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I. Introduction
Electric power distribution systems play an important role in the efficient operation of community and industrial plant. One of the main problems for low voltage distribution system is the voltage harmonic when a lot of non-linear loads are heavily used. Nowadays the increasing use of nonlinear loads, such as static power converters and arc furnaces causes excessive neutral currents, harmonic injection and reactive power burden in power system. They result in poor power factor, low efficiency and interference to adjacent communication systems [1]. 
Passive LC filters to eliminate line current harmonics and improve the system power factor, but bulk passive components, series and parallel resonance, and futed compensation characteristic [2] , are the main drawbacks of passive LC filters. 

In order to overcome these problems, active power filter (APF) has been researched and developed. Active power filters are an important means to increase power quality [3] due to wide use of nonlinear loads and switching mode power converters.. The APF does not introduce resonance that can move a harmonic problem from one frequency to another with the good control strategies, which has employed the switching mode rectifier to work simultaneously as a power factor corrector and an active power filter, to decrease current harmonics drawn from a nonlinear load [4]. The concept of APF has been proposed to eliminate line current harmonics and reactive power by the shunt APF, or to eliminate the voltage flicker and imbalance from the load terminal voltage by the series APF [5]. Hybrid active power filters consist of both active filters and passive filters to provide a cost-effective and practical harmonic compensation approach. The shunt active power filters, connected in parallel with the mains, can be implemented with a voltage source inverter [6].
In this paper, the novel dynamic hybrid reactive power compensation scheme for radial distribution feeder shown in Figure.1 is a dynamic Voltage Regulator (DVR), modulated power filter (MPFC) and Series Capacitor Compensator (SCC) is digitally validated.  
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Figure.1 DVR/MPF/SCCC scheme
II. System Description
A sample single line diagram of a radial distribution feeder study system is shown in Figure.2. The system comprises a 10 MVA substation, a step down transformer of 138/25kV, several 2km distribution sections as well as six linear type loads and one nonlinear load connected by radial feeder. The nonlinear load comprises a step down transformer and a RL load fed by a PWM controlled full wave rectifier, which is a common case in industrial power system. The detail parameters of the system are given in the appendix.
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Figure.2 Sample radial distribution network
III. Novel PWM Switching Control Scheme
In this paper, a dynamic tri-loop error driven controller is used to adjust the switching/pulsing sequence of the GTO complementary switches 1 and 2 in the modulated power filter compensator [7]. The topology of dynamic tri-loop error driven controller is shown in Figure 3.
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Figure.3 Dynamic Tri-loop error driven PID controller

The dynamic error driven controller developed by the first author comprises three basic regulating loops. The main loop is the voltage stabilization loop, which functions as tracking the error of the value of load voltage at the radial distribution bus 6 and maintaining this voltage at 1.0 p.u. The second loop is the load bus current dynamic error tracking loop, which is an auxiliary loop to compensate for any sudden electrical load excursions. The third loop is the power factor tracking loop, a supplementary loop used for sensing and improving the power factor. All the values of scaling and time delay of the controller was selected by an offline guided trial and error method to insure fast response and minimize total error (Et) [8].

The total error signal (Et) is the sum of all three basic loops and then used as input to the PI controller whose proportional and integral gains are 5 and 0.05, respectively. The output signal of the PI controller is employed to adjust PWM reference voltage (modulating voltage) and it is compared with a fixed carrier signal to produce two complementary pulses, which are used as the external control signal for the ideal IGBT switches. With different states of the switches 1 and 2, the equivalent admittance of the filter is modulated [9].

IV. Matlab/Simulink Model and Analysis

The functional MATLAB/SIMULINK model of a radial distribution system with the proposed dynamic hybrid reactive power compensation scheme is presented as shown in Figure.4 and Figure.5 respectively depicts the functional model of the dynamic tri-loop error driven controller and the model of the nonlinear load.
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 Figure.4 Simulink model of the radial distribution system with the non-
 linear load
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Figure.5 Converter type non-linear loads

Three cases are studied in this paper. The first case is the radial distribution system without any reactive power device. And in the second case, a fixed shunt capacitor (Cf) with capacitance of 6.8 μF is connected at bus 4. Furthermore, a dynamic hybrid compensator (DVR /MPF/ SCC) are interfaced between the last linear load bus and the nonlinear load bus in the third case.
We can observe from the Table.1 that, without any compensation, the system has bad performance on power factor, voltage profile and harmonics due to the existence of the nonlinear load. With a SVC (0.2pu) in the bus 4 (in the middle of the system), the power factor and the voltage profile were all improved but not effectively. With the DVR compensation device at the end of the feeder, the power factor and power quality are enhanced significantly. That means that DVR compensation can greatly enhance the power factor, voltage profile and power quality. 
         Table.1 Data for different compensation scheme

	
	Bus
	Voltage 
	Current 
	Power Factor

	Without

Compensation 
	Generator
	23104
(-5.17°
	
	

	
	Bus 1
	22782
(-5.28°
	287.32
(-42.28°
	0.51

	
	Bus 2
	22542
(-5.36°
	214.42
(-42.32°
	0.45

	
	Bus 3
	22362
(-5.43°
	160.32 (-42.35°
	0.40

	
	Bus 4
	22243
(-5.47°
	106.65
(-42.38°
	0.32

	
	Bus 5
	22163
(-5.50°
	71.06
(-42.40°
	0.26

	
	Bus 6
	22123
(-5.52°
	35.60
(-42.43°
	0.18

	
	Bus 7
	22123
(-5.52°
	0.2
(-50.43°
	0.26

	With SVC at load bus 4

@0.4Q
	Generator
	23622
(-5.34°
	
	

	
	Bus 1
	23337
(-5.57°
	264.46
(-32.49°
	0.54

	
	Bus 2
	23137
(-5.77°
	191.34
(-28.63°
	0.49

	
	Bus 3
	22999
(-5.95°
	138.12 (-23.04°
	0.43

	
	Bus 4
	22922
(-6.11°
	88.18
(-10.82°
	0.36

	
	Bus 5
	22841
(-6.14°
	73.23
(-43.04°
	0.26

	
	Bus 6
	22799
(-6.15°
	36.68
(-43.07°
	0.18

	
	Bus 7
	22799
(-6.15°
	0.2
(-51.07°
	0.26

	With DVR at load Bus7

(End)


	Generator
	23622
(-5.35°
	
	

	
	Bus 1
	23337
(-5.57°
	264.66
(-32.48°
	0.964

	
	Bus 2
	23136
(-5.77°
	191.54 (-28.61°
	0.989

	
	Bus 3
	22998
(-5.95°
	138.33
(-23.02°
	0.994

	
	Bus 4
	22921
(-6.11°
	88.40
(-10.81°
	0.94

	
	Bus 5
	22839
(-6.14°
	73.41
(-42.94°
	0.985

	
	Bus 6
	22798
(-6.16°
	36.864 (-42.86°
	0.90

	
	Bus 7
	22823
(-5.99°
	0.4
(-27.22°
	0.53


Comparison of the total harmonic distortion (THD) and Fourier analysis of the current at each bus was made for the cases with and without DVR as shown in Table 2. The total harmonic distortion is apparently reduced by applying the proposed DVR scheme. The dynamic responses of the digital simulation, including the voltage profile, total power losses, the current and voltage waveform of linear and nonlinear load, real and reactive power at each bus are all examined in case of DVR disconnected and connected, as shown in Figure.6, Figure.7, Figure.8 and Figure.9, respectively. Figure.10 shows the portrait of the error signals in each error-tracking loop and the total error signal.
Table.2 The total harmonic distortion and Fourier analysis
	Current
	1st
	3rd
	5th
	7th
	9th
	THD

	Without Compen
	468.7
	19.74
	5.769
	2.546
	1.731
	1.170

	With SVC
	463.0
	16.00
	5.404
	1.527
	1.459
	1.157

	With DVR
	93.12
	10.02
	0.091
	0.530
	1.355
	0.285
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Figure.6 Voltage profile of three schemes
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Figure.7 Total power losses of three schemes
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Figure.8.1 Current and voltage waveforms of the nonlinear load without and with DVR compensation 
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Figure.8.2 Voltage waveforms of the linear load (Bus 6)   without and with DVR compensation
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Figure.9.1 Voltage waveforms and P-Q profile without DVR compensation
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Figure.9.2 Voltage and P-Q profile with DVR compensation
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Figure.10 Error plane of the tri-loop error controller
V. Conclusion
This paper presents a novel PWM switching modulated Switched dynamic voltage regulator, power filter and capacitor compensator scheme to be used in a radial distribution/utilization systems with nonlinear load interfaced. The proposed dynamic FACTS-device is controlled using a tri-loop error driven PI controller.

The Facts device and dynamic controller is very effective as a low cost tool in voltage stabilization, power quality improvement and power factor correction. The proposed scheme can be extended for use in renewable energy (Wind, Photovoltaic, Small hydro…) Green power dispersed and distributed systems. 
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Appendix:

System parameters of the radial distribution system

	Substation

	Rated Voltage(RMS/L-L)
	138 kV

	Frequency
	60 Hz

	Power Transformer

	Nominal Power
	10 MVA

	Prim. Voltage
	138 kV

	Sec. Voltage
	25 kV

	Feeder

	Length
	2 km//Section

	Resistance
	0.4 Ω/km

	Inductance
	1.06 mH/km

	Loads @ bus 1

	Nominal Voltage
	25 Kv

	Active Power
	1.6 MW

	Reactive Power
	1.2MW

	Loads @ bus 2 and 3

	Active Power
	1.2 MW

	Reactive Power
	0.9 MW

	Loads @ bus 4,5 and 6

	Active Power
	0.8 MW

	Reactive Power
	0.6 MW

	Nonlinear Load

	Active Power
	1.6 MW

	Reactive Power
	1.2MW

	SVR

	Capacitor
	6.8 μf

	DVR

	Capacitor 1
	10µf

	Capacitor 2
	10µf

	Inductor
	18mH

	Resistor
	0.1Ω
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