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ABSTRACT

Electronic devices function properly as long as the voltage of the supply system feeding the device stays within a
consistent range. There are different types of voltage fluctuations that can cause Power quality problems, including,
sags, harmonic distortions, surges and spikes and momentary disruptions, nonstandard voltage, current or frequency
that results in a failure or miss operation of end user equipment. The steady-state PQ characteristics of the supply
voltage include surges and spikes. Voltage sags and swells are the common events on the electric power network.
Voltage sags and swells are the common events on the electric power system. The common causes of voltage sag are
short circuit or faults in power system, at starting of large loads and faulty conductor.These problems can be
mitigated with voltage injection method using custom power device, Dynamic Voltage Restorer (DVR).A DVR is
connected in series with the linear load to compensate for the harmonics and unbalance in the source voltages and
improve the power factor on the source sideA series connected converter based mitigation device, the Dynamic
Voltage Restorer(DVR), is the most economical and technically advanced mitigation device proposed to protect
sensitive loads from voltage sags. In this paper, A control technique for dynamic voltage restorer (DVR) based on
DC-link voltage of uncontrolled rectifier fed adjustable speed drive (ASD) is described in this paper. This control
technique maintains constant DC-link voltage during harmonics, unbalance, sag and swell. Moreover, using this
control technique, voltage harmonic introduced by ASD in utility is also suppressed by DVR during idle mode. A
typical topology of ASD, implemented with uncontrolled rectifier is presented in this paper. A mathematical
description to generate reference DClink voltage is illustrated in this paper using the dqO reference frame. A
simulation study of the proposed control technique of DVR protecting ASD during source harmonics, unbalance,
sag and swell is carried out using MATLAB/Simulink software and results of ASD parameters are presented.
Moreover, the simulation results of ASD voltage harmonics mitigation by DVR is also presented. The performance
of the proposed technique shows satisfactory results with a less complex control system.

Index Terms—Adjustable speed drives, Power quality, DC link voltage, Voltage sag, Voltage swell, Harmonics,
Active filter, Dynamic voltage restorer

(1) Introduction
Voltage, sag and swells are considered to be one of
the most severe disturbances to the sensitive loads
[1]. Dynamic Voltage Restorer (DVR) is a power
electronics device which protects sensitive loads
from disturbances in the power supply. It ensures
high power quality for sensitive loads. The dynamic
voltage restorer has become popular as a cost
effective solution for the protection of sensitive loads
from voltage sag and voltage swell. It injects voltage
in series and synchronism with the grid supply
voltage in order to compensate for voltage sag and
voltage swell [2]. DVR is connected in series with
line through injection transformer. Fig.1 shows the
single phase DVR, which is connected in series with
feeder. When short circuit fault occurs in load 1,

voltage at the distribution bus decreased and voltage
sag occurs across the sensitive load 2. To restore the
voltage across this load, DVR is used [3]. During the
period of voltage sag or swell, DVR injects the
voltage so as to restore the load voltage to its normal
value. During this operation, the DVR exchanges the
active and reactive power with the load. In case of
voltage sag, active power has to be supplied by DVR.
This motivates the use of energy storage element in
the DVR. Various energy storage devices like
batteries, capacitors, flywheels etc are used in DVR
[4]. However, this increases the cost of DVR.
Further, due to presence of battery, regular
maintenance is required. Three voltage injection
techniques are popularly used in DVR, to restore the
phase and magnitude of voltage across the sensitive
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load. These are pre-sag voltage compensation, energy
optimization technique and in-phase voltage injection
technique. In presag compensation both real and
reactive power are required. This method provides
the compensation for voltage magnitude and its
phase. The difference between sag and presag voltage
is detected by DVR and injected voltage, provides
compensation for voltage amplitude without any
phase shift [5], [6]. This technique mainly used for
loads equally sensitive for voltage magnitude as well
as phase shift. This technique lead to increment in
capacity of energy storage device as the magnitude of
voltage to be injected is more. Other technique is
zero active power injection technique [7]. This
method reduces the energy storage size. Active
power PDV R supplied by the DVR depends on the
angle between the load current IL and the injected
voltage Vinj . In this technique, these two vectors are
maintained in quadrature, thereby, ensures PDV R
remains almost zero. Only reactive power has to be
supplied. This leads to reduction of the size of
battery. However, the magnitude of injected voltage
is governed by following relation, AVsag < VL(1 —
cos®) (1) From the above relation, it is clear that for
the loads with poor pf, it is easier to compensate
voltage sag without real power injection. Therefore,
proposed technique has limitation to compensate the
voltage sag with loads having leading power factor
[51, [8], [7]. In-phase voltage injection technique
requires, minimum voltage injection to compensates
either sag or swell [3]. However, the compensated
voltage suffers a phase shift with respect to presag
voltage. This technique is not suitable for loads
sensitive to voltage phase shift.

2 ADJUSTABLE SPEED DRIVE

ASD is used to have a wide range, speed control of
the motor. Mainly, ASD consists of a rectifier, filter
circuitry and inverter. There are many different
configurations of ASD. Fig. 1 shows ASD
implemented with uncontrolled rectifier, LC filter
circuitry and pulse width modulation (PWM)
inverter. Some ASDs are designed with half
controlled or fully controlled rectifier. In some cases,
PWM inverter is either 2-level or 3-level H-bridge
inverter or multi-level inverter (MLI). In Fig. 1, Ls is
the source inductance, D1 - D6 are the diodes of
uncontrolled rectifier. Inductor Ld and capacitor Cd
are the components of filter circuitry. Filter circuitry
is used to remove ripples in DC-link voltage Vdc
voltage and to smoothen DClink current. If the motor
is considered as induction motor then different speed
control strategies like V/F control, fieldoriented
method, direct torque method, etc, are debugged in

wWww.ljiemr.org

microcontroller and desired PWM gate signals are
generated to drive inverter. In this paper, V/F control
technique is used to

drive induction motor. Different PQD ride through
techniques for ASD are discussed in [12].

Three Phase |  Uncontrolled | DC-Link |
Utality Rectifier 5
T ;

g PWM

l ! |[Inverter

Fig. 1. Typical topology of ASD with uncontrolled
rectifier

A

3 DESCRIPTION OF DYNAMIC VOLTAGE
RESTORER

DVR can mitigate voltage related PQD efficiently
[4], [13], [14]. However, it can also be used to
mitigate voltage harmonics [15], [16]. To protect
ASD (sensitive load) from different voltage power
quality disturbances like sag, swell, unbalance and
source harmonics, a DVR is connected in series
between PCC and ASD as shown in Fig. 2. DVR
consists of a ripple circuit (Rf; Cf ), injection
transformer, interfacing inductor (Lf ), voltage source
converter (VSC) along with

microcontroller and a DC power supply as an energy
storage device. Injection transformer is used to
connect DVR in series with ASD as well as to inject
voltage. Ripple filter circuitry is used to reduce
harmonics from injected voltage. Interfacing inductor
is used to restrict the maximum ripple current
allowed in the primary of injection transformer. Due
to the advantages of a multi-level inverter over
conventional H-bridge inverter, a set of three phase
five-level transistor-clamped H-bridge (TCHB)
multi-level inverter (MLI) is used as a VSC of DVR
in this paper as shown in Fig 3. The switching states
of switches to generate five-level voltage output for
TCHB MLI is given in table 1. A single carrier with
two references is compared to generate the desired
switching pulses [17]
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Uncontrolled
Rectifier

Fig.2. Block diagram of DVR with ASD system

TABLE 1
FIVE LEVEL TCHB INVERTER SWITCHING

STATES
Switching state

St | S2 | S3 | S¢ | S5 | Output Voltage

0 l 0 0 I +Vie

l 0 0 0 I Vie/2

0 0 l 0 I 0

0 l 0 l 0 0

l 0 0 I 0 -Vi./2

0 0 l l 0 =Vie

Sn'.i
“
Vocd[ _l Vor

%
—|
S
S
Fa
1
!

Phase-a
| Phase-b
I Phase-c¢

Fig. 3. A set of three TCHB MLI as a three phase
VSC of DVR

4 MATHEMATICAL DESCRIPTION OF
GENERATION OF REFERENCE DC-LINK
VOLTAGE OF ASD

If Vm is the maximum amplitude of voltage, le is the
angular frequency and 9 is the angle between PCC

www.ljiemr.org
voltages and the load voltages during disturbance
then the equations of three phase load voltages are

Vea = Vmsin(wet + 04)

Vi Vi * o v,
Reference Stationary 5 )| Vi Voltage | dc
& > £ b c *’ 3 4_
d-q-0 frame Generation N
1
= Vo)~ YV
L e . (dq0) . Y Voo
Lli’i LSO g S T i S BN BRI S 7
o PLL [--» -7 929|  Np 'y A o+ _Tabe| |y
I A Dfabc)
) »)
\‘/ V.umbq ] ‘
. | = b 4 Vorago
Vi1 b ) < s PWM Controller
i = of VSI of DVR

Fig. 4. Block diagram of DC-link voltage controller
for DVR of uncontrolled rectifier fed

ASD.

2
vrp = Vinsin(wet + dp — ?ﬂ)

@

-

. ™
Ve = Vimsin(wet + dc + ?]
G

For unsymmetrical voltage sag with phase angle
jump, da, 6b and dc are not equal. During healthy
condition, § is equal to zero. Hence, reference load
voltage is equal to the load voltage during healthy
condition. If Vmx is the maximum amplitude of
voltage during healthy condition then (1)-(3) are
given as

Via = Vosin(wet)

m*

2T
V7 = Vo sin(wet — 3 )

2
vi. = V) sin(wet + ;T )

“

Using Park’s transformation, a-b-c frame is converted
into the stationary reference d-q-0 frame as below,
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* ‘ 2r *
L;Ld-l I-smﬂ sin(f0 — =)  sin(f + ?)-l |-1 Lu-|
Vig| =3 |(’099 cos(0— %y cos(6+ 25| |vi,

. 1 1 1 -
l‘z'!Lt'J [ 3 2 9 T"L(.'J

27 2
Vig = = [vLosinf+vy,sin(f— TT} +vp.sin(0+ Tﬂ)]

&)

where, 0 is the angle between d-q-0 frame and a-b-c
frame. If 6 is equal to zero [8], then equation (8) will
be

* 2 ES = Qﬂ— S - Qﬂ—
Vg = §[_Tf’Lb~"'f’”(?) + i:j—_r_.san.(?)]
. 2.V3 . V3,

ULd = 3l 5 Vs T TULC]

1
Vig = —=|—vLy + VL.
Ld ng[ Lb L.]
(6)

By substituting the values of vLb * and vLc * from
equation

www.ijiemr.org

N L
LLLE - L'm
9

From equation (9), it is clear that in the reference
stationary frame v+Ld is equal to the maximum
amplitude of voltage during healthy condition.
Similarly, vLq * and vL* 0 are equal to

zero during healthy condition. The DC-link voltage
of ASD for three phase uncontrolled bridge rectifier
is given as

3v6 s

£
Vdc - T ph
L 3V3
de T T:rL

(10)

Therefore, the reference DClink voltage of ASD is
given as

*3\/”

Vg = —=[sin(wet + —) — sin(w de — o VLa
V3 3 (n
(7
P V,: 27 , 5) MATLAB/SIMULINK RESULTS:
= sin(w 08\ — ) + cos|wet) - su
Vg 7 {sin(wet) - cos( 3 ) + cos(wet)
; 2 ¢ il
— {sin(wet) - cos(—) — cos(wet) - sin(-
1*—[)};:1\/3'1{!“& \/gl‘flf_
U4 = —= | cos(wet) + —cos(w,t)
/32 2
V1 = Vcos(wet)
(®)
consider, the system operating frequency is 50 Hz
then the time taken by signal to complete one cycle
will be 20 ms and the angular frequency will be 100x
rad/s.
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Fig. 5 Simulation Wave forms of load voltages by
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Fig. 8 Simulation Wave forms of load voltages by
DVR with swell condition (a) source Voltages, (b)
DVR Voltages and (c)Load Voltages
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Fig 9 FFT analysis Load voltage of proposed
system with swell condition
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T

Fig. 10 Simulation Wave forms of load voltages by
DVR with sag-swell condition (a) source Voltages,
(b) DVR Voltages and (c)Load Voltages
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Fig 11 FFT analysis Load voltage of proposed
system with sag-swell condition

Vol 11 Issue 07, Jul 2022 -

ISSN 2456 - 5083

Page 49




International Journal for Innovative

€ngineering and Management Research
A Peer Revieved Open Access International Journal

www.ijiemr.org

Fig 12 Simulink daigaram of proposed system
with sag Condition applied in Induction Motor

Drive
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Fig 13 Simulation wave form of proposed system Fig. 15 Simulation Wave forms of load voltages
of Induction Motor Charcteristics by DVR with sag condition with PV Cell (a)
source Voltages, (b) DVR Voltages and (c)Load
Voltages
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Fig 16 FFT analysis Load voltage of proposed
system with PV Cell in sag condition

Fig. 17 Simulation Wave forms of load voltages by
DVR with sag condition with PV Cell (a) source
Voltages, (b) DVR Voltages and (c)Load Voltages

(6) CONCLUSION

In this paper, a DC-link voltage control algorithm
based DVR, specially designed for uncontrolled
rectifier fed ASD is developed using dq0 stationary
reference frame. This control technique continuously
monitors DC-link voltage of ASD and maintains it to
the reference value, such that the ASD performance
should not alter. From the simulation study, DVR
based on the proposed control technique is used to
mitigate voltage related PQD like source harmonics,
unbalanced, sag and swell occurred on PCC. Hence,
the operation of ASD is not affected, as the variation
in DC-link voltage, stator current, electromagnetic
torque and rotor speed are nearly negligible.

Furthermore, the proposed technique allows the
speed of the motor to remain in its permissible limit
during any PQD, which is a critical factor in
continuous process operation. Moreover, from the

wWww.ljiemr.org

simulation results, DVR is also capable to mitigate
voltage harmonics generated by non-linear load like
ASD. The proposed control algorithm is working
effectively by maintaining constant DC-link voltage
of ASD when PQD occurred on PCC as well as it is
able to suppress the harmonics generated by ASD

REFERENCES

[1] Hamid Soltani, Pooya Davari, Dinesh Kumar,
Firuz Zare and Frede Blaabjerg “Effects of DC-link
filter on harmonic and interharmonic generation in
three-phase adjustable speed drive systems,” IEEE
Energy Conversion Congress and Exposition,
Cincinnati, OH, USA, Oct. 2017.

[2] Taufik, Erin Matsumoto and Makbul Anwari
“Impact of multiple adjustable speed drive system to
power system harmonics,” IEEE 2™ International
Power and Energy Conference, Malaysia, Dec. 2008.

[3] Suma Jothibasu and Mahesh K. Mishra, “A
Control Scheme for Storageless DVR Based on
Characterization of  Voltage  Sags,” IEEE
Transactions on Power Delivery, Vol. 29, No. 5, pp.
2261 —2269, 2014.

[4] M. H. Bollen, “Understanding power quality
problems,” IEEE press, vol. 3, New York, 2000.

[5] Suma Jothibasu and Mahesh K. Mishra, “An
Improved Direct AC—AC Converter for Voltage Sag
Mitigation,” IEEE Transactions on Industrial
Electronics, Vol. 29, No. 62, pp. 21 — 29, Jan. 2015.

[6] Navita Khatri, Ankita Jain, Vinod Kumar and R.
R Joshi, “Voltage Sag Assessment with Respect to
Sensitivity of Adjustable Speed Drives in Distributed
Generation Environment,” IEEE International
Conference on Computer, Communication and
Control, pp. 1-6, Sept. 2015.

[7] Jayashree Yadav, Krishna Vasudevan, Dinesh
Kumar and Paramasivam Shanmugam,”’Power
Quality Assessment for an Industrial Plant” IEEE
International Conference on Power Electronics,
Drives and Energy Systems, India, Dec. 2018

[8] A. K. Goswami, C. P. Gupta, and G. K. Singh,
“Assessment of financial losses due to voltage sags in
an indian distribution system,” Third International
Conference on Industrial and Information Systems,
Kharagpur, India, Dec 2008.

Vol 11 Issue 07, Jul 2022

ISSN 2456 - 5083 Page 51



International Journal for Innovative

€ngineering and Management Research
A Peer Revieved Open Access International Journal

[9] Milutin P. Petronijevic, Neboj ~ sa Mitrovi ~ c,
Borislav Jefteni “ ¢ and Vojkan ~ Kostic “Effects of
unsymmetrical voltage sags on adjustable speed
drives ~ torque ripple,” 35th Annual Conference of
IEEE Industrial Electronics, pp. 1128 — 1133, Nov.
2009.

[10] M. Petronijevic, B. Veselic, N. Mitrovic, V.
Kostic and B. Jeftenic, “Comparative study of
unsymmetrical voltage sag effects on adjustable
speed induction motor drives,” IET Electric Power
Applications, Vol. 5, No. 5, pp. 432-442, May 2011.

[11] Vijaya Huchche, Nita Ravindra Patne and Anjali
Junghare, “Computa tion of Energy Loss in An
Induction Motor during UnsymmetricalVoltage Sags-
A Graphical Method,” IEEE Transactions on
Industrial Informatics, Vol. 14, pp. 2023-2030, May
2018.

[12] Anurag Khergade, Shivam Garg, R. J.
Satputaley and Sanghratna Tembhekar, ”Analysis of
Different Types of Voltage Sag and Its Effects on
Adjustable Speed Drive,” IEEE International
Conference on Power Electronics, Drives and Energy
Systems, India, Dec. 2018

[13] P. Jayaprakash, Bhim Singh, D. P. Kothari,
Ambrish Chandra and KamalAl-Haddad, “Control of
Reduced Rating Dynamic Voltage Restorer with
Battery Energy Storage System,” IEEE Transactions
on Industry Applications, Vol. 50, No. 2, April 2014.

[14] Talada Appala Naidu, Sabha Raj Arya and
Rakesh Maurya, “Multiobjective Dynamic Voltage
Restorer With Modified EPLL Control and
Optimized PI-Controller Gains,” IEEE Transactions
On Power Electronics, Vol. 34, No. 3, March 2019.

[15] Manik Pradhan and Mahesh K. Mishra, “Dual P-
Q Theory Based Energy-Optimized Dynamic Voltage
Restorer for Power Quality Improvement in a
Distribution ~ System,” IEEE Transactions On
Industrial Electronics, Vol. 66, No. 4, April 2019.

[16] R. J. Satputaley, V. B. Borghate and Yerra
Anusha “A  New TransistorClamped H-bridge
Topology for DVR with Repetitive Controller, ”
IEEE Conference TENCON 2015 pp. 1-6, 2015.

[17] R. J. Satputaley, V. B. Borghate, Vinod Kumar,
Trinath Kumar “Experimental Investigation of New
Three Phase Five Level Transistor Clamped H-bridge
Inverter, "European Power Electronics and Drives,

www.ijiemr.org

Taylor and Fransis, Vol. 27, Issue 1, pp.12-27, March
2017.

[18] Bin Wu and Mehdi Narimani, “High-power
Converters and AC Drives,” IEEE Press Power
Engineering, 2nd ed., pp. 324, John Wiley and Sons
Ltd, United States, 2017.

Vol 11 Issue 07, Jul 2022

ISSN 2456 - 5083

Page 52



