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Abstract—This letter presents a proposed method for finding Ix L
the optimum fixed compensating capacitor to minimize the voltage P YT >
harmonic distortion at a load bus while holding the power factor T R Xm| T Lex
at a desired value and constraining the nameplate kilovar of the Rix
compensating capacitor, its rated voltage rms, and its rated cur- POWER Xe
rent rms as constraints according to IEEE Std. 18-1992. Also, the SYSTEM |V, Vix - 3
values of the compensating capacitor, which would create resonant
conditions, would be omitted from the solution. Finally, the contri- Xx
bution of the newly developed method is demonstrated in an ex- 1 i
ample taken from previous publications.

Index Terms—Harmonics, power factor, power quality. Transmission Shunt Load

System Capaciior
I. INTRODUCTION Fig.1. Single-phase equivalent circuit for K-th harmonic with shunt capacitive
compensator.

N case of nonsinusoidal sources, maximum transmission ef-

ficiency (n), minimum transmission los§l'L), and max- .
imum power factof PF) do not lead to the same shunt compert harmonic ordeds” because of a voltage source;k. The
sator values [1]. When the three criteria are combined into ohBevenin voltage source representing the utility supply is
model and solved by the penalty function approach, the results
do satisfy the three criteria by one value of capacitor [2]. There vs(t) = Z vsi(t) @)
are several measures commonly used for indicating the har- K
monic content of a waveform with a single number. One of thghere K is the order of harmonic present. The K-th harmonic
most common is total harmonic distorti¢i'H D), which can  Thevenin source and load impedances are
be calculated for either voltad® T H D) or current(ITHD).
T H D is a measure of the effective value of the harmonic com- Ztk = Rrk + j X1k (2)
ponents of a distorted waveform, that is, the potential heating
of the harmonics relative to the fundamental. The rms value @fd
the total waveform is not the sum of the individual components,
but is the square root of the sum of the squal&8.D is a very Zrk = Rox +jXk- 3)
useful quantity for many applications, but its limitations must be
realized. It can provide a good idea of how much extra heat will The approach will be to minimize voltage harmonic distortion
be realized when a distorted voltage is applied across a resistiethe load by adjusting«. The voltage harmonic distortion
load. Likewise, it can give an indication of the additional losseat the compensated load terminals is defined as
caused by the current flowing through a conductor. However, it

is not a good indicator of the voltage stress with a capacitor be- /2 ks1 Vik
cause that is related to the peak value of the voltage waveform, VTHD = I A

not its heating value.
Capacitors shall be capable of continuous operation provided
II. PROBLEM DESCRIPTION that none of the following limitations are exceeded [3]:

a) 135% of nameplate kvar;

b) 110% of rated voltage rms, and crest voltage not ex-
ceedingl.2 * v/2 of rated rms voltagéV ), including
harmonics but excluding transients;

¢) 180% of rated current rms including fundamental and har-
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Fig. 1 is a single-phase equivalent circuit of a bus with com-
pensating capacitor, experiencing voltage harmonic distortion
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(kvarc), its voltage rmg V), and its current rmél.) taken TABLE |
as constraints can be reformulated. The algorithm of this CAPACITOR LiMITs (IEEE SD. 18-1992)
method is documented in [4].

. i . . I Calculated (% Limit (% Exceeds limi
After formulating the objective function and the constraints, —; ‘f(ﬁ‘tage acluozit;( : 111111(1; éo) Xceeﬁz =
the problem addressed in this study becomes rms current 104.74 180.00 No
k 104.22 135.00 N
Minimize VTHD(X(¢) Crost ‘:Islrtage 7 >
Subject to : 90% < PF(Xc) < 100% (V2 *Var) 76.17 e Ne
kvarC(XC) S 135%
Ve(Xc) <110% Load impedance =1.7421 + j1.696 €.
Ic(Xc) <180% 4

The rated voltage of the capacitors used is 4160 V.
whereXc is not part of solution of the following equation (the The results, performance parameters after compensation, of
capacitor values determined by this equation are those, whibis example using the algorithm of penalty function method [4]

would create a series and parallel resonant conditions) are summarized below
A3X% + A Xc+ A1 =0 (5) X =2.55 Q (star connected)
where PF =90.00%
Ay =Xr [(K%0oX01) + (KwoRpk)?] 7 =99.22%
) TL =13.72 kW
Ay = —u} [(fo + (KXp,)” + 2K2XLXT) } VTHD =5.03%
and ITHD = 30.44%

) Supply current =796.33 A rms
Ag = w[Xr + X ] Displacement power factor = 94.20%.

where Table | shows that the resultant values come out well within
w, fundamental frequency of the system; standard limits. If the resultant values are greater than standard
Xy reactive reactance of the load at the fundament@hits, itis a good idea[6] to use capacitors with a higher voltage
frequency; rating. For example, 4800-V capacitors are used for a 4160-V
Xt reactive reactance of the transmission system at thgplication. In the IEEE Std. 519-1992 [6], the objectives are to
fundamental frequency. limit the maximum individual harmonic voltage to 3% of the

The capacitor values determined by this equation are thogghdamental voltage and the total harmonic distortion of the
which would create a series and parallel resonant conditionsyfitage to 5%. The resultant value comes out well within stan-
represents only the series resonance taking the solution whgseq limits.
the square root of the discriminant is positive. Under these con-
ditions, the power factor will reach a minimum. The other so- IV. CONCLUSIONS

lution of (5) corresponds to resonance between the load and . ) ) )
the combination of source impedance and the compensating c&> Mathematical model is developed and a solution method is

pacitor. It should be pointed out that a parallel resonant circ@ifesented for minimizing the voltage total harmonic distortion
at the load implies unity power factor. Consequently, only i+ the load bus where it is desired to maintain the power factor at
series resonant conditions, which would result large harmort@esired level. Itis shown that significant improvement in dis-
currents, are omitted from the solution procedure. Finally, f&prtion levels can be achieved. Finally, the use of the presented

known harmonic contents at the source, (5) can be used rep84¢thod guarantees convergence and obtains the optimal capac-
edly for calculating all capacitor values, which would form redter in a unified manner. Ongoing research effort consists of the
onant circuits at different harmonic frequencies. modification and application of this method to time variations

of the load and system impedance.

I1l. EXAMPLE AND SIMULATED RESULTS
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