3184 (067 (21 |2086 | 655 [ 1331 J418 [794 | .78
Casec 2 LU H 2504 16,15 . J'l} 2 | 13,87 | 859 | 1069 | 66,2 | 186 ol
Case 3 3175 21,96 14.33 120 | 3.7 | 9.53 G5 | 506 | 360 116.2 | .65

greater than 1% voltage unbalance) can be explained by the fol-2) Utilities’ incremental improvement costs are maximum

lowing rationalization. In developing the ANSI C84.1 recom- as the voltage unbalance approaches zero and decline as

mendation for voltage unbalance, economic studies were con- the unbalance is permitted to increase,

ducted indicating the following [16]: 3) Manufacturers’ incremental motor related costs are
1) Ultimately, the customer ends up paying for the utility re- ~ lowest at zero voltage unbalance and increase rapidly as

lated costs required to reduce voltage unbalance, and the the unbalance increases.
manufacturing related costs required to expand a motor'sWhen these costs, excluding motor related energy costs, are
unbalanced voltage operating range, combined, curves can be developed as shown in Fig. 11, that
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IV. MITIGATION TECHNIQUES

= = - Manufacturers' Costs /

— =Utilities' Costs . s . .

——Combined Costs While several mitigation techniques have been suggested to
’ correct voltage unbalance, maintaining an exact voltage balance

on all three phases at the point of use is virtually impossible for

the following reasons [27]:

 Single-phase loads are continually connected to, and dis-

connected from, the power system,

» Single-phase loads are not evenly distributed between the

three phases,

» Power systems may be inherently asymmetrical.
Therefore, some voltage unbalance will be present in any type
of low-voltage three-phase three-wire or three-phase four-wire
% Voltage Unbalance system [11].

Annual Incremental Cost to Customer

Fig. 11. Annual incremental cost to the customer for various percent voltage Mitiaation Techni the P Svyst
unbalance limits, showing minimum costs at approximately 3% voltag%' ligation fechniques on the Fower system

unbalance. Unbalanced loads are the main cause of unbalanced voltages
on distribution circuits and thus a great deal can be gained by at-
indicate the annual incremental cost to the customer for varic@snpting to distribute single-phase loads equally across all three
percent voltage unbalance limits. The optimal range of voltageltage phases [1]. Electrical distribution systems can be bal-
unbalance occurs when the cost to the customer is minimizagced by changing the system configuration through manual and
which is implied in ANSI C84.1 to be at approximately 3%automatic feeder switching operations to transfer loads among
voltage unbalance as shown in Fig. 11. circuits. This reconfiguration can be performed to reduce losses,
In a report to the Canadian Electrical Association (CAE) oand has the natural tendency to balance loading among circuits
voltage unbalance in distribution systems, Bergeron presefit§]. Several reconfiguration algorithms have been developed
another commentary on the apparent contradiction in appto-optimize feeder switch positions using load estimation al-
priate unbalance levels on power systems and in commergakithms providing load information for each time point under
and industrial facilities [3]. Until the 1970s, energy savings wemmnalysis [15]. Since this is performed in a discrete manner, it
not considered a significant design factor, as it is today, agdnnot dynamically balance the system load.
computer-based assistance for designing power apparatus wddnbalanced impedances, including transformers and their
unavailable. Consequently, older motor and equipment desigisnections, are often the next largest contributor to unbal-
allowed much higher disturbance levels than can now be tolanced voltages. Therefore, proper selection of distribution
ated. Motor manufacturers and users are therefore calling faransformers is a very important step in preventing voltage
power supply with a lower voltage unbalance level, which wouldnbalance, paying particular attention to the balancing of open
allow them to operate with minimal derating, i.e., that lets themye and open delta transformer banks. It should also be noted
use the smallest motors possible. However, Bergeron indicatieat open wye-open delta banks can significantly magnify the
that due to the increased magnitude of single-phase loadsvolage unbalance of the primary system as it converts primary
cluding electric train and traction loads, voltage unbalance sgstem zero sequence voltage into secondary system negative
the power distribution system is actually increasing, with treequence voltage [11]. If the amount of unbalance tends to
result that power distributors would like equipment to be able t@ry with the customer load, it is a good possibility that the
tolerate a higher voltage unbalance [3]. transformer is the cause of the unbalanced condition. One way
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to determine the transformer bank’s contribution to voltagaotors from unbalanced voltages, where the relay settings and
unbalance is to measure the voltages on the primary and #mpplications depend on the motor horsepower, loading, insula-
voltages on the secondary and calculate the percent unbalaimeclass and service factor [40]. Lerley showed in [41] that neg-
at each point. A bank of three single-phase regulators cative sequence current relays are more reliable and effective be-
also provide some correction for unbalanced voltages, m#use relays measuring negative sequence voltage can lack the
the settings must be controlled carefully to prevent causimgcessary sensitivity in some system and load configurations.
additional voltage unbalance.

In addition, overload conditions on the power system should
always be corrected as soon as possible for a number of pro-
tection and safety reasons as well as unbalance compensatioithis paper has identified several causes of voltage unbalance
Unbalance compensation can also be achieved by means of pasthas described the resulting adverse effects on both the power
sive power filters that balance the load impedance [34], [35ystem and on equipment such as induction motors and power
where the load current is balanced by adding reactive elemeelgctronic converters and drives. Standards addressing voltage
in parallel to the load. For variable loads, voltage unbalanceimbalance were discussed and clarified, and several mitigation
ac supply systems can be corrected by means of a shunt deshniques were suggested to correct voltage unbalance prob-
nected thrysitor-controlled static VAR compensator [34]-[36lems. Finally, this paper has made apparent the importance of

V. CONCLUSION

where again the load current is balanced by adding reactive identifying potential unbalance problems, which can be accom-
ements in parallel to the load. Disadvantages include harmopitshed through load flow studies or field measurements, and

injection into the ac system.

taking corrective action for the benefit of both the utility and

A number of additional power electronic solutions have bee@ustomer.

reported in the literature [9][14][37]. For example, an active
line conditioner was presented in [14] that dynamically corrects
voltage unbalances through the injection of a correction voltage
in one phase. (1

In years past, much attention was paid to transposing the con-
ductors to keep the series inductive and the shunt capacitive rei2]
actances balanced on transmission lines. As the number of sub-
stations connected to transmission lines increased, it became ims;
practical to have multiple transpositions between each station.
In addition, transposed conductors increased confusion wherﬂ4]
addressing emergency fault situations. Thus, since the unbal-
ance introduced by the incomplete transposition is not compar-
atively significant, modern power lines are seldom transposed®!
though an interchange in the positions of the conductors may be
made at switching stations in order to balance the inductance ofé]
the phases more closely [38].

B. Mitigation Techniques in a User Facility 7

First, within a user facility, all overloaded equipment should 8
be corrected. In addition, passive power filters and shunt con-
nected static VAR compensators, similar to those described in
Section IV-A for mitigation on power systems, can be used for 1]
unbalance compensation in user facilities [34]-[36].

Mitigation of the adverse effects of unbalanced voltage onl0l
ASDs can be achieved through the use of properly sized ac-line
and dc-link reactors as demonstrated in [39]. The test resul{si]
showed that connecting both the ac-line and dc-link reactors to
the ASD has the greatest effect on phase-current unbalance, {2
ducing it by more than half. Either reactor alone was shown to
be enough to significantly mitigate current distortion and reduc
the rms line current, thus reducing the risk of overloading th
ASD. Reactors will also improve the performance of PWM rec-
tifier ASDs in unbalanced voltage conditions. In addition, mod—[14]
ified PWM rectifier control strategies have been proposed to re
duce the dc link ripple and input current distortion caused by
unbalanced voltages [28]-[31]. [15]

Finally, along the lines of protection, the study by Cummings’
provided methods employing various relays to protect induction

13]
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