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Abstract—This paper describes several concepts for power

quality enhancement utilizing electronic devices.  The con-

trols for the electronic devices are discussed.  The focus of

the paper is on the dynamic voltage restorer (DVR) which

has been used in a number of cases involving sensitive loads.

Index Terms-- Power quality, dq0 transform, dynamic voltage

restorer, feed forward control, phasor domain, voltage sags.

I. INTRODUCTION

OWER quality engineering often resorts to devices

for the enhancement of service to distribution

customers.   Examples include tapped transformers, light-

ning arresters, and shunt capacitors.  In modern power

systems, these passive elements often are unable to pro-

vide sufficient conditioning for sensitive loads.  Also,

some disturbances in the distribution system may have

very high bandwidth (e.g., well above 1 kHz) and therefore

fast controls are needed to provide the needed power

quality enhancement.  As an example, an AC electric arc

furnace may have load current components over 20 times

the power frequency, and therefore to attenuate these sig-

nals, controls are needed that can act in, for example, 1/20

times the period of one AC cycle.  One way to accomplish

this power conditioning is through the use of electronic

controls.  The main electronic power quality enhancement

equipment types are:

• The dynamic voltage restorer

• The transient voltage regulator

• The subcycle transfer switch

• The static var compensator.

II. STATIC VAR COMPENSATORS

Voltage support at a load is usually accomplished by

reactive power injection at the load point of common cou-

pling (PCC).  The traditional method to support voltage is

by installing mechanically switched shunt capacitors at the

distribution primary end.  The mechanical switching may

be on a schedule, via signals from a supervisory control

and data acquisition (SCADA) system, on some timing

schedule, or with no switching at all (i.e., permanently on-

line). The disadvantage of mechanically switched capaci-

tors is that high speed transients can not be compensated.

Mechanical switching operates in the order of 300 ms or

(much) more, and sags are not usually corrected in this

time frame.  Transformer taps may be used, but these too

have speed limitations, and tap changing under load has its

disadvantages.

Electronic solutions include static var compensators

(SVCs) which are effectively electronically switched ca-

pacitors (and inductors) [4].  The control of a static var

compensator is usually based on root-mean-square (RMS)

voltage.  That is, a sliding window is used to calculate the

RMS value of voltage, and this is compared to a reference

voltage set point.  The capacitor is switched on in a greater

duty cycle when a higher voltage is needed, and the duty

cycle is lessened when the bus voltage is higher than the

set point.  The RMS voltage is simply calculated as
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where v(t) is a time signal and T is either the period of the

time signal or a suitably long time.  For the periodic case,

when T is an integer multiple of the period of v(t), and t0  is

a fixed point on the wave, the RMS value is termed a syn-
chronous RMS (s-RMS).  The s-RMS operation maps a

time signal to a single point and can be visualized as an

information concentrator.  It is a simple matter to demon-

strate that the s-RMS quantifies the Joule effect of a sinu-

soidal voltage or current.  Reference [1] contains a discus-

sion of applications and calculation procedures.  In elec-

tric power engineering, the RMS operation is in wide-

spread use, and for some applications there may be mis-

use.  As an example, in power quality studies, the decre-

ment of the AC voltage amplitude at some buses is known

as a voltage sag or dip;  the effects on consumers are often

quantified in terms of the deviation of secondary distribu-

tion voltage RMS values.  However when sag events are of

short duration, the RMS values may have a problematic

interpretation. The most common RMS operator is the m-

RMS which entails the use of a moving window of width T
to obtain the RMS value.  When seen as a filtering opera-

tion, the RMS process has a frequency response itself.  If

the period To of the signal is known, by a synchronous av-

eraging of the time data only frequency components at

integer multiples of fo=1/To will remain in the output sig-

nal.  All asynchronous frequencies (irrational multiples of

fo) average to zero [2].

The significance of the foregoing is that careful de-

sign of the SVC controls is needed to ensure that the SVC

will operate suitably quickly for the case of wide band-

width signals.  This is needed, for example, in the case of
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AC electric arc furnaces in which the load current band-

width can reach 20 times the power frequency.  If the RMS

calculation can not ‘see’ the high frequency signal, it can

not be used to set the SVC operating point.  Sensory issues

for a static transfer switch.

A static subcycle transfer switch (SCTS) is a solid

state switch that is capable of transferring the load from

one feeder to a second, independently derived feeder.  This

is accomplished generally by closing both the normal and

the alternate feeders and permitting ‘reverse feed’ for a

few milliseconds, and then opening the ‘normal’ feed.

There are two sensory and system issues:  the first relates

to the sufficiency of the system reactance to withstand the

paralleling of both feeds;  and the second is the sensory

question itself:  when is the voltage on the normal feeder

low enough to warrant transferral to the auxiliary feed?

The paralleling of both the normal and auxiliary feed-

ers will occur for approximately 1.0 ms or less in an SCR

based SCTS.  In a 50 Hz system, this is less than 18
o

over-

lap.  The worst case occurs when the normal feeder is

faulted and appears at zero volts.   Even if the short circuit

ratio at the normal feeder is very high (i.e., a stiff bus), if

the voltage at the load appears to be zero for 18
o
, the

CBEMA [2] criterion would be satisfied.  The CBEMA

criterion is that a short circuited bus at zero volts should

be withstood for as long as 8.3 ms (about 143
o
 in a 50 Hz

system).

The issue of sensory speed relates to how fast the

SCTS can detect a low voltage condition.  This is generally

accomplished by passing the three phase supply voltage

from the normal supply feeder through a low pass filter,

and then obtaining the integral of the resultant.  The inte-

gral of the three signals will pass through peaks as the sig-

nal itself pass through a zero.  And, vice-versa, the signal

passes through a peak as the integral passes through a zero.

In this way, it is claimed by manufacturers that low volt-

ages can be detected within one-quarter cycle (5.0 ms in a

50 Hz system).  The sensory time is added to the switching

time to obtain the load transfer time – in the order of 6.0

ms.  This concept has been commercialized to the 40

MVA class at 32.5 kV subtransmission.

III.  THE DYNAMIC VOLTAGE RESTORER

Dynamic voltage restorers (DVRs) are a class of

custom power devices for providing reliable distribution

power quality. The DVR is a power electronics based so-

lution that employs series voltage boost technology for

compensating voltage sags / swells. The DVR applications

are mainly for sensitive loads that may be drastically af-

fected by fluctuations in system voltage. The basic concept

of a DVR is shown in Fig. 1 in which the distribution sup-

ply voltage, VS is augmented by a series voltage, VSER .  The

series voltage provides boost compensation during sags to

deliver rated voltage to the load, VL. DVR technology has

been commercialized for serving sensitive loads [3]. The

operation, power electronic requirements and topologies

of a DVR are described in [5]-[8].  A generic DVR is re-

quired to detect voltage sags/swells and produce a corre-

sponding compensation voltage for injection in series to

the distribution supply voltage, so that the voltage at a sen-

sitive/critical load is within certain limits of reliability. To

perform the above functions, the DVR is equipped with the

components shown in Fig. 1.
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Fig. 1 Components of a generic DVR

The DVR employs power electronics for compensation

of the distribution side voltage. A controller detects the

sag / swell in the supply voltage and computes a corre-

sponding signal for triggering pulses to a pulse width

modulated (PWM) inverter. A controller is feed forward

type if it receives inputs from only the supply or the load

side;  and is feedback type if the error in the output is

minimized by using measurements from both the supply

and load sides.  A DC source, usually capacitors, provides

the energy input to the inverter for producing the AC com-

pensation voltage.  The series boost voltage is imple-

mented by inserting a transformer in the DVR design:  the

‘PWM’ winding of that transformer is energized by the

PWM inverter, and the ‘SER’ winding is in series with the

supply voltage VS.  Note too that the SER winding must

carry full load current.

IV. CONTROL TECHNIQUES FOR A DVR

The basic functions of a controller in a DVR are the

following:

• Detection of voltage sag/swell events in the system

• Computation of the correcting voltage

• Generation of trigger pulses to the sinusoidal PWM

based DC-AC inverter

• Correction of any anomalies in the series voltage in-

jection

• Termination of the trigger pulses when the system

event has passed.

The controller may also be used to shift the DC-AC

inverter into rectifier mode to charge the capacitors in the

DC energy link in the absence of voltage sags.

The different types of control techniques available are

classified as feed forward and feedback modes. A feed

forward control technique is achieved by sensing either the

supply end voltage, VS, or the load end voltage, VL. The

control logic for the feed forward method is easier to im-

plement than for a feedback method. The disadvantages of

phase jump and transformer saturation may arise when the

feed forward method is employed [7]. A feedback control

technique is implemented by sensing both VS and VL and

minimizing the error. The control logic is complicated as
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compared to that of the feed forward method. The type of

control technique and the response time of the controller

are largely dependant on the requirements of the critical

load. In this paper, two different methods of feed forward

control with significantly different response times are

described. The first control method based on the dq0
transformation is a faster technique than the second

method which is based on the RMS or moving average

computation.  The same issues as discussed above in con-

nection with the SVC apply here:  note that the RMS proc-

ess is essentially a low pass filter, and this band limitation

can adversely impact the DVR operation.

The dq0 transformation or Park’s transformation [9-11]

refers to the transformation of the phase quantities associ-

ated with a synchronous machine to a new coordinate sys-

tem,
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where the phase and transformed voltages are shown, and ?
is selected on the basis of a reference phasor (usually the

a-phase (red-phase) supply line-neutral voltage and the

power flow in the DVR).  Note that

or t θωθ +=

where ? r refers to the power frequency, and ?o can be

nominally chosen as zero in this application.  Since (1) is a

purely real transformation, there is no assumption of sinu-

soidal steady state (as needed in phasor controls).  The use

of the dq0 transformation is very similar to Clarke’s a, ß,
0 transformation, and both transformations yield a low

bandwidth signal that effectively decouples the modes of

the electrical supply.  The latter is deduced by inspection

of (2) and noting that

).j(V*)j(T)j(V abcdq ωωω =
0

(3)

In (3), the upper case voltages are in the Fourier frequency

domain, T refers to the Fourier transform (term-by-term)

of the transformation, and (*) refers to frequency domain

convolution.  Because T contains only DC and single fre-

quency terms (i.e., sines and cosines), the frequency

spectrum T contains only delta functions.  Therefore, the

convolution integral in (3) is simply an integration of the

phase variable frequency spectra with delta functions lo-

cated at ? = 0 and the power frequency.  An integral of

delta function in this configuration results in zero every-

where except at DC and the sum and differences of the

frequency components of Vabc (‘the sifting property’).  The

conclusion is that if the sum frequency terms are ignored,

the bandwidth of the dq0 variables is basically concen-

trated near DC.

The dq0 variables have the advantage over complex

transformations (e.g., symmetrical components) because

there is no requirement of sinusoidal steady state opera-

tion as need by symmetrical components.  The dq0 based

control for DVR is seemingly a popular method and a

feedback method of control based on this transformation

is described in [5].  This transform may also be insensitive

to harmonics in the sensory signals, and there are poten-

tially many applications in control of power electronic

devices.  Fig. 2 illustrates a flowchart of the feed forward

dq0 transformation based control used in this research.

Input real time 
measurements (VS)

Input Vref

Convert to dq0
coordinate system

Convert to dq0
coordinate system

Compare

Reconvert to phase

coordinates

PLL

Generate signal for 
PWM

Fig. 2  Flow chart of feed forward control technique for

DVR based on dq0 transformation.

  The dq0 transform based feed forward control method

for compensating sags in this research functions almost

instantaneously with a time delay of 20% of a cycle (3.33

ms in a 60 Hz system). A potential disadvantage of the dq0
transform based method is that there is no straightforward

mechanism for minimizing the active power taken from

the DC energy storage link of the PWM inverter. A slower

control method based on RMS values which optimizes the

injection of active power during voltage compensation is

described below.   However, that method has the disadvan-

tage of the assumption of sinusoidal steady state operation

(common to all phasor analysis).

There may be some disadvantages to the dq0 based

control.  Among these are sensitivity to noise (as opposed

to phasor based methods in which high frequency terms

are readily eliminated), and simplicity in the design of the

controller.  The RMS based feed forward control method

is a simpler alternative and this is described here.  The

RMS control is performed by sensing the RMS value of

the supply side voltage Vs.  In this method, the compensa-

tion voltage is controlled using either the magnitude or the

phase angle of the series voltage produced by the PWM

inverter. The RMS based control method is a combination

of two techniques: all quadrature and all maximum series

voltage injection. Prior to the explanation of the novel

control method, a brief description of the phasor domain

parameters of a DVR is given below [13].

Fig. 3 depicts the phasor diagram in a voltage sag sce-

nario where VS, VL, and VSER are the supply, load, and the

injected series voltages respectively. IL is the load current,
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F L is the load power factor and f S and f L are the phase

differences between VS and VSER and VL and VSER respec-

tively. The circumference of the dotted circle in Fig. 3

corresponds to the maximum series voltage that can be

injected, max

SERV    [9].

Fig. 3  Phasor diagram of DVR in a voltage sag scenario

During supply side voltage sags, there exists the need to

boost the load voltage to acceptable limits, especially for

industrial customers possessing sensitive loads. A DVR

installed near the load centre offers the capability to

maintain the load voltage at a rated value during voltage

sags.  However, the operational limitation of employing

the DVR is attributed to the magnitude and duration of the

voltage sag.  Based on the magnitude of the voltage sag,

there are two distinct cases that can be compensated using

a DVR,

LLS VV Φ≥ cos

LLS VV Φ< cos .
(4

)

As nomenclature used here, the upper inequality (4) is

called category I and the lower is category II.  Voltage

compensation to the required level may not be achieved by

the DVR when the magnitude of the voltage sag is such

that,
max

SERLS VVV −< , (5)

where max

SERV is the magnitude of the maximum series volt-

age that can be injected by the series transformer [9].

A combination of two distinct strategies is offered as

illustration of the control needed for a DVR. The two

control variables for both the strategies are the magnitude

of the series voltage, |VSER|, and the angle between VSER and

VL. The first is a control strategy in which the energy taken

from the DC supply is minimized by injecting the series

voltage in quadrature with the load current– and this strat-

egy is denominated as all quadrature series voltage in-

jection. The second control strategy is a much simpler

strategy in which the maximum series voltage, max

SERV  is

injected at an angle other than quadrature with the load

current IL. The simpler ‘maximum series voltage’ strategy

is denominated as all series maximum series voltage in-

jection. Both the methods are based on feed forward con-

trol and developing the VSER by sensing the supply voltage

VS on a cycle by cycle basis.

The control technique for compensating a category I
voltage sag is by injecting the series voltage of predeter-

mined magnitude in quadrature with IL. The magnitude of

the injected series voltage is obtained as,

LLSLL VVV Φ−−Φ= cossinV
22

SER
. (6)

Alluding to Fig. 4, the magnitude of the injected series

voltage lies with the confines of the circumference of the

dotted circle. The calculation of the phase of the injected

series voltage is redundant in this case as the injection is

performed in quadrature to the load current. According to

the quadrature strategy, the series transformer injects only

reactive power to the load, thus obeying the ‘minimum

energy’ criterion of the control scheme.

Voltage sags in which the quadrature operation de-

scribed above is unattainable are compensated using a dif-

ferent strategy.  In category II sags, the magnitude of the

injected series voltage corresponding to max

SERV  lies on the

circumference of the dotted circle shown in Fig. 5.

Fig. 4 Phasor diagram of DVR for compensating a voltage

sag in which the series compensating voltage can be made

in quadrature to the load current

Fig. 5  Phasor diagram of DVR for compensating category
II voltage sag

In order to minimize the active power injected by the

series transformer, it is required to control f L, the phase

difference VL and VSER, according to the law of cosines,
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The all series maximum control strategy always in-

volves the transfer of real power from the PWM winding

to the SER winding of the injection transformer. The

maximum active power transfer occurs when the maximum

series voltage is injected in phase with VS. This point also

marks the limit of voltage compensation obtainable by the

DVR.   Figures 6 and 7 show operating results for the case

that quadrature control can be achieved.
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The differences between the two approaches to control-

ling the DVR, the dq0 transform method and the moving

average (RMS) based method, are illustrated in Table I.

V.  SIMULATION MODEL FOR A DVR UNDER dq0 CONTROL

Manufacturers of complex power quality equipment

utilize a number of proprietary techniques to design their

products.  However, the authors have had the good fortune

to examine a real DVR under dq0 control.  Utilizing the

control strategies described in the previous section, and

MATLAB Simulink models for basic circuit elements, a

DVR model was developed to perform case studies similar

to voltage events recorded in the field.  Fig. 8 illustrates

the model designed using the dq0 controller.

TABLE I

DIFFERENCES BETWEEN THE DQ0 AND THE RMS BASED METHODS

Parameter dq0 method RMS based method

Response time 1/5
th
 of a cycle 1 cycle

Type of load served Sensitive/Critical Not sensitive/critical

Number of controllers 1 3 (1 for each phase)

Type of measure-

ments

Instantaneous

phase values
RMS values

Inputs to controller
VS, VREF, and de-

sired VL

VS, VREF, desired VL ,
max

SERV and ? L

0 1.0ARCSIN( |Vser| /  |VL| )

V L

CORRECTABLE
TO 1.0 PER UNIT

0

LAGGING LOAD POWER FACTOR

MINIMUM SUPPLY VOLTAGE

|V  | - |Vser, max|
2 2

|V  | - |Vser, max| L

L

Fig. 6  Minimum value of supply voltage that can be

boosted to VL in quadrature control of a DVR

|IL||VL|

APPARENT POWER
(REACTIVE POWER)
INJECTED BYSERIES
TRANSFORMER

|VL|

SUPPLY VOLTAGE MAGNITUDE
0.5 |VL|

pf = 0

pf = 0.5

pf = 0.707

pf = 0.25

IINCREASING PF

0.866 |I L||VL|

0

0

Fig. 7  Apparent (reactive) power injected by the series

transformer versus supply voltage V1 for different load

power factors.  The upper envelope has ordinate
2

1 |)|/|(|1|||| LLL VVVI − .  The diagram is for in quadrature

control of a DVR

To illustrate a typical response of a DVR, consider a

three phase voltage sag of 33% depth lasting 5 cycles.

This is for a 60 Hz system in North America.  A three

phase voltage sag of the same depth and duration from 0.3

s to 0.3833 s is used as a case study to study the validity

of the model. Both the control techniques are used to

emulate the response of the DVR to the voltage sag. Fig. 9

depicts the waveform of the supply side voltage, VS, during

the voltage sag obtained from computer simulation. Fig.

10 depicts the waveforms of the compensated load side

voltage VL when the DVR models with the dq0 transform

based control are used.

VI. CONCLUSIONS

A general discussion of several power quality enhance-

ment devices, and their controls was presented.  These are:

the static subcycle transfer switch, the static var compen-

sator, the transient voltage regulator, and the dynamic volt-

age restorer.  The development of a simulation model of a

DVR used for regulating the load side voltage of a cus-

tomer with sensitive loads is described. Two distinct

methods of feed forward control for compensation of

sags, based on the dq0 transform and moving average

based control method are developed.  Case studies with

real data similar to one of the largest DVRs operating in

the US are provided as examples.  The  feed forward con-

trol based model of the DVR is simpler to design and use

than other detailed models.  The feed forward RMS con-

troller based model is proposed as a generic model for

loads that may not be as critical or sensitive as the semi-

conductor industry.  The frequency domain artefacts of the

RMS operation are discussed in mathematical terms.
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