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Summary: Theinstallation of eectronicdevices, digital equipment, and nonlinear loadsin both
industrial and domestic applicationshavedramatically increased in recent years, whichinturn
increased thelevel of harmonicsin the system. Har monic distortion iswidely recognized asa
significant causeof damageto, and mal-oper ation of electrical equipment. A harmonicfilter can
eiminatethepotentially danger ous effectsof har monic currentscreated by nonlinear loads.
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Therearetwo typesof harmonicfilters: passivefiltersand activefilters. Passivefiltersare
inexpensivecompared with most mitigating devices. In thispaper, r eactance one-port compensa-
tor isdesigned for current harmonic mitigation. Theoptimal parameter sthefilter aredeter-
mined using the Branch and Reduce Optimization Navigator (BARON) Nonlinear Program-
ming Solver inthe General Algebraic M odeling System (GAMS).

1. INTRODUCTION

During the last decade a major twist in the electricity sys-
tem has taken place as deregulation is being adopted by
most electrical utilities. This move has brought lots of chan-
ges to the way utilities are conducting business including
more emphasis on economical operation. As a result Power
Quality (PQ) gains more importance in the deregulated mar-
ket as a differentiating factor between successful utilities [1].
Moreover, the last decade has witnessed a huge prolifera-
tion of sensitive loads that are greatly affected by different
PQ problems. Those loads mostly share a common characte-
ristic which is being electronic-based and hence, non-linear.
Harmonic distortion has been realized historically as one of
the most disturbing PQ problems that can lead to lots of
system and equipment problems. Increased losses, overhe-
ating of neutral conductors and transformers, malfunction of
microprocessor-based equipment, deterioration of power fac-
tor capacitors and erratic operation of breakers and relays
are just examples of such problems [2]. Although the amo-
unts of harmonics injected by individual loads are not signi-
ficant enough to cause any problem, it is anticipated that the
cumulative effect of large number of non-linear loads will be
capable of raising the amount of harmonic distortion to the
extent that necessitate a mitigation action to be taken in or-
der to meet the recommended standards [3—-5].

On the distribution level, harmonic mitigation is normally
achieved by installing corrective equipment that can be either
active or passive. Active power filters have been realized to
be a very effective solution for harmonic mitigation especial-
ly if lots of dynamics are involved. However, given the com-
plexity, switching non-linearties, high filter cost and the eco-
nomical burden imposed by the deregulation process, active
filters become less attractive. Zigzag transformers can be used
effectively to reduce triplen harmonics, but can not address
other harmonics such as the fifth and seventh. Neutral bloc-
king filters can be used, however, on the expense of incre-
asing voltage distortion. On the other hand, passive filters

can provide reasonable harmonic mitigation at a very cheap
price, however, on the expense of not being adaptive. Notch
filters as a passive solution suffer from major drawbacks,
which are the possibility of being overloaded and the chance
to resonate with the system [6]. In [7], reactance one-port
compensator was implemented, as a passive solution, to
achieve total compensation of system harmonics without the
possibility of being overloaded or creating resonance pro-
blems. However, the compensator poles and zeros were ge-
nerated by trial and error [7].

In this paper, the reactance one port compensator is desi-
gned to mitigate current and voltage harmonics. In order to
avoid the trial and error process, the compensator design
problem is formulated in the form of an optimization problem
and the compensator parameters are optimally determined.
The filter design problem is formulated as a Nonlinear Pro-
gramming Problem (NLP), where the main objective is to mi-
nimize the difference between the compensator and load su-
sceptance values in order to achieve minimum Total Harmo-
nic Distortion (THD).

The paper is organized as follows. Section 3 presents an
overview on the reactance one port compensator. Section 4
provides the compensator design problem formulation. Sec-
tion 5 presents the load and system models studied in this
paper. Section 6 presents the optimal compensator parame-
ters and simulation results. Lastly section 7 draws the conc-
lusions.

2. REACTANCE ONE-PORT COMPENSATOR

Reactance one-port compensator can be applied in linear
as well as non-linear circuits to achieve total harmonic com-
pensation. In linear circuits, the application is easier since
the linear load susceptance can be calculated directly by
dividing the harmonic current by the harmonic voltage. This
compensator has been applied successfully to reduce har-
monics in circuits having linear loads and supplied from a
periodic nonsinusoidal source [7]. In non-linear circuits, su-
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sceptance calculation is more complex and a tuning process
is required to estimate the non-linear load susceptance at
different harmonics. The application of this compensator was
extended to circuits with non-linear loads supplied from a
practical sinusoidal source with inductive impedance [8].
However, the compensator poles and zeros were chosen ran-
domly within a specified range governed by the compensa-
tor design. The following subsections will be dedicated to
the filter design procedures.

2.1. Load Susceptance Calculation

For linear loads, the determination of the load susceptan-
ce at different frequencies could be determined easily by
measuring both the voltage and current at different harmonic
frequencies. On the contrary, for systems with nonlinear
loads, calculating the load susceptance accurately is not stra-
ightforward. The load susceptance was calculated by, first,
measuring the voltage and current angles at the different
harmonic frequencies. The phase angle relationship betwe-
en the voltage and current gives an indication on whether
the nonlinear load is inductive or capacitive. For each harmo-
nic frequency, depending on whether the phase angle is lag-
ging or leading, a variable capacitance C;, or inductance L,
element is connected in parallel with the nonlinear load. The
added element (Cj, or L) is varied until the value of the
current at harmonic / is negligible and this value corresponds
to the load susceptance at that harmonic.

2.2. Compensator Design

Once the equivalent load susceptances at different har-
monic frequencies are measured, the compensator can be
designed. The filter susceptance should be equal in magni-
tude and opposite in sign to the equivalent load susceptan-
ce at each harmonic frequency such as:

Bey=-Bra (1)

where:
B, = compensator susceptance at harmonic
B;, =load susceptance at harmonic “n”
The next step is to identify the reactance one-port com-
pensator complexity. The compensator complexity “M” ac-
cording to [7] is N < M < 2N. The reactance one-port com-
pensator complex admittance, Y, (s), or complex impedance,
Z,.(s), where “s” is the complex Varlable is determined by the
number of parameters equal to its complexity, that is, 2.
According to equation (1) we have only N equations. The
remaining N parameters can be chosen arbitrary by assu-
ming the values of the compensator poles. The synthesis
procedure of a reactance one-port compensator [9] can be
found in [8].

“ £3]

3. OPTIMUM COMPENSATOR PARAMETERS

As stated earlier, for the compensator to efficiently mitiga-
te harmonics, it should be designed such that both the com-
pensator and load susceptance are equal. Figure 2 shows a
reactance one-port compensator with a complexity of 3. This
filter will be designed to mitigate both 314 and 5th harmonic

Compensalor susceptance 1
i locus

— _ Wl

//F

Fig. 1. Compensator Susceptance locus for 15t, 314, and 5t harmonic
compensation

-
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Fig. 2. Reactance One Port Compensator

component. Besides, the filter should not draw any funda-
mental current component. The impedance of the filter can
be written in the s domain as follows:

(8 + )" +Z)

%= G DS+ DS+ D)

2

The main objective is to minimize the difference between
the load and filter susceptance and this is represented by an
error function as given below:

m

=min 2 (B, - Bcn)2 3)

n=135,.

min Y (error)?

where B;,, and B, are the load and compensator susceptan-
ce and m represents the maximum order of harmonic to be
compensated. The objective is minimized under the follo-
wing constraints; according to Figure 1:

1<p <z <3 4
3<p,<7z<5 (5)
Py 25 (©)
A=0 @)

The problem is formulated as a Nonlinear Optimization
Programming (NLP) problem and is solved using the BA-
RON Solver in GAMS. In order to calculate the values of the
L and C of each compensator tank, the compensator impe-
dance can be written in terms of L and C as follows:
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By applying partial fractions to (2):
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where:
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(R (P ) (b
A-pi+Z)-(-pi+2
k3= ( p3 1) ( p3 2) (12)

(-p5+p5)-(-pi+p)

By equating (8) and (9), for each tank, the values for L and
C could be calculated.

4. LOAD MODELS

Different single phase loads which are normally located
on practical distribution system have been developed in the
time-domain in order to conduct this study. The time-domain
method has the advantage of accounting for phase angle
diversity and harmonic voltage-current interactions; two
phenomena that can lead to partial harmonic cancellation as
well as harmonic attenuation. The EMTDC/PSCAD has been
used to develop the non-linear loads as well as the distribu-
tion system. It should be mentioned that since we are dealing
with balanced system, then single-phase representation will
be adequate. Nevertheless, the same procedure can be im-
plemented for unbalanced three-phase systems. The non-
linear loads utilized in this study have been divided into three
distinct groups.

4.1.

This load group contains magnetic ballast compact flu-
orescent lamps (CFL) and other discharge lamps with cha-
racteristics as shown in Figure 3. The lamp voltage rating is
120 volt (RMS) and power rating of 40 watts. The model for
this load that consists of two switched non-linear resistors is
shown in Figure 4.
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Fig. 4. CFL circuit model
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Fig. 5. DBR circuit model

4.2. Load Group II

The second load group contains those loads utilizing sin-
gle-phase diode bridge rectifier DBR as their front-end po-
wer supply. Loads such as TV sets, computers, battery char-
gers and small adjustable speed drives are examples of this
group. The circuit model for this group is given in Figure 5.

4.3. Load Group III

The third load group comprises those loads utilizing the
Thyristor phase angle to control its input voltage. Phase
angle AC voltage controller PAVC can be found in light dim-
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Fig. 6. PAVC circuit model

mers, heating loads and controls of single-phase induction
motors. The circuit representation of such load group is
shown in Figure 6.

5. SIMULATION RESULTS

To verify and test the performance of the designed filter,
two systems were simulated. While the first system repre-
sents a simple parallel combination of non-linear loads, the
second system represents a more practical secondary distri-
bution system. Both system are simulated on EMTDC/
PSCAD to determine the Total Harmonic Distortion (THD)
and the system’ dynamic performance. Then, the load su-
sceptance values are calculated using the method previo-
usly described in Section II. The compensator poles and ze-
ros are then optimally determined using the BARON solver
in GAMS [12]. The values of L and C of each tank could then
be calculated from the optimal poles and zeros. The procedu-
re for determining the compensator parameters is illustrated
in Figure 7.

5.1.Casel

The first system is a simple system consisting of just three
loads (CFL, DBR, and PAVC) connected in parallel and inter-
connected to a source with an impedance Zs = 0.8 + j0.9424
ohms as shown in Figure 8. The load susceptances at diffe-
rent harmonic frequencies are calculated using the previo-
usly explained method and are given below:

B,=0.00315
B;=178
Bs=-275

Once the susceptance values are determined, the values
are inputted to the compensator design problem formulation
to determine the optimal values for the compensator’s poles
and zeros. The BARON solver in Gams is used to solve the
compensator NLP problem [12]. Baron is a computational

System Simulation on

EMTDC/PSCAD
System Dynamic
—_— Performance and
THD level
Load Susceptance
Calculation
———®» Bywhereh=35, ..

Optimal Compensator
Design using GAMS

P,and Z,where n = 1,

—_—
.kandm=1, .. k-1

“L” and “C” Calculation

Fig. 7. Summary of the procedure used for compensator parameters

Zs ILoad

Fig. 8. System consisting of three loads connected in parallel

system for solving non convex optimization problems to glo-
bal optimality. Purely continuous nonlinear programs, purely
integer, and mixed-integer nonlinear programs (MINLPs) can
be solved with the software [13]. The optimal poles and zeros
values for the compensator are given in Table 1.

Using the equations presented in (8) through (12), the
compensator L and C parameters could be calculated as gi-
ven in Table 2.

To test the effectiveness of the designed compensator,
the system is simulated again but with the compensator con-
nected at t = 2 sec. The total current drawn by the three
loads, voltage at the load terminals and the current THD are
presented in Figure 9.

It can be seen that once the compensator is introduced in
the system, both the current and voltage become much more
sinusoidal. This in turn reflects on the value of the THD. The
THD value has decreases from more than 16 % to 2.1 %.

Table 1. Optimal Compensator Design Parameters

P1 498.850
P2 1201.888
P3 1954.676
71 1130.624
z2 1885.377
A 11104.832
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Table 2. Optimal L and C Values aa
o
L1 35.6 mH = 10
2
L2 0.94903 mH o e F Py 31 T S5
- 02
L3 0.223168 mH %
10
c1 113.0106 uF i
1.8 1.5 P Fob a 215 aa
a0
c2 729.4441 pF _
=
l:r'l
c3 1129.7 pF F o
s 2 21 . 23 24 23
Tirvea (8
5.2. Casell Fig. 9. Load Current, Voltage and current THD
A practical distribution system is shown in Figure 10 with
combined loads from the previous three load groups. The
system supplies balance three-phase and single-phase com- 1500 KVA Primary
mercial and residential customers. The primary and seconda- e Tt
ry distribution transformers data [10] are given in Figure 10. 7=5.5%
Table 3 lists the distribution system feeder sections data.
The system is further loaded with balanced three-phase star- ‘ [ l c
connected linear load with power factor of 0.9 lagging to 8
represent resistive heating loqu. . . Other distribution feeders 75 KVA secondey
The load susceptances at different harmonic frequencies with different load 41610208 kv Distribution
K combinations (YrY) Transformer
are given below: Z=4.3%
R=14% ¢
8
B;=0.225 -
O DBR,
B 3= —45 c
Bs=35 @ CFL,«—] q R,
.. . PAVC
In a similar manner, the optimal poles and zeros are deter- £
mined and consequently, the L and C parameters for the re-
actance one-port compensator are calculated as shown in ® R </ g’ DBR,
Table 4 and Table 5, respectively. . CFL,
Similarly, the system is simulated again but with the com- &
pensator connected at # = 2 sec. The total current drawn by R, DER,
the three loads, voltage at the load terminals and the current @ e
THD are presented in Figure 11. In this case, the current THD PAVC,
improves from more than 34 % to 3.8 %. Fig. 10. Distribution system model
Table 3. Distribution system feeder data [11]
Length Cross sec. R X
Section Type
(m) (mm?) (2 /km) (2 /km)
1 3-phase 100.0 16.0 1.420 0.106
2 3-phase 100.0 95.0 0.239 0.081
3 1 core, PVC 50.0 50.0 0.464 0.112
4 2-cores, PVC 30.0 16.0 1.380 0.080
5 2-cores, PVC 20.0 16.0 1.380 0.080
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Table 4. Optimal Compensator Design Parameters

P1 404.970
P2 1777.000
P3 21334.715
Z1 1131.377
z2 1873.363
A 92338.476

Table 5. Optimal L and C Values

L1 1.5mH
L2 0.014273 mH
L3 0.20221 mH
C1 3951.1 puF
c2 221.87 puF
C3 10.8648 uF

6. CONCLUSIONS

The paper presents a new problem formulation for desi-
gning a reactance one-port compensator. The system was
modeled in time-domain in order to account for both the di-
versity and the attenuation phenomena while designing the
compensator. The problem is formulated as an NLP problem
where the main objective is to match the load and compensa-
tor susceptances at different harmonics by minimizing the
error between them. The simulation results show that the
compensator is capable of minimizing the THD value signifi-
cantly.

7. REFERENCES

—_

.George L., Casazza C., John A.: The Evolution of
Electric Power Transmission Under Deregulation: Selected Re-
adings. IEEE Press 1999.
2.IEEE Working Group on Power System Har-
monics: Power system harmonics: An overview. IEEE Trans-
actions on Power Apparatus and Systems, PAS-102, 7, pp. 2455—
2460, August 1983.

3.Mansoor A., Grady W.M., Chowdhury A.H.,
and Samotyj M.J.: 4n investigation of harmonic attenu-
ation and diversity among distributed single-phase electronic
loads. 1EEE Transactions on Power Delivery, 10, 1, pp. 467—
473, January 1995.

4.El-Saadany E.F., Salama M.M.A. and Chikha-

ni A.Y.: Effect of interactions between voltage and current

harmonics on the net harmonic current produced by single-
phase non-linear loads. Electric Power System Research Jour-

nal, 40, pp. 155-160, June 1996.

oS
5 o
0.5
1.8 i85 ) 5 & ERTI T EFTIEE |
oz
5
_5! a
=
27
1.8 1.85 2 2106 21 215 2.3F r %
1000
E 500
B
o - — i
1.9 1.85 2 235 21 215 22 P& 23
Tim= [a}

Fig. 11. Load Current, Voltage and current THD

5. IEEE Recommended practices and requirements for harmonic
control in electrical power systems. New York, 1984, IEEE Std.
519-1993.

6. Task force on harmonic modeling and simulation. Modeling and
simulation of the propagation of harmonics in electric power
network: Part I: concepts, models and simulation techniques.
IEEE Transactions on PWRD, 11, 1, pp. 452-465, January 1996.

7.Czarnecki L.S.: Minimization of reactive power under non-
sinusoidal conditions. IEEE Transactions on. Instrumentation
and Measurements, IM-36, 1, pp. 18-22, March 1987.

8. El-Saadany E.F., Salama M.M.A. and Chikha-
ni A.Y.: Reduction of voltage and current distortion in distri-
bution systems with non-linear loads using hybrid passive filter.
IEE Proceeding of, Generation, Transmission and Distribution,
145, 3, pp.320-328, May 1998.

9. Tuttle D.F.: Network Synthesis. New York: McGraw-Hill,
1969.

10. Lloyed B.L.: Distribution systems: electric utility engi-
neering reference book. Westinghouse Electric Corporation,
1965.

11. McAllister D.: Electric cables handbook. Granada Publi-
shing, 1982.

12. www.gams.com

13. Bussieck M.R., Drud A.S., Meceraus A., and
Pruessner A.: Quality Assurance and Global Optimization.
First International Workshop on Global Constraint Optimiza-
tion and Constraint Satisfaction, COCOS 2002, LNCS2861. Sprin-
ger Verlag, Heidelberg Berlin, pp. 223-238, 2002.

Ehab F. El-Saadany

was born in Cairo, Egypt in 1964. He received his
B.Sc. and M.Sc. from Ain Shams University, Cairo,
Egypt in 1986 and 1990, respectively, and his Ph.D.
degree in 1998 from the University of Waterloo,
Waterloo, Ontario, Canada, all in electrical engine-
ering. He is currently an Associate Professor in the
Department of Electrical and Computer Engine-
ering at the University of Waterloo. His research
interest is distribution system control and operation, power quality,
power electronics and DSP applications to power systems, fuel cells
and Mechatronics. Dr. El-Saadany is a member in the IEEE.

e-mail: ehab@hivolt.uwaterloo.ca

Hatem Zeineldin

received the B.Sc. and M.Sc. degrees in electrical
engineering from Cairo University, Egypt, in 1999
and 2002, respectively. He is working toward his
Ph.D. in electrical and computer engineering at the
University of Waterloo, Ontario, Canada. His cur-
rent interests include protective relay coordination,
and distributed generators.

e-mail: hhmzeine@engmail.uwaterloo.ca

82 Electrical Power Quality and Utilization, Journal ® Vol. XI, No 1, 2005



