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ABSTRACT

The dynamic voltage restorer (DVR) has become popular as a cost effective and efficient solution for the
protection of sensitive loads from voltage sags. This paper reports a novel control scheme for DVR to achieve
fast response and effective sag compensation capabilities. The DVR, which is placed in series with sensitive
load, must be able to respond quickly to voltage sag if end user’s of sensitive equipment are to experience no
voltage fluctuations. But the proposed control scheme is controls the magnitude and phase angle of the injected
voltage for each phase separately. Fast least error squares digital filters are used to estimate the magnitude and
phase of the measured voltages. The utilized least error squares estimated filters considerably reduce the effects
of noise, harmonics and disturbances on the estimated phasor parameters. This enables the DVR to detect and
compensate voltage sags accurately, under linear and non linear load conditions. The proposed control system
does not need any phase locked loops. It also effectively limits the magnitude of the modulating signals to
prevent over-modulation. Both sides, separately controlling the injected voltage in phase enable the DVR to
restore load voltage in short time interval (5ms) with zero steady state. Results of the simulation studies in the
MATLAB/SIMULINK software environment indicate that the proposed control scheme performs satisfactorily

under linear, non linear loads and BLDC motor drive.
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l. INTRODUCTION

Electric power quality is capacity of an
electric power system to supply electric energy of a
load in an acceptable quality. Power distribution
system should provide with an uninterrupted flow of
energy at smooth sinusoidal voltage at the contracted
magnitude level and frequency to their customers.
Power systems especially distribution systems, have
numerous non linear loads, which significantly affect
the quality of power. Apart from non linear loads like
capacitor switching, motor starting and unusual faults
could also inflict power quality problems. Many
problems can result from poor power quality (PQ),
especially in today’s complex power system, such as
the false operation of modern control systems. Voltage
sag is an important PQ problem because of sensitive
loads growth. Worldwide experience has showed that
short circuit faults are the main origin of voltage sag;
therefore there is a loss of voltage quality [1]-[3].

Voltage sag is defined as a sudden reduction
in supply voltage to between 90% and 10% of the
nominal value, followed by a recovery after a short
interval (the standard duration of sag is between 10
milliseconds and 1 minute). The most common
compensator for voltage sag is the dynamic voltage
restorer (DVR). The basic operation of the DVR is
based on injection of a compensation voltage with
required magnitude, phase angle and frequency in
series with the sensitive electric distribution feeder.

A dynamic voltage restorer (DVR) can eliminate most
sags and minimize the risk of load tripping during sags
[2], [3]-[5]. It injects appropriate three phase ac
voltages in series with the supply, when voltage sag is
detected./Considering the shortcomings of the
preceding methods, a fast and effective control
scheme for the DVR is proposed in this paper. Three
identical control systems are used to control the
injected voltage in each phase independently. Three
single phase H-bridge VSls are utilized to generate
sinusoidal voltages. The proposed multi loop control
system [1], [3], [9], [13] is comprised of an outer
phasor-based load voltage control system and an inner
injected  voltage-control ~ system. The phasor
parameters of the measured supply and load voltages
are estimated by using least error squares (LES) filters
[15] in a short time interval (5 ms). LES filters are
widely used for fast and reliable phasor parameter
estimation in digital protection systems. On the other
hand, the inner injected voltage-control system is
utilized for damping the transient resonant oscillations
caused by the harmonic filter to improve the dynamic
response and stability of the DVR.

The performance of the proposed control
scheme is evaluated by using MATLAB/SIMULINK
software. The study results indicate that the proposed
control strategy has the following advantages:
= It regulates the load voltage negative- and zero-

sequence components as well as the positive-
sequence component in a considerably short time
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= period (5 ms), with zero steady state error and
without phase jump.

= The proposed DVR system can be used in both
four wired and three wired distribution systems,
or even in a single phase configuration.

= The proposed method to limit the magnitude of
the modulating signals without distorting the
injected voltage wave-shape.

= The utilized LES filters the effects of noise,
harmonics and disturbances on the estimated
parameters. This results in accurate sag detection
and compensation under nonlinear load
conditions.

= The proposed control strategy does not need
phase locked loops, because the phase angles of
the measured voltages are estimated by using the
LES filters in 5 ms.

= Due to the inherent characteristics of the proposed
control scheme, there is no need for utilizing
complicated controllers. Therefore, simple Pl and
proportional controllers are utilized in this paper.

Il.  Dynamic Voltage Restorer

Dynamic voltage restorer was originally
proposed to compensate for voltage disturbances on
distribution systems. A typical DVR scheme is shown
in Fig. 1. The restoration is based on injecting AC
voltages in series with the incoming three-phase
network, the purpose of which is to improve voltage
quality by adjustment in voltage magnitude, wave-
shape, and phase shift. As shown in Fig. 1, the DVR
essentially consists of a series-connected injection
transformer T;, a voltage-source inverter (VSI), a
harmonic filter, and an energy storage device [4], [13].
Meanwhile, a parallel switch is used to bypass and
protect the DVR, when a downstream fault is detected
[14], [15]. As shown in Fig. 1, the line-side harmonic
filter topology [11] consists of the leakage inductance
of the injection transformer and the filter capacitor.
Meanwhile, denotes the dc-link capacitor.

The series injected voltage of the DVR,
Vdvr, is synthesized by modulating pulse widths of
the inverter-bridge switches. The injection of an
appropriate Vdvr in the face of an up-stream voltage
disturbance requires a certain amount of real and
reactive power supply from the DVR. The reactive
power requirement is generated by the inverter.

_~" Parnallel switch
Grid side
PCO) | IBamomic Fierl

| | l
I | 1 |
3|

Load side

Rectifier

S Bl

Fig. 1: schematic diagram of the DVR with line side
harmonic filter

Widely used in present DVR control is the so-called in
phase voltage injection technique where the load
voltage V2 is assumed to be in-phase with the pre-sag
voltage. As the DVR is required to inject active power
into the distribution line during the period of
compensation, the capacity of the energy storage unit
can become a limiting factor in the disturbance
compensation process. In particular, if capacitors are
used as energy storage, the DC-link voltage will
decrease with the dwindling storage energy during
compensation.
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Fig. 2: Vector Diagram of Voltage Injection Method

The  corresponding  phasor  diagram
describing the electrical conditions during voltage sag
is depicted, where only the affected phase is shown for
clarity. Let the voltage quantities I, ¢, 6 and «
represent the load current, load power factor angle,
supply voltage phase angle and load voltage advance
angle respectively. Although there is a phase
advancement of o in the load voltage with respect to
the pre-sag voltage in Fig. 2, only in-phase
compensation where the injected voltage is in phase
with the supply voltage (oo = 3) is considered. The
block diagram of the proposed DVR control system
for one phase is depicted in Fig. 2. Assume that the
fundamental frequency components of the supply
(grid-side) and load phase voltages are defined by (1)
and (2), respectively.

v, =V, X cos(wt + 6,) (1)
v, =V, X cos(wt + 6)) (2)

As shown in Fig. 2, a multi-loop control system is
used to improve the transient and steady-state
responses of the DVR. The proposed control system is
comprised of an outer phasor based load voltage
control system and an inner injected voltage control
system. The former generates a reference signal for
the latter.

The presag phasor of the supply voltage is denoted by
Vire = Vore £0pre . Ve is assumed to be equal to the
nominal phase voltage rms value. Meanwhile, 6,,,. is

determined by using a phase freezer unit.
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I11.  Proposed DVR Control Scheme

Phasor-based load voltage control (outer loops)

pre”| (Magnitude feedback) ,* v Limiter Instantaneous injected voltage control (inner loops)
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* ! - :
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Fig. 3: Block diagram of the DVR control scheme for each phase

The function of the phase freezer is to fix
(Freeze) the presag phase angle of the supply voltage,
to be used as the reference phase angle of the load
voltage, as described in [1], [6], and [9]. The sag
detection unit enables the phase freezer unit when V
becomes less than 0.95 p.u. of the nominal phase
voltage (during voltage sags). It must be noted that
the proposed control scheme does not need a PLL,
because the voltage phase angle is estimated by using
the LES filter.

3.1 Load Voltage control system

The phasor-based load voltage-control
system  restores the fundamental frequency
component of the load voltage to its presag
conditions. Based on the presag compensation
method, the voltage phasor, which must be injected
by the DVR, is the complex difference between the
supply voltage phasor and the presage supply voltage
phasor, as shown in the vector diagram of Fig. 4. This
phasor (the feed forward-injected voltage phasor

l-_,’;;l = Vi;140:;1) is calculated by the phasor
subtraction unit, shown in Fig. 4 according to (3) and
(4). The coefficient y in (3) is 1 whenV,,,, cos6,,, >

V.cos@,; otherwise it is -1

2
=y x \/((Vpre costp,, — Vscoses) +>
inj

(Vpre Sinepre - VsSines)2

®)

Vipre Sin6 —Vssiné
0:, | = Arc tan (‘zesnopre Vssn0s
J Vpre €08 pre —Vscos6 s

4)

Two PI controllers (C; andC,) are used to
eliminate the steady state errors of the magnitude and
phase angle of the load voltage, respectively. These
controllers compensate dc error signals. Therefore,
their parameters are set simply by a try-and-error
method in order to achieve a fast response with zero
steady-state error and without an observable
overshoot.

Fig. 4: Vector diagram of the phasor subtraction unit

The outputs of the PI controllers Vi,

andey;,; , are added to the outputs of the feed-forward
loop V;; and 6;,; to achieve the overall output
phasor of the outer voltage-control loop as

—_—

i = Vinj £0inj = (Vinj1 + Vi;jZ)L(H;njl + 05 2)
(5)

3.2 Injected Voltage Control System

Voltage sags could bhe effectively
compensated if the output of the phasor-based control
system Vi, was fed to the sinusoidal pulse width
modulation (SPWM) unit. However, the harmonic
filter resonances could not be eliminated under these
conditions. Therefore, in order to improve the
stability and dynamic response of the DVR, an
injected voltage controller and a filter capacitor
current controller are utilized, which attenuate the
harmonic filter resonances.

The generated reference signal for the
injected voltage Vi, is compared with the measured
injected voltageV;,;, and the error is fed to the voltage
controller. The utilized voltage controllerC; is a P
controller with the proportional gain of k,. As shown
in Fig. 3, the output of the voltage controller iz, is
the reference signal for the filter capacitor current
control loop. It is compared with the measured
capacitor current and the error is fed to the current
controller C, , which is a P controller with the gain

k..
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A large k, means high amplification of the
DVR filter resonance, which will affect the system
stability. Thus, the desirable transient response (fast
response) of the DVR is provided by using a feed-
forward loop, and low proportional gain is utilized as
the voltage controller. On the other hand, a large k.
will damp the harmonic filter resonance more
effectively, but k. is always limited due to practical
considerations, such as amplifications of capacitor
current noise, measurement noise, and dc offset [12].
Therefore, the lowest value of the proportional gain,
which still damps the resonances effectively, is
utilized as the current controller. The output of the
current controller is added to the feed-forward
voltage to derive the control (modulating) signal for
the PWM generator of the inverter.

IV.  Modeling and Simulation Results

4.1 Sag Compensation under Linear Loads

The performance of the proposed DVR
control scheme during voltage sags caused by single
line-to-ground (SLG) and line-to-line (LL) faults
under linear load conditions is investigated in this
subsection. The DVR is protected by using a 10-kVA
linear load with a power factor of 0.9.

4.1.1 Single Line-to-Ground Fault

37

i
[

Toshar
3 bl

Fig.5: Simulation model of sag compensation during
SLG fault under Linear Load

Modeling circuit and results of simulations
for SLG fault with a fault resistance of 0.5Q are
shown in Figs. 5 and 6. The short-circuit, taking
place on 30% of the length of the parallel
transmission line connected to starts at 0.08sec and is
cleared at 0.16sec. Fig. 7(a)—(c) depicts the injected
voltages for the depressed phases, the restored load
voltages, and DC-Link voltage.

n

Fig.6: (a) Supply Voltage. (b) Estimated RMS supply
Voltage of depressed phase. (c) Injected Voltage
magnitudes for the depressed voltage.

Fig.7: (&) Load Voltage. (b) Injected Voltages for the
depressed Phase. (c) DC-Link Voltage.

4.1.2 Line-to-Line Fault

Fig.8: (a) Supply Voltage. (b) Esimated RMS supply
Voltage of depressed phases. (c) Injected Voltage
magnitudes for the depressed voltage.

The results of simulations for voltage sag
caused by a Line-to-Line fault with a resistance of
0.5 are depicted in Fig. 8. The fault, taking place on
50% of the transmission-line length, starts at 0.08sec
and is cleared at 0.18sec.
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ig.9:
depressed Phases. (c) DC-Link Voltage.

As shown in Fig. 9(a)—(c) depicts the
injected voltages for the depressed phases, the
restored load voltages, and DC-Link voltage.

4.2 Sag Compensation under Non-Linear Loads

4.2.1 Single Line-to-Ground Fault

The performance of the proposed DVR
control scheme during voltage sags caused by single
line-to-ground (SLG) and line-to-line (LL) faults
under non linear load conditions is investigated in
this subsection.

Fig.10: Simulation Model of Sag compensation
during SLG fault under non liner load.

The most common form of static power converters
(nonlinear loads) is the three phase Diode rectifier
type. Modeling circuit and results of simulations for
SLG fault with a fault resistance of 0.5Q are shown
in Figs. 10 and 11. The short-circuit, taking place on
30% of the length of the parallel transmission line
connected to starts at 0.08sec and is cleared at
0.16sec. Fig. 12(a)—(c) depicts the injected voltages
for the depressed phases, the restored load voltages,
and DC-Link voltage. Control system of this
proposed DVR built in subsystem in SIMULINK
model.

(a) Load Voltage. (b Injeted oltages f the |

Fig.11: For Non-Linear load (a) Supply Voltage. (b)
Estimated RMS supply Voltage of depressed phase.
(c) Injected Voltage magnitudes for the depressed
voltage.

Fig.12: For Non-Linear load (a) Load Voltage. (b)
Injected Voltages for the depressed Phase. (c) DC-
Link Voltage.

4.2.2 Sag Compensation During LL Fault under
BLDC motor Drive

BLDC motor drive is widely used in most
common applications now days. For adjustable
speed; a six pulse MOSFET inverter with diode
rectifier used for converting three phase supply to DC
source is used as the non linear load in this
subsection. As shown modeling circuit of BLDC
motor drive in Fig.13, the results of simulations for
BLDC Motor Drive (non-linear load) voltage sag,
caused by an LL fault with a fault resistance of 0.5-
on 50% of the length of the parallel transmission line,
are shown in Fig. 14. The fault starts at 0.08sec and
clears at 0.18sec.

Fig.13: Simulation Model of Sag Compensation
during LL Fault with BLDC Motor Drive.
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Fig.14: (a) Supply Voltage. (b) Estimated RMS
supply Voltage of depressed phases. (c) Injected
Voltages for the depressed Phases. (d) Restore Load

Voltage.
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Fig.16: BLDC Motor (a) Stator Current(i,). (b)
Electromotive Force (EMF).

Fig. 14(b) clearly demonstrates that the
estimated supply voltage magnitudes by the LES
filters are not affected considerably by the voltage
harmonics caused by nonlinear loads. Thus, as shown
in Fig. 14(c), the proposed DVR control system is
able to detect and compensate the voltage sags
accurately, under nonlinear load conditions. Fig. 15
and Fig. 14 illustrates that by using the proposed
DVR control strategy, the BLDC motor speed is kept
constant during the simulated voltage sag.

V.  Conclusion
A novel control strategy for independent
control of the injected voltages in each phase of the
DVR. The proposed control strategy effectively
compensates the voltage sags accurately, under linear

Fig.5: BLDC Motr (a)Rotor Spd (rm). ) v

and nonlinear load conditions; as well as the
magnitudes of the modulating signals are effectively
limited, under low dc-link voltage conditions. This
enables the DVR in a short time interval (5 ms), with
zero steady-state error.
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