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A Practical Harmonic Resonance Guideline for Shunt
Capacitor Applications

Zhenyu Huang, Member, IEEE, Wilsun X8enior Member, IEEEand V. R. DinavahiMember, IEEE

Abstract—Shunt capacitors are extensively used in power sys- Zgyi=Ryy /Xy
tems for voltage support and power factor correction. The prolifer-
ation of harmonic-producing loads significantly increases the pos-
sibility of system-capacitor resonance. As a result, a practical and
easy-to-use procedure to estimate the severity of harmonic reso-
nance is of good interest to industry. The objective of this paper
is to present such a method. The paper first proposes a harmonic
resonance index. By taking into account the IEEE harmonic limits
and the capacitor loading limits, a harmonic resonance chart is de-
veloped. A detailed harmonic analysis of the system is needed onlyFig. 1. Equivalent system with capacitor to be installed.
if the system condition is located in certain regions of the chart. Ex-
amples are given to show how the possibility and severity of har-
monic resonance can be estimated using the proposed guideline.

useful. It can reveal the resonance frequencies and the associ-
ated magnitudes of the combined system-capacitor impedance.

Index Terms—Capacitors, harmonic resonance, harmonics.  The study is easy to do so the engineers who plan the capacitor
installation-.can perform the study.
I. INTRODUCTION There is one major_difficulty to use the frequency scan

method however. If the engineers have obtained the impedance

A PPLICATION of shunt capacitors for voltage support and, frequency curve, how can they draw a conclusion as to the

/—\ power factor correction is a common practice in the POWgsiantial harmonic impact of the proposed capacitor? The
industry. With the proliferation of harmonic-producing load$esgnance frequency may or may not coincide with a harmonic
and the increasing awareness of harmonic effects, the possibiljper. |f it does, the existence of harmonic resonance does not
of system-capacitor resonance has become a routine concermfofa s arily imply that a problem would occur, since the system
shunt capacitor applications [1]-{3]. Whenevera shunt capags;istance may provide sufficient damping to the resonance.
itor is to be added or resized, system planners are interesfegl goes not coincide with a harmonic frequency, the system

to know if the proposed capacitor installation would resonag%mpmg may still be too small so a resonance problem could

with the system and, if there is a resonance, the severity Of i) exist. Furthermore, there is the problem of how to quantify

problem. \ __the closeness of a resonance frequency with the harmonic fre-
A well-known and commonly practiced method. to verify if

X o - i uency. If the system exhibits multiple resonance frequencies,
a capacitor resonates with its supply system is to determine ﬂ"ﬁecomes more difficult to assess the harmonic impact of the

ratio of the system fault level to the capacitor size [4]. ReSEapacitor.
nance frequency can be estimated from this ratio. Our experiq, this paper, methods are proposed to address the above prob-

ence shows that this method ist00 crude to be practically useflys |t jeads to the development of a practical and easy-to-use

The formula is based on the assumption that the system hatimonic resonance chart. By examining the frequency scan re-

monic reactance is proportional to its f_undamental reactance gﬁrts with respect to the chart, one can quickly determine if the

termined from the fault level. There is no guarantee that thisohosed capacitor installation could cause resonance problem.

assumption is valid for practical interconnected power systerqg,q key idea of the proposed chart is the concept of harmonic

Furthermore, one cannot determine the severity of the resonapgg nance index defined as the ratio of thth harmonic ad-

as not all resonance conditions will cause problems. mittance to the fundamental frequency admittance. If the index
An alternative 10 the above method is to conduct harmonigocated inside the “safe region” of a guideline chart, no fur-

power flow study andfor frequency scan study. The harmonjga, anaysis is needed and the capacitor installation can proceed

power flow study is too complicated for this task since the IQzth confidence. Detailed harmonic analysis is recommended if
cations of harmonic sources and the source characterlstlcstﬂ@index violates the guidelines.

typically unknown. The frequency scan study [5]—-[7] is more

Il. CONCEPT OFHARMONIC RESONANCE CHART
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150 : ; ; The fundamental components of capacitor current and voltage
f | Problem Region [ are
| Icn B
L ] Iy = EYy, Voio=—= 4
g 100 . - 5 c1 1¥1, 1= 0 O (4)
é \ wherew is the fundamental angular frequen€yis the capacitor
5 50 ; ~— farads, and; is the fundamental admittance with the capacitor
2 ||  Safe Region e included. _ _
o ! i ' For each harmonic order (> 1), the harmonic components
of capacitor current and voltage are

0 0.5 1 1.5 2 I By, v. - don EYa 5
System voltage maximum IHD (%) On = Hnin On = G ' C ®)
whereY,, is then-th harmonic admittance with the capacitor

Fig. 2. Sample guideline chart of harmonic resonance index. .
9 pleg included.

impedance is the combination of the system impedance agd _ 1 - ‘ 1

the capacitor impedance in series. For each harmonic order, | Zsys(n)+Zcap(n) Rays(n)+5 X sys(n)—je

the total harmonic admittance can then be calculated and the ] : (6)
ratio of then-th harmonic admittanc®, to the fundamental Where Zsys(n) is determined by the frequency scan method
admittanceY; is defined as the harmonic resonance index ~ [9}-{7]- A harmonic resonance condition would exist if

Y. 1
_In _ Xoys(n) = ——. 7
RI, = n=1,23,... 1) ys(n) = = (1)

The resonance guideline or chart proposed in this paper i¥gder such a condition, the total combined system-capacitor
set of curves whose x-axis is the background voltage individuglPedance becomes
harmonic distortion (IHD) level (before the capacitor installa- 1
tion) and y-axis the resonance index. Fig. 2 shows the simplest Y, = m (8)
chart that has only one curve. The curve in the chartdisplays a oy
boundary below which the impact of harmonic resonance canEquation (8) shows thaY,, will be large at resonant fre-
be considered as insignificant, while above which the harmorfigencies. It also shows that when the capacitor resonates
resonance could cause a problem. Detailed system harmoith the system, the system resistance may provide sufficient
analysis is therefore recommended for the later case. damping and reduce the harmonic current. Hence, the existence
As an example, assume that the fundamental and the Sefhharmonic resonance does not necessarily imply that the
combined system-capacitor admittances are-0.55 and 52, ¢@pacitor would be damaged. It is therefore necessary to assess
spectively. By the definition, the resonance index is calculatéae severity of the resonance condition. The standard loading
as 94.55. The system voltage distortion istunknown. The distddices and limits for shunt capacitors [8], shown in Table |,
tion limit of 1.5% established by the IEEE Standard 519 is takéie adopted as a means to quantify the severity. From (4) and
as a conservative estimate. A point (1.5, 94.55) can be found®), the capacitor loading indices can be calculated as
the problem region of the chart. Thus, it:can be concluded that
the 5-th harmonicresonance is likely to cause a problem. Conse- Lims = [Ic1? + Z Icn?
quently, detailed harmonic analysis is recommended to further ' n

investigate the resonance problem. The boundary limit for this

case is 58, below which no further analysis is necessary. = ,\/(E1Y1)2 +y (B, Yn)? 9)
The boundary curve is established using the capacitor loading n

limits [7]. The guideline proposed in this paper is therefore de- [, N

veloped from the perspective of capacitor concerns. Details on Vims = [Ver™ + Z Ven

the derivation of the curve are described in the next section.

1 E Yo\’
IIl. DEVELOPMENT OF THEPROPOSEDGUIDELINE =— |(BE)*+ > ( ) (10)
wC\ — n
Referring to Fig. 1, the equivalent system voltage containing S—v I
harmonics can be expressed as ToormeTrms
E=E; + Z En. ) - (ExY1) + Z Ay
— wC\ — n
E,,, the magnitude oE,,, is supposed to satisfy the IEEE Stan- 9 9
dard 519 (voltage level 69138 kV) [4] X ,\/(Elyl) + Z (EnYn)™. 1)
E, = o, Eq, where ,, < 1.5%. 3)
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1 50 L T / T
STANDARD CAPACITOR LOADING INDICES AND LIMITS 1 .
/ / — Slimit
! 4 === Vs limit
Index Description Limit /) // ms TR
Apparent power of the capacitor o) 100 + 7 = = Vpear limit
S 135% © / L -
(= Irnls * Vrln.\‘) £ 7 / — Irms limit
Vims RMS voltage of the capacitor 110% 3 /’ / — Minimum
Vpeak Peak voltage of the capacitor 120% § / Z
Lons RMS current of the capacitor 180% ) 501 /
§ |
/
/
Considering the worst case, the peak value of the capacitoi 0 . : ;
voltage would be the algebraic summation of the fundamental 0 5 10 15 20

Harmonic order

component and all the harmonic components, that is

\/5 EY Fig. 3. Harmonic index limit versus harmonic order.

Vyeok=V2Ver + 3 V2V =2 (Em 3 (T)) .
" " 12) A. Case of a Single'Harmonic Component

(12)

According to Table I, the following conditions should be sat-

isfied in order to safely install the capacitor:

If the system voltage contains only one harmonic or only one
harmonic isdominating (e.g., theth-harmonic), (21)—(24) can
be rewritten as

S <135%Srated (13)
Vims < llo%W’ms,rated (14) Qi 2 2 07
‘/peak < 120%‘/1161119 rated (15) bt (WRITL) bt (anRIn) S 135%) (25)
<1809 . / n 2
Irms = lgoz)lrms,rated (16) 14+ (a—R[n) S 110% (26)
n
The subscriptfated” indicates the rated values of the capac- 1+ %Rln <120% (27)
itor, which can be conservatively considered as the fundamental n
components \/1+ (anRI)? <180%.  (28)
2
Sy ured = Verloq = (E1 Y1) (17) In the absence of the voltage distortion information,ihds
(wC) considered to reach its limit in (3) (i.ev,, = 1.5%). The index
v Ve = E Y, (18) RI, is then obtained by solving (25)—(28) and taking the min-
rms,rated = YCO1 = (wO) imum value as the threshold for avoiding harmonic resonance.
V2EM, The results ofRI,, for different harmonic orders are shown in
V})eak,ruted -3 \/EVCl = (19) Flg 3.
(w@) ) ) i
Lonerarin = Icn =B, Y. (20) From Fig. 3, the following conclusions can be drawn:

1) Thel,,,, limit gives a constant harmonic index limit.

Combining (3) and (9)—(20).and défining the harmonic reso- 2) The index limit corresponding to th&.,,, limitis always

nance indexas (1), we have

greater than that corresponding to g, limit.
3) Around the 5-th harmonic, thelimit and theV,,cq limit
have similar limits on the harmonic index. For higher

2
,\/1+Z (%Rln) 1~I—Z (a, RI)? <135% (21) order harmonics, thé limit becomes the limiting factor
n n for the harmonic resonance and it yields an almost con-
o 2 stant index limit for different harmonic orders.
—__ < . . .
\/1+Zn: ( n RI") < 10% - (22) Since power systems rarely experience harmonics below 5-th,
a, the index limit given by thesS limit at the 5-th harmonic, the
1+y (?an) <120% (23) worst case, can be taken as the general threshold of the case
n considering a single harmonic.
(24)

1+ (e RI,)? < 180%.

B. Case of Multiple Harmonic Components

The task now becomes how to fidél/,, that can satisfy the In the case of the simultaneous existence of multiple har-
above inequality constraints. In the following subsections, aponics, (21)-(24) can be simplified by assuming, conserva-
proximate methods to estimat¥,, are developed for three dif- tively, that RI,, has the same limit, sail, with differentn. In
ferent cases. other words, the system resonates at all harmonic frequencies
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TABLE | 150 —— ‘ .
INDEX LIMITS OF TWO-HARMONIC RESONANCE ‘\\ kS f i One-harmonic
Vo i
AN HE pr - i
Harmonic : \\ ' 5 Two harmomc.
Order > 7 1 3 % 100 \ ‘%:L 0 Three-harmonic
5 - 38.89 41.86 41.90 = \\}\ \|— — Four-harmonic
7 - 4221 4225 8 NV e i
11 (Same as - 42.48 S i \‘\~\ e :
13 upper triangle) - S 50 i ~ R : T
N | R DN L.
[} ' e~ 1L
& | I EER
and the admittance ratios are the same at all harmonic frequen : ; :

cies. The resulting equations are as follows: 0 05 1 1.5 2
System voltage maximum:IHD (%)

2
1+RI2Y (O‘—”) L+ RI2Y 0,2 <135% (29)
o " Fig. 4. Guideline chart of harmonic resonance index.

an\ 2
\/1 +RI?Y (7> <110% (30) monic resonance chart shown in Fig. 4. When deriving this
n chart, we have assumed that all harmonics have the same value
14+ RI Z (%) <120% (31) of a. Each curve represents the worst combination of the back-
o ground harmonics.

) 5 N Fig. 4 is the complete harmonic resonance guideline chart for
\/1 + RI Z (an)” <180%. (32)  ghunt capacitor applications at the voltage level 698 kV. The
" larger the number of harmonics included, the lower the index

If all harmonics were considered, the above equations wouldiit. A higher background voltage distortion also results in a
be too conservative. Since the most significant harmonics Ifjver index limit.
power systems are 5-th, 7-th, 11-th, and 13-th, the limit value
RI can be derived by including two or more of these harmonics. IV. APPLICATION EXAMPLES

If_we t_ake two of th_em into consideration, the limits Bf are _ The guideline in Fig. 4 is straightforward and quite easy to
given in Table Il. Without the knowledge of systemvoltage digyse The assessment of the harmonic resonance problem can be
tortion, ,, has been assigned the worst case value given in ()nmarized in the following steps:

Table Il can be interpreted as follows: if the system resonates
at both 5-th and 7-th harmonics with the saié, ratio, the
index limit is 38.89; if it resonates at.the 7-th and 11-th-har-
monics, the index limitis 42.21; and so on. Itcan be seen that the

higher the harmonic order, the larger the index limit.. The differ- . . . .
) R 3) Determine the system Thevenin voltage distortion and the
ence between the index limits'is insignificant however. There- L . s S
dominating harmonic orders. If this information is not

fore, to simplify the propesed guideline, a conservative index available, take the IEEE Standard limit of 1.5%.

limit that corresponds to the 5-th and 7-th harmonic case can be4) Find the index limit corresponding to the system voltage

seelneg:zld as the limit representative of the two-harmonic case in distortion from the proposed guideline chart (Fig. 4).

9 : : . L 5) Compare the system indices with the index limits and de-
If three harmonics are included, every combination of three cide if there exists harmonic resonance problem

harmonics should be/calculated. Similar to the case of two har- he followi | id dp i ) h

monics, however, the most.conservative case that corresponds 8,t e following, two examples are provice ol u.stra}tet €

the combination of the 5-th, 7-th, and 11-th harmonics, is used@BPlication of the proposed harmonic resonance guideline.

establish a general limit for the three-harmonic case. The index A Without Vol Di ion Inf .
limit RI was found to be 30.74 in this case. For the case of foﬁr ssessment Without Voltage Distortion Information

1) Determine the system Thevenin harmonic impedance by
frequency scan studies [5]-[7].

2) Calculate the system harmonic resonance indices for each
harmonic order of interest.

harmonics, the limit?/ was found to be 26.11. The system is shown in Fig. 1. The parameters are given as
\oltage level: 138 kV.
C. Case of Different Harmonic Voltage Distortion Levels Frequency response (Fig. 5). The principal harmonic

In Sections I1I-A and I1I-B, the most conservative resultswere ~ impedances are shown in Table Ill. The base MVA is
obtained by considering the worst background voltage distortion 100 MVA.
(i.e., the distortion is equal to the limit set by the IEEE Stan-  Capacitor size to be installed: 27 MVar.
dard 519). Higher voltage distortion can cause larger capacitor
harmonic current, and therefore, lower index limits, while lower The harmonic resonance indices of this system were calcu-
voltage distortion will contribute to lower harmonic current, anthted and the principal ones are shown in Table IlI.
hence, allow higher harmonic resonance index limits. Since the system voltage distortion information is unknown,
By varying the background voltage distortion level, a set dhe IEEE Standard 519 limit is considered. Corresponding to
limit values for RI can be determined. The results are a harr = 1.5%, the index limits can be found from the guideline
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Harmonic order.

Harmonic order

Fig. 5. Example of resonance assessment without voltage distortiEW' 6. System voltage distortion information.

information.

information, we can-also conclude from.Fig. 5 that the capac-
TABLE 1l itor installation will nof[ cause a harmoni; resonance pro_blem,
PRINCIPAL HARMONIC IMPEDANCES AND INDICES even though the detailed voltage distortion percentage is kept

unknown.
Harmonic | s 7 1 13 For Case 2, three dominating harmonics are shown in Fig. 6,
Order and 7-th-and 13-th.are among them. Taken together with con-
e 100 TTOI 00 008 U, clusions (3) and (4)in Example 1, it can be inferred that there
Harmonic might be a resonance problem with the capacitor installation.
Index 1 6.77 36.54 | 1098 | 3286 Therefore, in this case, a detailed harmonic analysis is strongly

recommended.

chartin Fig. 4 as 58.4, 38.9, 30.7, and 26.1 for one-, two-, thre@;_, DiSCUSSIONS
and four-harmonic cases, respectively.

Fig. 5 shows the system harmonic index and the index limits. Considering the complexity of power systems, multiple reso-
It can be concluded that nances may exist at the point of capacitor installation, as shown

1) Any single harmonic resonance will not catise a problem Fig. 5. The resonant frequencies may not coincide with har-

since every system harmonic résonance indexis less taf"'c freque?mes. Tor be conservative, the maximimbe-
the one-harmonic index limit. tween f — 0.5, n + 0.5] can be taken as the-th resonance

2) Similarly, combinations of any two harmonics, will not'nde_x' o
result in a resonance problem since the system harmonidt IS worth pointing out that a complex power system often

indices are smallerthan the two-harmonic index limit. Nas quite a few operating scenarios. To be concise, only one

3) The 7-th and 13-th system harmonic indices are |arg%<|:enario is considered in the examples. However, for each sce-
than the three-harmonic index limit. This implies that th82110, as long as the system Thevenin harmonic impedance is

combination-of three-harmonic fesonance may causdtained by the frequency scan method, the proposed guideline
problem: can be applied to determine the impact of capacitor installation
4) Iftheystem is rich in 7-th and/or 13-th harmonic source€! harmonic resonance. Then final conclusion can be drawn

a detailed harmonic analysis is recommended. after checking all of the scenarios. , ,
Since the worst conditions were considered in formulating the

i ) ) ) proposed guideline, the analysis results could be conservative.
B. Assessment With Voltage Distortion Information The guideline can be further improved in the following ways.

Here, in addition to the system information given in Example 1) A warning region can be defined to refine the harmonic
A, the voltage distortion information as a percentage of the fun-  index chart. For example, a warning region could be a
damental is also available. Fig. 6 shows two cases with different  10% zone above the index limits in the guideline chart.
voltage harmonic components. In such a case, only the area above the warning region

For case 1, the maximum voltage distortion is 1%. The chart  will require detailed system harmonic analysis for further
in Fig. 4 gives the index limits as 87.6, 58.3, 46.1, and 39.2 for  investigating the system-capacitor resonance problem.
1% voltage distortion. All of the system indices in Table lll are 2) The system harmonic voltagé, is an important factor
less than any one of these index limits. Hence, it may be con-  for evaluating the severity of harmonic resonance. It can
cluded that there is no need to worry about potential resonance be determined by field measurements.
problems. On the other hand, Fig. 6 shows that Case 1 has tw@) The capacitor ratings in (17)—(20) were considered as
dominating harmonics—7-th and 11-th, which means that itis  the operating values (i.e., the fundamental components).
not necessary to consider three-harmonic resonance. With this However, in practice, the ratings are usually larger than
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the operating values to maintain a safety margin. If [2] E. Bompard, E. Carpaneto, G. Chicco, P. Ribaldone, and C. Vercellino,

the real operating values are obtained, (17)—(20) can
be modified by considering a coefficient,” such as
V;"ms,rated = aVCl-

To simplify the derivation, each harmonic was treated
“equally” in the guideline. In other words, the index limits 4
have been calculated from (29)—(32). However, the index

(3]

“The impact of public lighting on voltage distortion in low voltage dis-
tribution systems,IEEE Trans. Power Delivery, vol. 16, pp. 752-757,
Oct. 2001.

R. Dugan and B. W. Kennedy, “Predicting harmonic problems resulting
from customer capacitor additions for demand-side managenmE&E
Trans. Power Systvol. 10, pp. 1765-1771, Nov. 1995.

] IEEE Recommended Practice and Requirements for Harmonic Control

in Electric Power Systems, IEEE Std. 519-1992, 1992.

limit is not necessarily the same for each harmonic. Cal-[5] Guide for Assessing the Network Harmonic Impedances.
Limits for Harmonics in the United Kingdom Electricity Supply System,

culating RI djrectly from (21)—(24) is a more accurate UK Engineering Recommendation G.5/3, 1976.
way to investigate the resonance problem. However, such[7] A. A. Girgis and R. B. McManis, “Frequency domain techniques
an approach is more complicated. for_ mc_)del_ing distributio'n or transmission network_s using capacitor
Th ideli hart is d | d with itor d switching induced transientslEEE Trans. Power Deliveryol. 4, pp.

e guideline chart is developed with capacitor damage 1585 1890, July 1989.
as the main concern, which is the most common case|8] IEEE Guide for Application of Shunt Power Capacitors, IEEE Std. 1036-
Other limiting factors could also be included if they be- 1992, 1992.
come a main issue.

5)
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tion of this guideline is straightforward and how the results may

be interpreted.
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