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Voltage Sag Compensation Using Two Three-Phase
Voltage-Fed PWM Converters

Y. Sillapawicharn, Y. Kumsuwan
Department of Electrical Engineering, Faculty of Engineering, Chiang Mai University, Chiang Mai, 50202 Thailand

Abstract-Voltage sag compensation using two three-phase voltage-
fed PWM converters is presented. This is new approach to
mitigate the voltage sags without using special energy storage
devices or power transformers. In the normal incident, the load is
fed the power from utility supply via main static transfer switch.
When voltage sag is occurred, the main static transfer switch is
opened and the auxiliary static transfer switch is closed
respectively to feed the power from two three-phase voltage-fed
PWM converters into the load instead of faulted utility supply.

he operation under 4 conditions of voltage sag of 7.5-kW voltage

‘sag compensator using two three-phase voltage-fed PWM

converters is verified by simulation using MATLAB/Simulink. It
can be seen that the load received continuous power during
voltage sags, the transition from utility supply to two three-phase
voltage-fed PWM converters is almost seamless, and the
synchrony between utility supply and two three-phase voltage-fed
PWM converters is correct. Moreover, utility supply current is
kept to be sine wave during sag occurrences and line power factor
is also maintained nearly unity.

I. INTRODUCTION

Of all known power quality problems, voltage sag is one of
the major factors that affect the quality of power supply which
accurs in a power system. Several studies report that 92% of all
disturbances in electrical power distribution systems are due to
voltage sags [1]. It has a significant influence on high-
technology equipment related to communication, advanced
control, automation, precise manufacturing techniques, and on-
line service. These disturbances can cause equipment to fail, or

_shut down, which could produce huge losses to the customers.

') Nowadays, several ideas have been reported on the
mitigation of voltage sags. Some approaches using dynamic
voltage restorer by means of energy storage devices and power
transformers [2]. Some approaches using boost or buck-boost
converters incorporate with inverter [3], this approaches
introduced the input current distortion during voltage sags.
Some approaches using interphase AC-AC topology by means
of AC choppers and isolation transformers [4]. A conventional
three-phase voltage sag compensator consists of a three-phase
full-bridge rectifier, a boost converter, a three-phase PWM
inverter. The rectifier and the boost convert the input voltage
sag into the dc-link voltage with PWM strategy. On the other
hand, the inverter converts the de-link voltage into the output
voltage with PWM strategy. Therefore, the regulated
sinusoidal output voltage can be achieved. The set of
AC/DC/AC converters is operated when sag of the input
voltage occurs. For proper operation of the bypass circuit, the

input voltage is in the normal condition, the critical load is
connected to the utility supply via the main static transfer
switch (STS). When the voltage sags occur, the main STS are
opened and the auxiliary STS are closed. The inverter delivers
power to the critical load [3]. However, the drawback of this
circuit topology caused by the boost converter. In practice, it is
difficult to design a boost converter with high step-up gain due
to the equivalent series resistance element that cause poor
efficiency and degraded voltage gain.

This paper proposes voltage sag compensation using
three-phase voltage-fed PWM converters to mitigate the
voltage sag. The proposed voltage sag compensator draws the
power from utility supply and feed the power to load during
voltage sags occurrences. Its advantages are not needed special
energy storage devices or transformers likes several method
[2]-[4], ability to compensate deep and long-duration voltage
sags, low total harmonic distortion of the input currents, and
high input power factor.

II.  PRINCIPLES OF OPERATION

Fig. 1 shows the circuit schematic of the voltage sag

compensator with two three-phase voltage-fed PWM converter.

It consists of two static transfer switches, two three-phase
voltage-fed PWM converters, and output LC filters. Two three-
phase voltage-fed PWM converters can be easily considered to
be AC/DC/AC converter with wide range input voltage. It also
can be noted that two three-phase voltage-fed PWM converters
are consisted of supply-side converter and the load-si
converter. Supply-side converter is performing a volta
rectification from the AC utility supply voltage to constant dc-
link voltage. While the load-side converter is performing a
voltage inversion from constant de-link voltage to the AC load
voltage. It can be considered that supply-side converter is a
major part of the proposed voltage sag compensator since dc-
link voltage must be kept constant regardless of varying utility
supply voltages. This is such a simple system because load-
side converter is controlled by means of open loop scheme,
only supply-side converter is controlled by means of closed
loop control scheme i.e. vector control scheme that provide
low total harmonic distortion of the input currents and high
input power factor.

In the normal incident, the utility supply directly feeds the
power to load via main static transfer switch. Whenever the
voltage sags occur, the main static transfer switch is opened to
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Fig. 1. Configuration of the proposed voltage sag compensation using two
three-phase voltage-fed PWM converters,
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disconnect load from the utility supply and then auxiliary static

transfer switch is closed to connect between the load-side

converter and load. It can be noted that in this incident, the

. load is fed the power from the load-side converter instead of

)f‘aulted utility supply during voltage sag occurrences. The load

‘ is then fed the power with no interruption and continuous
operation is available,

1. CONTROL METHOD

A. Control strategy of supply-side converter.

Vs
- " %
4 P | pr
V. . ; "
d far—¥ e b e Vir i s 8
e , " Vel svM [ p5,
| i—o_ 4 w,L abe Ve 5.
Vs ghe 8, 1;, Ul 8‘
Upg—H , Ugy Pl %
Vpg— PLL Ve t-l'..

Fig. 2. Control strategy of supply-side converter.

As show in Fig. 2, the control scheme of supply-side
converter contains internal current regulation loops and
external dc-link voltage control loop. The objective of supply-
side converter is to keep the dc-link voltage constant regardless

~—of the variation of the utility supply voltages. To obtain this
.Mose, a vector control is adopted. The utility supply
voltages can be expressed as follows:

v %, i, |
as : d ) ar
Uge :Rh%a+LaEz[rs+vk' (1)
v, i, i, |v

where v_,u,,v, are the utility supply phase voltages,
v,,:,,Y, are the converter phase voltages, T, %, %, are the
utility supply phase currents, R, and L, are the utility supply
inductor and resistor, respectively. Having the abe-dg
transformation [5], the utility supply voltage in the dg
reference frame equations are obtained.

vy, iy, d [% 0 —wl][, U,
=Rt el . o fhe y
Uy *i, * dt T * w,L, 0 Ty L 2

where UiV, are the d—gq axis utility supply voltages,
Yyt are the d — g axis converter voltages, %,,,1,, are the
d — g axis utility supply currents. From (2), it can be seen that

the d—gq axis voltages are cross coupled by terms
of—w,Li, andw,L, , respectively.

The utility supply voltage angle has to be determined. By
definition, the utility supply voltage angle as follow:

sl
0= fwedz =tan ’;ﬁ, (3)

where v, v, are the o — 3 axis utility supply voltages, w, is
the utility supply angular frequency,w, = 27f , and 0, is the
utility supply voltage vector position. The angular position can
be also obtained from Phase Locked Loop (PLL).

The dc power has to be equal to the active power flowing
between the utility grid and the dc-link inverter. Thus,

3
Vi, = ‘z'ﬂd,im (4)
av,
J— = —
o 1 (5)

where V,, is the de-link voltage, i, is the current between the
de-link and the utility supply, 1, is the current between the dc-
link and the critical load, and C' is the dc-link capacitor.

B. Control strategy of load-side converter.
For the simple structure, the open loop scheme is applied to
load-side converter as shown in Fig. 3. When Vs is a load

voltage command, while V,.1s set to zero and the angular

position is obtained from supply-side converter control
scheme. It can be seen that if dc-link voltage is constant value
then the constant AC load voltage can be also achieved.
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Fig. 3. Control strategy of the load-side converter.

C. Voltage sags detection method.

Voltage sags detection method in this paper is based on the
abe-dgq transformation due to its advantages [3]. This abe-dg
transformation gives dc quantities proportion to ac quantities of
the utility supply which no delays.
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Fig, 4. abc-dg transformation based voltage sags detection.
From Fig. 4V, = Ju,* + v’ , this voltage varies with the
utility supply voltage then the voltage sags can be detected
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from value of V. The amplitude of V, is compared to the
reference voltage V, , and it is then filtered by first order low-
pass filter. The low-pass filter output e is compared to a
voltage-variation tolerance limit (10% of V). The

comparator output is a transfer signal, which starts a transfer
process when the utility supply fails.

IV. SIMULATION RESULTS

The proposed control system for the voltage sag
compensator is investigated in this section via computer
simulations using MATLAB/Simulink simulation program, as
shown in Fig. 1. The system parameters of the test setup are
given in TABLE 1. The load in this case is a series R-L branch.

TABLE I SIMULATION SETUP PARAMETERS

R-L Load 7.5kW
Supply-side converter input ind Ly 10 mH
3 Supply-side converter input resistor, R, 0.1m0
) Dok pacitor, C 4,700 F
_ Supply-side converter switching frequency 2kHz
Load-side converter output inductor, L, 4 mH
Load-side itching frequency 2 kHz
Utility supply phase voltage 220 Vrms, 50 Hz
De-link voltage set point 600 V

Fig. 6-9, show simulation results for the utility supply
voltage, load voltage, and dc-link voltage, respectively. All
cases of voltage sags have the 200 ms or 10T sag duration,

In Fig. 6, the case of a 75% single-phase voltage sag, only
one utility supply voltage will be affected and two utility
supply voltages remain undisturbed. In this case, at the
inception of the voltage sag entry, the dc-link voltage is less
dropped than other cases. While in the case of a 75% two-
phase voltage sag, only one utility supply voltage remains
undisturbed and two utility supply voltages will be affected
and the dc-link voltage at the inception of the voltage sag entry
is more dropped than single-phase voltage sag, as shown in
Fig. 7.
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(a) The utility supply phase voltages for a single-phase voltage sag, (b) The
load phase voltages, and (c) The de-link voltage.
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Fig. 7 Simulation results for a 75% two-phase voltage sag, At = 107".
(a) The utility supply phase voltages for a single-phase voltage sag and (b) The

load phase voltages and (c) The dc-link voltage.

it

T TR

(b)

1 i i i i i 1 P
=] (r 052 004 060 L3 L& ] omn L) 0.7 L] LY
Time(S)

FEEEE

(c)

Fig. & Simulation results for a 75%-50%-25% unbalance three-phase voltage
sag, At = 107". (a) The utility supply phase voltages for a single-phase

voltage sag, (b) The load phase voltages, and (c) The de-link voltage,
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Fig. 9 Simulation results for a 75% balance three-phase voliage sag,
Fig. 6 Simulation results for a 75% single-phase voltage sag, At = 107". At =10T". (a) The utility supply phase voltages, (b) The load phase

voltages, and (c) The dc-link voltage.




Fig. 8 shows the case of a 75%-50%-25% unbalance three-
phase voltage sag, all of three utility supply voltages will be
affected but different depth of the sag. In this case, the de-link
voltage is slightly more dropped than two-phase voltage sag.
In Fig. 9 shows the case of a 75% balance three-phase voltage
sag, all of three utility supply voltages will be affected in the
same depth of the sag and the dc-link voltage is the most
dropped than other cases. It can be noted that all the case of
voltage sags, load voltage is regulated during voltage sag by
keeping the dec-link voltage regulated using vector control
scheme applied to the supply-side converter.

Load voltage waveforms in all cases of voltage sags
illustrates that load is seeing an almost seamless transition
from the utility supply to load-side converter and then back to
the utility supply when the voltage sag is end. In addition, it
can be seen that the synchrony between both sources is correct.

Fig.10 shows simulation results for balance three-phase
voltage sag operation condition. Fig. 10(a) shows the
waveform of the utility supply voltages and utility supply
currents, for a balance 75% three-phase voltage sag when sag
duration is At = 10T'. Fig. 10(b) shows the extended view of
utility supply voltages and utility supply currents in the same
condition, it can be seen that the compensation method is
keeping the line power factor to nearly unity, low harmonic
pollution. Additional, the total harmonic distortion of the
current (THDi) under proposed is about 1.24% of the
fundamental current.

Simulation results for verifying load voltage generation
during balance three-phase voltage sag condition are shown in
Fig. 11. Fig. 11(a) shows the waveform of load voltages, for a
75% balance three-phase voltage sag when sag duration

is At = 10T . Fig. 11(b) shows the extended view of load
voltages in the same condition, it can be noted that load voltage
under voltage sag duration is almost sine wave, the total
harmonic distortion of load voltage (THDv) is about 1.26% of
the fundamental voltage.
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Fig. 10 Simulation results for verifying power factor correction operation, (a)
The utility supply phase voltages and utility supply phase currents, a 75%
three-phase voltage sag, At = 107 . (b) Extended view of the utility supply
phase voltages and utility supply phase currents, 75% three-phase voltage sag,
A =32T",

Fig. 11 Simulation results for verifying load voltage generation during voltage
sag.  (a) The load voltages, 75% balance three-phase voltage sag,
At = 10T (b) Extended view of The load voltages, 75% balance three-
phase voltage sag, At = 27" .

V. CONCLUSION

In this paper, a new type of voltage sag compensation using
two three-phase PWM converters have been proposed to
mitigate voltage sag. This voltage sag compensator has many
advantages such as no bulk storage devices, ability to
compensate up to 75% of various voltage sags, low total
harmonic distortion of the utility supply current and load
voltage, and high input power factor. The simulation results are
shown that the proposed voltage sag compensator can provides
continuous power to load under 4 conditions of voltage sag.
The output of voltage sag compensator is synchronized with
the utility supply voltage, and it is regulated by keeping the de-
link voltage regulated via vector control scheme that applied to
the supply-side converter. The simulation results are also
shown that during sag, the utility supply currents have low
total harmonic distortion and the input power factor is
maintained to be nearly unity which caused the less power
quality problem.
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ABSTRACT

Voltage sag compensation using two three-phase voltage fed PWM converters is presented. This is new approach to mitigate the voltage sags without
using special energy storage devices or power transformers. In the normal incident, the load is fed the power from utility supply via main static

transfer switch. When voltage sag is occurred, the main static transfer switch is opened and the auxiliary static transfer switch is closed respectively o
to feed the power from two three-phase voltage-fed PWM converters into the load instead of faulted utility supply. The operation under 4 conditions

of voltage sag of 7.5-kW voltage sag compensator using two three-phase voltage-fed PWM converters is verified by simulation using

MATLAB/Simulink. It can be seen that the load received continuous power during voltage sags, the transition from utility supply to two three-phase
voltage-fed PWM converters is almost seamless, and the synchrony between utility supply and two three-phase voltage-fed PWM converters is

correct. Moreover, utility supply current is kept to be sine wave during sag occurrences and line power factor is also maintained nearly unity.
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