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Abstract: This paper discusses the design and development of Dynamic Voltage Restorer (DVR) controller for
voltage unbalanced compensation using d-g-o transformation technique. The controller in d-g-o coordinates
has better performance than conventional controllers. The controlled variables in d-q-o coordinates are then
inversely transformed to the original voltages which produced reference voltages to a DVR. The performance
of proposed control algorithm has been simulated by MATLAB/SIMULINK SimPower System Toolbox. A
prototype has been developed in order to validate the effectiveness of the proposed control solution.
Simulation and experimental results are presented for various conditions of disturbances in the network
included unbalance voltage in the supply voltage to show the compensation effectiveness.
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INTRODUCTION

Several methods are available to prevent equipment
mal operation due to voltage sags. The two obvious
solutions, at first sight, are a reduction of the number of
faults and improvement of equipment immunity. However,
experience has shown that in many practical cases neither
of these methods is suitable. The most common mitigation
method remains the installation of additional equipment
between the power system and the equipment, either
directly with the equipment terminals or at the customer-
utility interface. The uninterruptable power supply (UPS)
has traditionally been the method of choice for small
power, single-phase equipment. For large equipment
several methods are in use and under development, one
of which is the series voltage controller, also known under
the name “Dynamic Voltage Restorer” or DVR [1-4].

The Dynamic Voltage Restorer (DVR) is a series
custom power device intended to protect sensitive loads
from the effects of voltage sags at the point of common
coupling (PCC).A typical DVR connected system circuit
is shown in Figure 1, where the DVR consists of
essentially a series connected injection transformer, a
voltage source inverter (VSI), inverter output filter and an
energy storage device connected to the dc-link. The
power system upstream to DVR is represented by an
equivalent voltage source and source impedance. The

basic operation principle of the DVR is to inject an
appropriate voltage quantity in series with the supply
through an injection transformer when PCC voltage sag is
detected. Loads connected downstream are thus
protected from the PCC voltage sag [5-6]. The voltage
sags as defined by IEEE Standard 1159, IEEE
Recommended Practice for Monitoring Electric Power
Quality, is “a decrease in RMS voltage or current at the
power frequency for durations from 0.5 cycles to 1 minute,
reported as the remaining voltage”. Typical values are
between 0.1 p.u. and 0.9 p.u. and typical fault clearing
times range from three to thirty cycles depending on the
fault current magnitude and the type of over current
detection and interruption [7].

The details of the existing controllers has been
applied in DVR can be found in [8-11]. In this paper, the
improvement of d-q-o technique strategy is applied to the
control of a three phase DVR. The proposed of the
control strategy has the following advantages compared
to the existing ones. The improvement of the controller is
easy to design and does not much depend to circuit
parameters. The dc value of the capacitor and harmonic
ripple current due to input power circuit can be reduced.
The controller can detect any disturbance in the network
very fast. Once the disturbance is detected, the DVR act
very quickly in order to correct it and injecting the exact
amount of energy required.
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Fig. 1: Typical Existing DVR circuit topology
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The Concept of Voltage Unbalance Using Dynamic
Voltage Restorer: Figure 1 shows a distribution system
which consists of feeder A, feeder B and feeder C. A DVR
is connected in series between sensitive loads in order to
mitigate unbalanced loads or faults in feeder A or B. The
possibility of compensation of voltage unbalance can be
limited by a number of factors including finite DVR,
power rating, different load conditions, background
power quality problems and different types of sags
[12-13].

Figure 2 shows the symmetrical components of an
unbalanced system of voltages. These are called positive
sequence, negative and zero sequence systems. For a
perfect balanced system both negative and zero sequence
systems would be absent.

Proposed New Configurations Circuit of Dvr

Main Circuit of New Configurations: Figure 4 illustrates
a new configuration model of the proposed DVR system
and the system consists of a DC voltage source (V),
three single phase injection transformer, a three phase
voltage source PWM inverter, L-C output filter and
sensitive loads. In this proposed designed of DVR,

special attention must be paid on two types of
configuration namely:

«  Filtering Configuration
* Injection transformer winding

Filtering configuration for DVR is very important as
it related with the system dynamic response. The filtering
system of the DVR can be placed either on the high
voltage or the low-voltage side of the injection
transformer and are referred to as line side filter [14-15]
and inverter-side filter [15-18] respectively. In the
proposed filtering system as shown in Figure 3, the
filtering scheme is installed for both on the low and high
voltages. The filter inductor, capacitor and resistor
(LgLgsLg, CiCioCyr. and R, R,,R,) are installed on low
voltage side between the series converter and the
transformer and the high voltage side(C,,C, and C;), when
it is place in low voltage side, high order harmonics from
the three phase voltage source PWM inverter is by pass
by the filtering scheme and its impact on the injection
current rating can be ignored. The type of this filtering
configuration can also eliminate switching ripples
produced by the converter. As for the filtering scheme is
placed in the high voltage side in this case, high order
harmonic currents will penetrates through the injection
and it will carry the harmonic voltages. When compensate
the voltage sags/swells at the critical load, DVR produce
a harmonics distortion fed from series transformer as
injection voltage to the critical load. Using the FFT
analyzer Voltage Total Harmonic Distortion (VTHD) of
1.4% of the filtering scheme is shown in Figure 3 is satisfy
the IEEE-519 standard harmonic voltage limit.

In DVR the injection transformer must be designed
properly according to the voltage required in the
secondary side of the transformer. The ratio of the
injection transformer will determines the flow of current in
the primary side which may affect the performance of the
power circuit devices in DVR which consists of Voltage
Source Inverter (VSI).

The transformer in DVR can be configured either in
Delta-open or Wye open winding. In order to step-up the
VSI output voltage to mitigate 50% of voltage sags in the
distribution system the series injection transformer
turn ratio must be calculated. In the proposed
configuration as shown in Figure 4, the maximum injection
transformer voltage per phase is set to Vinj 1 ¢ is equal to
120 V,,,, and single phase voltage line to line of VSL is
about Vyg ; = 60 V. The comparison of two types of
transformers can be described as follow;

1481



World Appl. Sci. J., 10(12): 1480-1489, 2010

Eignal ba arabyxe Hgilehle Skynals
FF Dippler sedeched sanal T Desodes FET wandore Drietrw
Selected sgnal: 45 cycles. FFT wirdaw in red): 4 cypcles T——r— =]
TP ATy o s, 2 e ot
¥ " . i \ - -
g LS ’ LS ¥ L} ! L ' b | e o x |
] ' i L J i

of A ) | [ % 3 - Sgnal B rwiey

"\ 4 w 'n
i =T
o 0Ol DO0F OO0 004 005 OO0 OOF OO8 i

Tirre= =l Swrt S CEE (0000

Harsbyer af oy F

Fisslemmsdad baupmess (Ha)

undamental FEOHzY = 0 25039 . THD=-

h.
o 1.2
= FFT swttirgs
E ! Drepbery ool
E (ul:] e e e p———— |
o
= OB
% o4 [Foasp sracsy Sk
=
= oz F"’"*“i e =1
Fiux Freguency (Hak
o =2
Hamonic order
Crapary (==

Fig. 3: THD for voltage of the proposed scheme
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Fig. 5: Block Diagram Control of the proposed Scheme of DVR for Unbalanced Voltage

Based on the calculation the high ratio of the * Block 1 is used to convert the three phase load

transformer winding will increase the primary side current, voltages (Vi,, Vip, V1. ) into the o-f-o coordinates as
so in the proposed configuration the wye-open winding in equation (1)
is used.
Va VLa
Control Method of the Proposed Scheme: There are many Vs |=0| V1
control schemes reported in the literature for control of v %
DVR such as instantaneous reactive power theory, power ol Le 1)
balanced theory, synchronous reference frame theory etc o 17
[14]. In this paper a new control method for DVR system 1 = —
is proposed by using the d-qg-o transformation or Park’s 2 2
transformation for sags/swells detection. The d-q-o Where Q = 2 0 ﬁ i
method gives the sag depth and phase shift information 3 2 2
with start and end times. The main aspects of the control % % %

system are shown in Figure 5 and include the following
blocks:
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« Block 1 is used to convert the three phase load
voltages (V,, Vi, Vi ) into the a-B-o coordinates as
in equation (1), the three phase load voltages
reference components V,.; V..rand Vo ., can be
converted t0 Vi rama Varer (2)-

[cos 6 sin @
V.| 3|sin6 cos 0|V,
q B @)
Transformation to dqo to abc
[cos 6 sin @
Vg| 3|sin@ cos 0|V,
B q 3)
v 1 0 1 v
Va =|-0.5 \/5 1 Va
O e I
VC V(J
0.5 g 1 ()

* Block 2 is considered as a source voltages (V,
V. V). The amplitude of AC voltage at the sources
(Vouee) can be calculated as follow;

Vsme%w(m)z +(V)’ +(V~w)2j (5)

*  Block 3 is a three phase PLL (Phase-locked loop). The
angle 0 of the source voltage can be obtained using
three phase PLL. The information extracted from the
PLL is used for detection and reference voltage
generation.

* Block 4 is the detection scheme for the voltage
Unbalanced compensator. From Figure 5 shows that,
the synchronous frame variables, V, and V_ are used
as inputs for low pass filters to generate voltage
references in the synchronous frame.

*  Block 5 receive the components of the load voltage
vectors V,ref and V, ref and transforms them to three
phase coordinates using equation (3) and (4) the
generation voltages are used as the voltage
reference. The DC link error in Figure 5 is used to get
optimized controller output signal because the
energy on the DC link will be changed during the
unbalance voltage.

*  Block 6 is the PWM block, this block provides the
firing for the Inverter switches (PWM1 to PWMO6).
The injection voltage is generated according to the
difference between the reference load voltage and the
supply voltage and is applied to the voltage source
converter (VSC).

Simulation Results: The proposed control scheme for the
DVR is validated in this section via MATLAB/SIMULINK
SimPower System toolbox. In this paper, the load is
represented by a series equivalent rated at 200V, SKVA at
0.9 load power factor. A simulation model has been
developed in MATLAB/SIMULINK as shown in
Figure 4. Simulation and experimental parameters are given
in Table 1. The performance of the DVR for different
supply disturbances is tested under various operating
conditions. Several simulation of the DVR with proposed
controller scheme and new configuration of it have been
made. Figure 6 shows that unbalanced output voltages,
positive sequence, negative and zero sequence. In case of
zero sequence all phases are equal. The distortions occur
for both the negative and zero sequence during
transformation processes from stationary abc reference
frame to d-g-o coordinates. In figure 6 (c) also shows that
the negative sequence disturbances rotates in the
opposite direction.

Experimental Results: In order to validate the
effectiveness of the proposed system a small scale
prototype of DVR was built and tested. The prototype
developed based on schematic in Figure 4, all the system
parameters for the hardware designed as shown in
Table 1. The prototype is rated to protect SKVA load 40%
voltage sags mitigation and in case of unbalance voltage
at the Point of Common Coupling (PCC) is set at 10%-
20%. Three phase load comprising of 40 Q and 60mH
inductor.

Table 1: System Parameters Proposed

Main Supply Voltage per phase 240V

Line Impedance Ls=0.5mH Rs = 0.1

Series transformer turns ratio 1:1
DC Bus Voltage 120V
Filter Inductance 2mH
Filter capacitance 1uF
Load resistance 40
Load inductance 60mH
Line Frequency 50Hz
Switching Frequency 5kHz
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Fig. 6: (a) Unbalanced voltage, (b) Positive sequence (c¢) Negative sequence (d) Zero sequence

The proposed control strategy is implemented
digitally in DSP TMS320F2812. The DSP was selected as
it has a 32-b CPU which operating at 150MHz. The voltage
and current sources were sent to the analog digital
converter of the DSP. The sampling times are governed by
the DSP timer called a CpuTimer0 which generates
periodic interrupt at each sampling times Ts. The Interrupt
Service Routine (ISR) will read the sampling value of the
voltage and current source from the analog digital
converter (ADC) The DSP controller offers a display
function, which monitor the disturbances in the real time.
The control algorithm which is proposed in section II is
tested with a control using DSP TMS 320F 2812.

The controller has its own ADC converters and PWM
pulse outputs. The inputs of a 3-leg Voltage Source
Converter (VSC) are the PWM pulses which are generated
by the digital controller. The three phase supply voltage
is measured continuously and it then compared with the
reference voltage in order to regulate load voltage
response. If there any disturbances occur, different
between the supply voltage and load voltage, the
different voltage between them will be compensated. The
amount of compensated voltage needs to be injected is
calculated and the results of the supply, load and
compensated voltages will be processed by the DSP and
injected to the IGBT switching scheme (PWMI to
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PWM2). Positive and negative sequence can be
converted when three voltages are sensed in phase and
quadrature components. The conversion process of
positive and negative sequence can be formulated using
equations (6) - (7).

v sin 8¢ sin (Bt _21:) sin (Bt + 2—”) Va
l: d(pos) 1_2 3 3 V
v _3 sb
9 (pos) cos (01) cos (Bt —2—:) 008 (Gt +2—;rj Ve
(6)
% sin B¢ sin (Ot +2n'} sin (Ot - an Vea
[d(neg) }2 3 3 y
v 3 S”
9 (g) cos (01) cos (Ot +2;r) 008 (Gt —2:) V.,
(7

In the prototype developed the maximum sags time
is set to 100 ms as it very fast to detect any disturbances
occur in the network. It should be mentioned that with
the new configuration of the topology and an
improvement of the proposed controller also can detect
voltage swells in the network. Voltage swells can occur
more frequently than other power quality phenomenon
and is known as the most important power quality
problems in the power distribution system. In normal
situation if there is no voltage swells detects in the
network, the dc-link capacitor charging current is almost
zero. Supply current of the network is equal to load
current which is sinusoidal. When the DVR detect the
voltage swells, the DVR starts to inject an appropriate
voltage for the voltage swells; active power is supplied
from the dc-link to the network which causes dc-link
voltage to drop. So the controller will compared with the
reference voltage and inject missing voltage through
injection transformer. The three phase 20% balance
voltage.
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Can be observed in Figure 10(a), the DVR will detect
voltage swells and injects the missing voltage as shown
in Figure 10(b). The fast response to detect voltage swells
by the controller will causes the load voltage is secured
from distortion and this can be illustrated in Figure 10(c).

The performance during 10%-20% voltage unbalance
is illustrated in Figures 7(a). In Figure 7(b), (c¢) and (d)
shows that positive sequence, negative and zero
sequence. Next, the performance of DVR for a three
phases to ground fault is also investigated. Figure 8 (a)
shows that unbalanced three phases fault. Injection
voltages produced by DVR is shown in Figure 8(b).
Figure 8(c) shows the load voltages restoration using
DVR. From the results show that the load terminal voltage
is restored and help to maintain a balanced and constant
load voltage.

In new configuration of the proposed system, the
DC link capacitor acts as an energy storage element of
the DVR.The DC link of the DVR prototype is determined

based on the rating of the IGBT. Harmonic current is
depending on the DC link voltage. DC side capacitor Cdcl
and Cdc2 should be large enough to absord the ripple
without the distorting the dc bus voltage much. If there is
distortion in the dc voltage the inverter output will get
distorted with third harmonic content. With the stability
of the DC bus and the Total Harmonic Distortion for
current (THD,) for third harmonics current is reduced 7.8
% to 2.8% as shown in Figures 9(a) and 9(b).

CONCLUSION

In this research the new configuration of the DVR
prototype has been proposed. The proposed topology is
capable to mitigate various disturbances in the network.
A control system based on improvement d-q-o controller
has been applied to the prototype. The effectiveness of
the proposed configuration and improvement of d-q-o
controller can be seen from Simulation and experimental
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results. The implementation of a DSP TMS320F2812 based
on DVR to extract positive and negative sequence was
discussed. The experimental results show that the
performance of the DSP controller is satisfactory in
mitigating disturbances in the network such as voltage
sags, swells and unbalance voltage in low voltage
distribution system.
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