
Chapter 4 

Design of a Mitigation Device 

4.1 Voltage Sag Mitigation Techniques 

To understand the different ways of mitigating voltage sags, various .. factors contributing to the 

problem have to be understood. The cause of most voltage sags is a short-circuit fault occurring 

either within the industrial facility under consideration or on the utility system. The starting of 

large motors also results in voltage sags, but these are not usually very severe. The short-circuit 

fault causes the voltage to drop to almost zero at the fault position. This zero voltage turns them 

into an event of a certain magnitude and duration at the interface between the power system and 

the equipment. A typical voltage sag waveform is shown as follows. 
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Fig 4.1: Typical waveform of voltage sag caused by remote fault clearing 

The magnitude of the voltage sag is mainly determined by the impedance between the faulted 

bus and the load and by the method of connection of the transformer windings. The voltage sag 

lasts until the fault is cleared by a protective device, therefore the duration of the sag is 

determined by the fault-clearing time of the protection system adopted. Moreover, if automatic 

Recloser is used by the utility, the voltage sag condition can occur repeatedly in the case of a 
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permanent fault. Finally, depending on its magnitude and duration, the sag can cause an 

equipment trip. thus becoming a power quality problem [15]. 

Based on the mechanism leading to a voltage sag three different ''locations". for the mitigation of 

voltage sags can be distinguished: on the power system side or "upstream of the meter'". on the 

equipment. "downstream of the meter", or. finally, at the system-equipment interface, "at the 

meter". 
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Fig.4.2: Different types ofvoltagc sag mitigation [15] 

4.1.1 Reduction of duration and number of faults 

Limiting the number of faults is an effective way to reduce not only the number of voltage sags. 

but also the frequencies of short and long interruptions. 

Fault prevention actions may include tree trimming policies of the institution, the addition of 

lightning arresters. insulator washing and the addition of animal guards. Insulation on 

transmission systems cannot withstand the most severe lightning strokes, but lines which are 

often subject to lightning-induced faults should be carefully investigated for improvement of the 

insulation level. Faults due to lightning can be reduced by lowering the ground resistance at the 

foot of the tower for overhead static wires. Other measures include the use of recently introduced 

special wires, which are covered by a thin layer of insulation material, or the installation of 
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additional shielding wires, placed in such a way that they are more likely to be hit by a lightning 

stroke than the phase conductors. 

4.1.2 Reducing the fault clearing time 

Reducing the fault-clearing time leads to less severe voltage sags; this method affects not the 

number of events, but their duration. Present utility equipment for clearing faults on distribution 

circuits has been shown to be generally incompatible with customer equipment. Therefore 

utilities could consider the opportunity to install current-limiting fuses or modern static circuit 

breakers. which are able to clear the fault well within a half cycle at the power frequency. thus 

ensuring that no voltage sag can last longer [15]. 

4.1.3 Changes in the Power System 

For distribution systems a simple, radial structure is usually preferred, particularly because it 

enables the use of a simple and cheap system of over current protection. The performance of 

radially-operated systems can be improved by reducing the number of feeders originating from 

the same bus. thus limiting the number of faults leading to voltage sag for equipment fed from 

that bus. A common practice is to supply the sensitive load through a dedicated feeder. Where it 

is twt possible. a certain improvement can be achieved by installing current-limiting reactors or 

fuse:-. in all the other feeders originating from the same bus as the sensitive load. This increases 

the · electrical distance" between the fault and the common bus, thus decreasing the depth of the 

sag lor the sensitive load [15]. 

4.1 A Increasing Immunity 

Cas~· studies and power quality surveys show that sensitive equipment include both low-power 

electronics (computers, process-control devices, consumer-electronics) and high power 

cb:tronics (for ac and de drives) . It has been reported that an installation using only 

electromechanical control could be tolerated sag down to 60% voltage without problems, while a 

wmpletely automated factory could be disrupted by sag to 85%. 

Imrrovement of equipment voltage tolerance thresholds appears as the most effective solution 

agdmst voltage sags in the long term. This is especially true for short-duration and shallow sags 
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which can hardly be mitigated by means of the utility-side solutions described above. 

Unfortunately, customers can only require a specific voltage tolerance level for very large 

industrial equipment, and these are usually tailored for specif1c applications. In most cases, the 

customer has no direct contact with the manufacturer and can in no way intervene to modify 

equipment sensitivity to voltage disturbances [15]. 

4.1.5 Mitigation Device 

Custpmer solutions usually involve power conditioning for sensitive loads. Different devices are 

currently available for the mitigation of power quality problems. Correct understanding of their 

featml'S, as well as that of load requirements, is needed for their proper application. To provide 

\olta~c sag ride-through capability, the different solutions available always include some kind of 

enc1 L.\ storage. As shown in figure 4.3 mitigation devices have been connected at the sensitive 

load 

Generation 

Transmission 
network 

Adjacent 
network 

6 ~ 

Distribution 
network 

6 

~ 

Sensitive load 

Fig.4.3: Typical arrangement of power system with mitigation device 

4.2 Background of Technical Feasibility 

M\,tllr-generator sets store energy in a flywheel. They consist of a motor supplied by the plant 

p(m cr system, a synchronous generator supplying the load and a flywheel, all connected to a 

co111mon axis. The rotational energy stored in the flywheel can be used to perform steady-state 
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Yoltage regulation and to support voltage during disturbances. This system has high efficiency. 

Jo,, initial costs and enables long duration ride through (several seconds) but can only be used in 

industrial environments. due to its size, noise and maintenance requirements. 

Electronic tap changers can be mounted on a dedicated transformer for the sensitive load, 111 

order to change it's turns ratio according to changes in the input voltage. They can be connected 

in series on the distribution feeder and placed between the supply and the load. Part of the 

secondary winding supplying the load is divided into a number of sections, which are connected 

or disconnected by fast static switches, thus allowing regulatioft of the secondary voltage in 

steps. This should allow the output voltage to be brought back to a level above 90% of nominal 

\alue. even for severe voltage sags. Thyristor-based switches which can only be turned on once 

per cycle are used. therefore the compensation is accomplished with a time delay of at least one 

half cycle. 

A l PS (Uninterruptible Power Supply) consists of a diode rectifier followed by an inverter. The 

energy storage is usually a battery block connected to the de link. Low cost, simple operation and 

control have made the UPS the standard solution for low-power equipment like computers. For 

higher-power loads the costs associated with losses due to the two additional conversions and the 

maintenance of the batteries become too high and this solution no longer appears to be 

economically feasible. 

A series voltage controller consists of a voltage-source converter connected in series with the 

distribution feeder by means of an injection transformer. It can inject voltages of controllable 

amplitude. phase angle and frequency into the distribution feeder, thus restoring the voltage to 

critical loads during sags. The reactive power exchanged between the series controller and the 

distribution system is internally generated by the controller, while the real power exchanged at 

ih ac terminals must be provided at the de terminal by an energy storage system. 

The inverter is usually based on IGBTs characterized by high switching frequencies: therefore. 

\\Jth proper control, it is possible to perform perfect voltage compensation in less than half a 

c\ cle. 

I his solution, although still costly (but the prices are likely to decrease rapidly in the ncar 

future). is very attractive for large industrial customers (a few MV A) which have very high 
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po\\er quality demands. It allows for the protection of the entire plant from voltage sags (usually 

dom1 to 50% magnitude and a few hundred milliseconds' duration) through the installation of 

onh one device. 

The shunt-connected voltage controller is a voltage source converter that is shunt connected to 

the distribution feeder circuit via a tie reactance. It can exchange both real and reactive power 

with the distribution system by varying the amplitude and phase angle of the voltage source with 

respect to the line terminal voltage. The result is controlled current flow through the tic reactance 

bet\Yecn the device and the distribution line. which enables a certain_voltage support capability. 

The contribution of the shunt controller to the bus voltage is equal to the injected current times 

the Impedance seen by the device. This is the source impedance in parallel with the load 

impedance. This impedance becomes very small for faults at the same voltage leveL close to 

load The device will then draw a very large reactive current without providing any noticeable 

change in voltage. For these reasons. a shunt controller is normally used not for mitigating 

Yoltage sags. 

If the Power Quality problems are related to short interruptions and/or voltage sags. some 

de\ 11.:es mainly based on power electronic components, and so called ""custom power 

technology'" can be adopted by the distribution company. With reference to a Dynamic Voltage 

Restorer (DVR) for MY distribution feeders. with the compensation degree of 90% of the 

nominal voltage, the economical actual net value is estimated to be 900,000USD. 

The ratio between the cost of the compensating device and the advantages due to its installation. 

that m this case is equal to 1/2. can also become in the future 1/3 with the expected increase of 

scn"iti\·e loads [17]. 

4.3 Dynamic Voltage Restorer (DVR) 

D) namic Voltage Restorer is a very important tool to improve the power quality of the electrical 

d1:;tribution lines. The main function of a DVR is the protection of sensitive loads from voltage 

sa~-; coming from the network. A DVR is basically a controlled voltage source that is connected 

in -;cries with the network. It injects a voltage on the system in order to compensate any 
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disturbance affecting the load voltage. The main element of the device is the energy storage 

system. the voltage source converter, the LC filter and the coupling transformer [ 18]. 

4.4 Principles of the DVR operation 

The DVR is connected in series with power distribution line as shown in figure 4.4. The DVR is 

able to control the voltage across a sensitive load by injecting an appropriate voltage phasor 

through an injection transformer. As a result, any voltage disturbance appears in up-stream can 

be compensated through the DVR and the disturbance is unseen to the load. 

The in-phase boosting technique where the correction voltage is in-phase with the supply voltage 

has been used widely for correcting voltage disturbances. Under in-phase boosting. the DVR 

required to inject a certain amount of active power during the period of compensation. Therefore. 

the stored energy becomes the limiting factor in the disturbance compensation process especially 

sags which lasts longer. 
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Fig.4.4: Typical schematic diagram of a power system compensated by the DVR 

l here are three types of voltage injection mode applicable to the DVR. They are in phase 

mjection. pre-sag restoration and minimum energy voltage injection mode. figure 4.5 depicts 

these three injection modes. 
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Fig.4.5: Phasor Diagram of Power distribution system during sag 

In Fig. 4.4_ the DVR controls the voltage across the sensitive load by injecting an appropriate 

voltage phasor (V ovR) through the series-connected injection transformer. If an up-stream 

\·oltage disturbance can be compensated effectively, then the impact of the disturbance on the 

load is minimized. In most sag correction techniques, the DVR is required to inject active power 

into the distribution line during the period of compensation. 

The DVR is a nonlinear device due to the presence of power semiconductor switches in the 

im crtcr bridge. However. with the application of state-space averaging technique it is possible 

to C\press the DVR behavior in differential equation form. The dynamic characteristic of the 

D\'R is very much determined by the filter and the connected load. While the filter (which 

usually takes the form of a simple LC section) is easy to model as it is well-defined_ this is not so 

for the connected load as it can vary from a linear time-invariant to a nonlinear time-varying 

typv In view of this complexity, a linear constant impedance load is assumed here and the 

purpose is to design the controller such that the DVR can exercise robust control in the face of 

thL· load model uncertainty. Such load representation is deemed reasonable as the sag disturbance 

i~ u:-;ually of relatively short duration. If the load contains a significant amount of rotating 

mctl hinery, the electromechanical dynamics of the load would have insufficient time to manifest 

thL·mselves as to significantly impact on the external system. 
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Fig . .f.6 shows that the load voltage is regulated by the DVR through the injection voltage V dH. 
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Fig.4.6: DVR connected power system 

Load 

.\s~ume that the load has an inductance L1 and resistance r1 and the DVR harmonic filter has an 

inductance of Lr, a resistance of rrand a capacitance of Cr. The DVR injection transformer has a 

combined winding resistance of rt , leakage inductance of Lr and turns ratio of 1 : n. The 

tollovving state-space equations can be obtained [13]: 

j 
dlr 

Vc + It rf + L f d t (4.1) 

.. =lc+nlt (4.2) 

dVc ( 4.3) = Cr dt 

i 1cc ~ n (v,- n (r,J, +L, ~;)) ( 4.4) 

/2 = V1 + Vdvr ( 4.5) 
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Equations ( 4.1 )-( 4.5) form the basis of the DVR model which will be used for the controller 

designll3]. 

4.5 DVR Controller Design 

With the rapid advances in microelectronics, real-time digital control of custom power devices 

using cost-effective digital- signal-processor (DSP) based hardware system has become feasible. 

The DSP hardware architecture enables most of its instructions to be executed in a single 

instruction cycle and complex control algorithms to be processed at a faster rate compared to 

single-chip microprocessors. In the light of this development, it is proposed herewith that a 

mult1-loop control structure for the DVR be considered whereby the resulting load voltage is 

regulated to track a sinusoidal reference [13]. 

The design of such control scheme is necessary as it will be shown in figure 4.7 that the 

con~cquence of using the DVR open-loop control can result in poor system damping following 

\·oltagc sag. In the new control scheme, the filter capacitor current and load voltage are sensed as 

feedback variables and the control algorithm evaluates the necessary switching pulse widths for 

the dc-ac inverter in every sampling interval. The comparison between the response 

characteristics resulting from the two schemes will enable one to observe the superiority of the 

proposed scheme over the open-loop control method [13]. 
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Fig.4. 7: Block diagram representation of DVR system with open -loop controller 
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It is now clear that the open-loop control technique in the DVR system needs to be improved on. 

With regard to the tracking of the reference voltage, one can adopt the classical approach 

\\hereby the reference and the actual load voltages are compared and the error is fed back to the 

im erter PWM pulse generator. 

HO\\ ever. as demonstrated in. the frequency response of the open-loop transfer function of this 

system has inadequate phase and gain margins. It means that this outer feedback loop of the load 

Yoltage acting alone may not be sufficient. 

One possibility to improve the stability margins is to include inner feedback loop(s). Current 

mode control techniques are usually applied to power electronic circuits wherein an inner current 

loop is employed within the outer voltage loop in the closed loop regulation of power converters. 

Notice that from eqn. ( 4.3 ). the rate of change of the DVR output voltage is proportional to the 

current of the filter capacitor. If this current can be regulated appropriately. the load voltage can 

also be controlled in the event of load changes. This control feature, together with the outer 

\Oltage feedback loop described earlier, can be readily incorporated into the DVR control 

scheme. This is shown in Fig.4.8 where it is shown that the DVR load-side voltage is compared 

with its reference value and the error is multiplied with the voltage error feedback gain kv and fed 

to the second stage as a reference for the capacitor current. This virtual capacitor current 

reference is compared with the actual capacitor current and the error is multiplied with the 

current error gain kc to form the inner feedback loop. The resulting quantity of this loop is 

subsequently fed to the PWM generator of the inverter. As the inherent delay in the feedback 

control system can result in excessive overshoot or undershoot in the injected voltage following a 

sudden change in V 1, a feed forward control signal has also been added to the inverter input 

\ oitage signal in order to provide instantaneous response to the change in V 1 
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Fig.4.8: Block diagram representation of DVR system with multi- loop feedback controller 

4.6 Design of DVR for Kandana Water Treatment Plant 

A:-; discussed in chapter 3, the most frequent and average magnitude of the voltage sag at 

Kandana water treatment plant is 40%. It may specify that the DVR be able to restore a 40% 

three phase voltage sag in the incoming feeder supplying a 4 MV A load during a fault lasting 

300 ms. 

In order to fulfill device specifications, the following design considerations that influence the 

rating and performance of the DVR must be accounted for: 

• Protected load MV A and power factor 

• Magnitude of three phase voltage sags to be compensated and fault duration. 

• Permissible voltage drop across DVR under steady state conditions. 

• Short circuit impedance ofthe booster, network side and load side transformers. 

• Winding connections of network and load side transformers. 

• Three phase fault level at incoming bus. 

·r lk required energy during sags has to be supplied by an energy source. In most cases storage 

c.q',lcitors resulting in a drop in DC link voltage. The necessary amount of energy that must be 

dl·\1 \'Cred by the energy source depends on the first two considerations mentioned above. 
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The nominal DC link voltage is chosen for full utilization of the blocking capabilities of the 

IGB l s. This in turn has an influence on the selection of winding ratio of the booster transformer 

to enable the VSC to compensate for voltage sags at the minimum DC link voltage. 

UnLkr normal conditions the short circuit impedance of the booster transformer determines the 

Yoltage drop across the DVR. This impedance must be low and has an impact on the fault current 

thwugh the VSC on secondary side caused by short-circuit at load side. The impedance of the 

boo~tcr transformer was affected by filter design. 

Harmonics produced by the operation of the VSC must be reduced to an acceptable limit v,:ith 

negltgible impact on the load and utility supply. A sophisticated modulation scheme is used to 

eflcctively attenuate low order harmonics whilst a small filter on the primary side of the booster 

trallsformer filters out residual high order harmonics. 

Statistical data on voltage sags such as average number of three phase sags per year. sag 

duration, size of sag and cost of lost production have also to be considered in order to design an 

econnmical DVR [6]. 

4.6.1 Design Issues 

The correct sizing of the passive elements of the component-minimized structures presented 

pia'" an important role in the correct operation of the compensator during disturbances. 

r Rating of Inverter 

In this study historical data are used to calculate the average depth of the voltage sag. 

The average depth of the sag is 40%. IGBT Current is equal to load current. Voltage level 

of the system is 33kV. Inverter switches are designed to suit flow load current. 

,., Selection of Injection Transformer 

The detection and evaluation of voltage sag is necessary when mitigating a sag. 

Obviously, the classical RMS calculation can be used to evaluate the magnitude and 

duration of the sag according to its definition. The "Missing voltage Technique" was 

proposed and the missing voltage is defined as the difference between the desired 

instantaneous voltage and the actual instantaneous value. The voltage sag can be 
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perfectly corrected when a series compensation device injects the missing voltage. In 

reality. a series device is designed to provide a certain percent voltage injection, the 

characteristics of the sag is very important in sizing the device [26]. To inject the missing 

,·oltage. the isolation transformer is design to have the turns ratio of 1 : 1 

Voltage Rating of the Transformer~ 33kV 

Load - 4MVA 

Load Current is equal to Transformer load current 

At the starting of the DVR there will be a high inrush current which may drive the 

injection transformer to its saturation region. To avoid that, 1:he flux handling capability 

of the isolation transformer should be able to handle the double of the rated flux. 

, LC Filter 

The main objective of the LC filter is to remove high frequency components from the 

output voltage of the inverter. However, an evaluation of the filter immunity against load 

current harmonics should be included, since the load currents can distort the output 

voltage of the filter. The increase of the immunity is achieved with the utilization of a 

higher filter capacitance. It should be noted that the higher the capacitance of the filter. 

the higher the reactive current necessary to establish the output voltage. which increases 

the required power rating of the inverter switches [23]. In this design of LC filter the 

THD is less than 2% and switching frequency is taken as 5kHz considering the technical 

literatures. 

, Energy Storage DC Capacitor 

The capacitor is charged from source during the normal conditions. and it supplies the 

active power to load during the fault condition. The critical issue in the design of the 

capacitor is the amplitude and duration time of the fault. So if we know those parameters. 

the capacitance can be calculated from the view point of input I output energy [24]. 

For convenience, we will assume that: 

1. No loss in the switching elements and output filter. 

2. No loss in the transformer 
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DVR was designed to compensate pre-sag voltage. The load voltage is compensated by 

the method of pre-sag voltage. 

pu \Oltage ~\ 
. o • re-Sag load \Oita~~ Vs ~ / -~.l/'"J -::_P 

Pre-Sag ~up ply 
Yoltagc 

;. 

Fig.4.9: Pre-sag voltage compensation 

: ,1r pre-sag compensation 

f':wR = Pload - Psupply 

lljuation (4.6) can be written as 

t'c)VR = Pload- Lf=l v,Il cos(0 + 8j) 

4 X 103 

--- = 69.98 ~ 70A 
{3 X 33 

\\here V1- Sag Voltage 

11 - Load Voltage 

<P - Phase Angle 

8 - Angle between sag voltage and load voltage 

'hen 

1)ovR = Pload - 3Vsll cos(0 + 8) 

(4.6) 

(4.7) 

(4.8) 

i'-.andana Treatment plant has 0.85 power factor lagging voltage and assumed 8= I 0°. Voltage sag 

-; 40% and average duration is 300ms. 
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~u~1stituting values to Eqn. (4.8) 

lhc:n 

I)D\'R = 4 x 103 x0.85 - 3Vsl1 cos(0 + 8) 

33 
fl, ,pply = 3 X {3 X 0.6 X cos(31.8 + 10) X 70 X 10-

3 
MW 

i, ,ppty = 1789.6 kW 

vR = 3400- 1789.6 

pllVR = 1610.4 kW 

, d consider energy of DVR is EovR 

: :i-::11 

t~ .JVR = PovR X Tsag 

\\ here 

: '"ig -- Duration of Sag 

~: JVR = 1610.4 X 0.3 

EovR = 483kJ 

l)ul 

1 ( 2 2 ) 
t,,WR = 2 C VMax- VMin 

l ..:t us take 

\ \l:n = 0.8V DC 

\ ,), = 40 kV 

1 
LDVR = -X (X (1 2 - 0.82

) X (40 X 103
)

2 

2 

1 
r83 = z X ( X 0.36 X 40 2 

i1en. 

c = 1. 67 mF 

;{equired Capacitor for energy storage is 1.67 mF. 
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