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Abstract:

Harmonic impedance is the equivalent spectral impedance of the power system which characterizes the frequency response
characteristics of the particular system. This paper presents different considerations on harmonic impedance due to different
FACTS devices in an effective and easy to implement method. This method uses a different FACTS device to create a controlled
short circuit at the measurement point. The short circuit produces a pulse current and a voltage distortion, which are then used
to estimate the system impedance. The strength of current pulse is controlled through the thyristor firing angle so that enough
signal energy available for precise measurement and yet the disturbance is small enough not to cause any power quality
problems. This method uses DFT analysis to extract the harmonic voltage caused by the FACTS devices.
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1. Introduction

The frequency response of a power system is an important parameter and is mainly used for designing harmonic filters, checking
harmonic emission limits and predicting the system resonance. With the increased use of non-linear loads in the power system
harmonic impedance studies are often performed in the network. Non-linear loads are generally characterized by the harmonic current
and therefore to express the emission limits in terms of current rather than in voltage. In order to translate the injected harmonic into
harmonic voltage through, one needs the harmonic impedance of the system.

With knowledge of harmonic impedance in supply mains we can forecast its ability of harmonic transfer, the risk of failure in case
overload and the risk of resonance between the system and the load. It is an important parameter in planning the effective harmonic
mitigation actions and in designing the harmonic filters. It also helps in maintain the system reliability and efficiency.

In many applications, harmonic impedance has to be measured online in order to identify the harmonic source. As a result many
impedance measurement methods are proposed in the literature. All have to rely on variation of voltage and current variations at the
driving point depending on the nature of the problem. Depending on the origin of harmonic voltage/current [2, 3] measurement
methods can be broadly classified into two types, Non-Invasive method which uses harmonic current/voltage from existing sources or
by switching process of network equipment [4, 5] and the second method is Invasive which uses an external source to inject harmonic
current/voltage. The second method provides much control on the disturbances generated. This type methods can adjust the
disturbance levels to improve measurement accuracy for different type of systems. For example [1, 6] proposes using a thyristor short
circuit and an inverter to inject current into the supply system respectively. Here we using thyristor short circuit method [1] to inject
current pulses into the system, which is easy method for implementation for small systems and consumes less amount energy than
remaining methods [6, 7, 8].

Here we are discussing the influence of different FACTS devices on system impedance, by generating sufficient amount of current
pulse to cause the voltage distortion by using FACTS device which are controlled by thyristor firing angle.

This paper is organized as follows: impedance measurement scheme is introduced in section 2. Basic description of FACTS device
was discussed in section 3. Computer simulation is studied in section 4. Section 5 carries with conclusions.
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2. Measurement Method

The basic principle in measurement harmonic impedance is to make use of harmonic current
harmonic impedance Z;, is to be measured, then using ohm’s law

inject at the point where the
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Figure 1: Basic principle of harmonic impedance.

Assuming that no harmonic voltage was present in the network prior to the current injection. In cases where assumption is not valid,

and ‘+ should be replaced by 4%, and Al . In practice however, the power system is three phase and is not symmetrical.

Furthermore, in most cases the injected harmonic currents are far from symmetrical. Therefore the principle of transient based
measurement is to be used.

2.1. Transient Based Harmonic Impedance Measurement

Consider a linear network disturbed by an external event. Transient signals show up on the terminal voltage and current waveform and
decay to an in-discriminable level regarded as zero after period. This signals are recorded during the whole transient process and are
denoted as dv(t} and di(t}, respectively. According to the Fourier transform of non-periodic signals

)

Where &7V mdaiynl e the Fourier transform of dv(t} and di(sl, respectively, and Z(jw) is the harmonic impedance of the
network.

In digital applications, the transient signals within a window of length T, are sampled at an interval of AT. Discrete signals dv[kAT]
and di[kAT] are obtained. The following equation is obtained through the discrete Fourier transform (DFT)

AVap.Alinyrizor. Al and dl;

adVlimwy] = Zlinw, 1dilnw,

] 3)

Where w, =2x/T..dV]fme,Jmd @lljnw.] are the DFT of évikaT] mdd:ilkaT], respectively, and Z[jnw.] is the network
haymonic impedance at frequency nw. /{27 ).

Equation (3) implies impedance that the harmonic impedance of a network can be measured by using the DFT of the transient voltage
and current signals. The following details should be noted

1. The transient signals in (2) and (3) are caused by an external disturbance instead of state changes in the network itself. The

steady states of the network remain unchanged before and after the transients.

2. The transient process is completed within the sampling window of T length.

3. Anti-aliasing filters are required before sampling if the frequency renge of the transcient signals exceeds 0.5AT ~*,
This uses a novel devices to create transient signals and measure the harmonic impedance. A complete scheme, including signal
generation, signal acquisition and impedance calculation is devised and is introduced below.

2.2. Impedance Measurement Scheme in Single Phase Systems

In this method the device used adopts a waveform distortion technique, which was originally designed for power line communication
or for computation purposes, to create the transient signals. Fig. 2 illustrates this model for the measurement of a LV system. A
thyristor in series with a small inductor is connected between the driving point and the ground, and is identified as the signal generator
(SG). The thyristor is turned on at a certain degree (denoted as the firing-angle) before the driving point voltage crosses zero, creating
a temporary fault. This results in a thyristor current pulse flowing from the system. This current firstly increases and then decreases
after the driving point voltage reverses its direction. As the current reaches zero, the thyristor shuts off automatically. Due to this turn
off and on process thyristor draws nonlinear current from the system which in turn show up transient signal on the driving point
voltage and line current waveforms and are used for impedance measurement.
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Figure 2: Illustration of the measurement method

a) Transient signal generation

b) Waveform containing transients
The inductor is used to limit the level the voltage distortions at the driving point. By adjusting the thyristor firing angle and using a
proper inductor, the generated transient signals can be controlled in a negligible range. The same method can be used to check the
variation harmonic impedance due to different FACTS devices.
The major problem in transient signal acquisition is, how to extract the transient signals from the recorded voltage and current
waveforms. In this paper the extraction done by subtracting two consecutive cycles of a waveform. According to test results, the
generated transient signal dies out with in one cycle [9]. The thyristors are fired so that a transient signal exists in only one of
consecutive cycles. Therefore the difference two consecutive cycles is the transient signal

2.2.1. Measurement Algorithm

iVn 8 cprisgor. Gy and gl .
The DFT is performed for the extracted transient signals. T iy 1L SO represent the DFT of the voltage transient at the
driving point, the DFT of the thyristor current i;syvizror, the DFT of the upstream transient current, and the DFT of the downstream
transient current, respectively. The supply system harmonic impedance =+ , the driving point impedanceZ 2p and the load
impedance Z;,.~ can be calculated as follows
pm AV ()
U= TR
e AVa (F)
Zd;l-f)l - a"'r:'.’:_‘.'!':'s:'or :f}
e dI"’l:.‘_‘_'l :f}
Z{Dcd '-f)' — a.‘r: :f:'

2.3. Measurement Scheme for Three-Phase Systems
This measurement is given as an example of measurement in multi-phase systems. In this case, the SG can be installed at multiple
locations to create transient events using different channels. For example, it can be connected between phase A and the ground
(denoted as the A-G channel), B and the ground and C and the ground. Phase-to-phase channels if A-B, B-C, C-B are also avalible.
The multiple transient events need to be created in a short time in order to minimize the system variations during the measurement
interval. The firing channels can switched manually, or automatically by using several thyristors. An automatic scheme uses four
thyristors, with three them connected between each phase and a common point and the ground.
After multiple events are created and recorded, the following equations set is constructed at different frequency f where Z . (£ phase
self-impedance at frequency f; Z.;(f} and Z..(f) are mutual impedances between phases A and B, and phases A and C, respectively;
Al f) anddiL,..(F) are the DFT of phase A current and voltage transient signals of event = at frequency f; = is the number of
events, and m = 3.

{a‘fc?['f) d!b?:ﬁ'f) a‘fnli'f)}

d"’cm :f:' d"’bm :f:' d‘rcm :f:'

Zaa(F) AV ()

Z,:b:__f} = E_ §

ch::f:' GI"::.'.“_ :-f)'
Or

[ ez 220050 = [dV (s

The harmonic impedance measurement is completed by calculating the solution at different frequencies.
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3. Basic Description of Facts Devices

3.1. Static Var Compensator

Static var systems are used in power system for rapid control of voltage at weak point in a network. Static var compensator (SVC) are
shunt connected static generator/absorber whose outputs can be varied to control voltage in power system. Even though SVC uses in
power system to provide high performance in steady state and transient voltage stability control, to damp power oscillations, to reduce
system loss and to control real and reactive power flows it is thyristor based non-linear device. It introduces transients into the system
at point where it is connected. Here FC-TCR type SVC is taken into account and model is shown in Fig. 3

o
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o

Figure 3: Fixed Capacitor Thyristor Controlled Rectifier

3.2. Thyristor Controlled Series Capacitor (TCSC)
Thyristor controlled series capacitor is series compensated FACTS device which consists series capacitor bank shunted by a thyristor

controlled reactor in order to provide a smoothly variable series capacitive reactance. Fig. 4 shows a single line diagram off TCSC
controller. The TCSC is a variable thyristor controlled reactor which is connected across a series capacitor.
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Figure 4: Thyristor Controlled Series Capacitor (TCSC)

3.3. Static Synchronous Series Compensator (SSSC)
SSSC is the one of the most important FACTS controllers. It is like a STATCOM except that the output ac voltage is in series with the
line. It can be based on voltage source converter or current source inverter. SSSC can only inject variable voltage, which is 90 degrees

leading or lagging the current. Fig. 5 shows the block diagram of SSSC.
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Figure 5: Simple block diagram of Static Synchronous Series Compensator (SSSC)
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This devices generates controllable transients by adjusting the firing-angle so that enough strength is available for accurate
measurement independent of the condition at different locations. As well, the impact of the transients on system operation is
maintained in an acceptable range. The SG device is simple and inexpensive since it requires no power electronic component with
gate-turn-off ability. It can be constructed as a portable device for measuring LV systems. This measurement scheme is immune to
background harmonics.

4. Computer Simulation
Computer simulations were performed to test the above measurement scheme, and the result are presented in this section.

4.1. Simulation in a Single-Phase LV System
Simulation was done in a customer-level 120 V 60 HZ single-phase system as shown in Fig. 6. Transients created by SG using
different firing angles. The waveforms of driving voltage, the transient on the driving point voltage are plotted in Fig. 7, which shows
the transients caused by the FACTS devices. The distortions on the waveform of the driving point voltage are unnoticeable with the
naked eye, and the peak distortions was very small. Therefore the influence of the SG firing on the load operation can be ignored. A
DFT was performed for the transient signals.
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Figure 6: The 120V single-phase simulation system and its response during SG firing
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Figure 7: The driving point voltage transients for shunt and series controllers

Fig. 8 present the simulation results of harmonic impedance of single phase LV network of Fig 6. Which shows the variation of
harmonic impedance for series and shunt FACTS controllers.
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Figure 8: Change in Harmonic impedances of network due to single Thyristor, TCSC and SVC.
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We can clearly say from the above simulations that how the resonance frequency is varying from device to device. TCSC shows more
distortion in impedance value when compared to other devices. Which means that series connected devise caused more deviations in
the power system impedance. This is due to the presence of extra thyristor and inductance elements in the network which is nothing
but presence of non-linear elements in the network. Furthermore this variations are can be controlled by varying the firing angles if the
thyristors, so that load impedance is much larger than the system impedance at high frequencies.

4.2. Simulation in a Three-Phase System

Simulations were also carried out in 25kV 60Hz distribution system (Fig. 8) to know the effect of FACTS devices in this system.
System has phase coupled segment-1 and 2 and a three phase transformer. Transient events are created by using different FACTS
devices with bigger firing angles when compared to 120V system in order to achieve enough signal strength.
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Figure 9: Single line diagram of 25kV 60Hz 3-phase distribution system

Fig. 10 shows the measured harmonic impedance of the three phase distribution system for different FACTS devices. From this
measurement we can say that series FACTS controller has significant effect on harmonic impedance of the network when compared to
the shunt controllers.
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Figure 10: Measurement results for the 2kkV 3-phase system

In practical applications, transients can be created by using multiple firing angles and a proper combination of multiple firing angles
and a proper combination of multiple channels to obtain reliable results.

5. Conclusions
Effect of different FACTS devices on harmonic impedance on a LV network are presented in this paper. The method used for this

measurement is a very effective and easy method for measurement of harmonic impedance. It utilizes a device (FACTS) to create a
controlled short circuit at the driving point. Transient current and voltage signals are generated and used for harmonic impedance
measurement. The strength of transient signals is adjusted through thyristor firing angle, so that accurate measurements are supplied
and the disturbances to the load operation are negligible. This method can be easily implemented in a low-cost and portable devices.
And the results of the analysis can be summarized as, Static Var Compensator has significant effect on the system impedance value
than the thyristor due to the presence of extra thyristors and inductive elements. SSSC has a most significant effect on the impedance
when compare to any other shunt and series FACTS controllers.

This analysis can be used as a guideline for low voltage harmonic analysis and can used to design harmonic filters. Choosing
appropriate filter design for different FACTS controllers in LV networks.

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH & DEVELOPMENT Page 343



www.ijird.com April, 2015 Vol 4 Issue 4

6. References

Vi.

Vil.

viii.

Xi.

Xil.

Xiii.

Xiv.

XV.

XVi.

XVil.
XViil.

Wang,W.;nino, E.E.;Xu,W.;”Harmonic Impedance Measurement Using A Thyristor-Controlled Short Circuit,” Generation,
Tansmission and Distribution, IET, vol.1, no.5, pp-707,713,september 2007.

Robert, A., Deflanndre, T., Gunther, E., Bergeron, R., Emanuel, A., Frerrante, A., Finlay, G.S., Gretsh, R., Guarini, A.,
gutirrez Iglesias , J.L., Hartmann, D.,Lahtinen, M., Marshall, R.,Oonishi, K., Pincella, C., Poulsen, S., Ribeiro, P.,Samotyj,
M., sand, K., Smid, J., Wright, P., and Zhelesko, Y.S.: ‘guide for assessing the network harmonic impedence’. Proc. 14th Int.
Conf. Electricity distribution, Brussels, Belgium, June 1997, Part 1.contributions, pp.3/1-310

Oliveira, A., Oliveira, J.C., Resende, J.W., and Miskulin, M.S.: “Practical approaches for AC system harmonic impedence
measurements’, IEEE Trans. Power Deliv., 1991, 6, (4), pp. 1721-1726

Morched, A.S., and Kundur, P.: ‘Identification and modelling of load characteristics at high frequencies’, IEEE Trans. Power
Syst., 1987,2,(1), pp. 153-160

Girgis, A.A., and McManis, R.B.: “Frequency domain techniques for modellinf distribution or transmission networks using
capacitor switching induced transients’, IEEE Trans. Power Deliv., 1989,4,(3),pp. 1882-1890

Sumner, M., Palethorpe, B., and Thomas, D.W.P.: ‘Impedance measurement for improved power quality-Part 1: the
measurement technique’, IEEE Trans. Power Deliv., 2004,19,(3), pp.1442-1448

Bendel, C., Nestle, D., and Viotto, M.: ‘Safety aspects of decentralized net-coupled electrical generators’, [Online].
Available: http://www.iset.uni-kassel.de/abt/FB-A/publications/2004/ Safety%620 aspects %?2001%20Net-
Coupled%20Bendel%20%nestle%20Viotto%20press.pdf, accessed October 2006

M.O ;Duque, C.A.;Barbosa, P.G.; Cerqueira, A.S, “Power System Impedance Based on Wavelet Voltage
Imposed”presented at the int.conf.harmonic and quality of power(ICHQP), 2014 |IEEE 16th
conference,Bucharest,Romania,Europe.

Mak, S.T.: “‘A new method of generating TWACS type outbound signals for communication on power distribution network’,
IEEE trans. Power Appar. Syst.,1984,103, (8), pp. 2134-2140

Ngpal, M., Xu, W., and sawada, j.: ‘Harmonic impedance measurement using three phase transients’, IEEE Trans. Power
Deliv., 1998, 13, (1), pp. 272-277W. Xu, E. E. Ahmed, X. Zhang, and X. Liu, “Measurement of network harmonic
impedances: Practical implementation issues and their solutions,” IEEE Trans. Power Del., vol. 17, no. 1, pp. 210-2186,
Jan. 2002

Jin Hui; Freitas, W.; Vieira, J. C M;Honggeng Yang; YameiLiu,"UtilityHarmonic Impedance Measurement Based on Data
Selection," Power Delivery, IEEE Transactions on , vol.27, no.4, pp.2193,2202, Oct. 2012

Y. Xu, S. Huang, and Y. Liu, “Partial least-squares regression based harmonic emission level assessing at the point
of common coupling,” presented at the Int. Conf. Power Syst. Technol., Chongging, China, Oct. 2006.

J. Hui, H. Yang, S. Lin, and M. Ye, “Assessing utility harmonic impedance based on the covariance characteristic of
random vectors,” IEEE Trans. Power Del., vol. 25, no. 3, pp. 1778-1786, Jul. 2010

Silveira, Paulo M.; Duque, C.; Ribeiro, P. F. “Sliding Window Recursive DFT with Dyadic Downsampling - A New
Strategy forTime-Varying Power Harmonic Decomposition”. In: IEEE Power and Energy Society General Meeting, 2009,
Calgary. IEEE PES GM2009, 2009. v. 2. p. 1-5.

Lyons, Richard G.; Understanding Digital Signal Processing. Prentice Hall PTR, 2004.

IEEE Standard 399-1990, “IEEE Recommended Practice for Industrial and Commercial Power System Analysis”, IEEE,
New York, 1990.

Abu-Hashim, R.; Burch, R.; Chang, G.; Grady, M.; Gunther, E.; Halpin, M.; Harziadonin,

C.; Liu, Y.; Marz, M.; Ortmeyer, T.; Rajagopalan, V.; Ranade, S.; Ribeiro, P.; Sim, T.; Xu, W., "Test systems for
harmonics modeling and simulation,” Power Delivery, IEEE Transactions on , vol.14, no.2, pp.579,587, Apr 1999.

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH & DEVELOPMENT Page 344



