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ABSTRACT: Voltage sag/swell is one of the most frequent power quality problems affecting power
systems with sensitive loads. The unified power quality conditioner (UPQC) is capable of mitigating
the effect of voltage sag/swell at the load or point of common coupling (PCC). In this paper, a new
UPQC control based on combining the sag detection and voltage injection established on a d-q frame
is proposed. Based on a vector control which can immediately discover all the voltage sag in different
directions, the voltage sag is detected. This method employs the phase-locked loop and positive-negative
sequence to detect the sags and the injected voltage produced by the series converter. The proposed
UPQC is investigated in two case studies, including different sags/swells in the main Bus and forward-
backward sags in the main and load Buses. Also, the proposed control can improve other power quality
phenomena, such as voltage and current harmonics and the power factor in the main Bus . The simulation

results show the accuracy of the proposed method.
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1- Introduction

The term “power quality” (PQ) should be considered by
various aspects of power system behavior. This term includes
disturbances and distortions. The first category consists of
voltage sags/swells which are one of the many power quality
problems related to the industrial process. This issue is defined
as the short-duration reductions in the RMS (root mean
square) supply voltage that can last from a few milliseconds
to a few cycles with typical dip depths ranging from 0.9 to
0.5 per unit (pu) of a 1-p.u nominal. It has been shown that
year on year voltage sags causing extensive disruption to the
industrial process sector in terms of production loss [1,2]
has made them a particularly important area of research. The
second category comprises of voltage and current harmonics
which can change the sinusoidal waveform and affect losses,
electric relays, transformer, etc.

On the other hand, different power systems are becoming
highly vulnerable to different power quality problems because
of an increase in nonlinear and sensitive loads and significant
increase in the penetration level of small/large-scale renewable
energy systems based on wind energy, solar energy, fuel
cell, etc., installed on the distribution and the transmission
levels. Hence, the chance of creating the sag/swell events
can be significantly enhanced. It is interesting to state that
when we talk about maintaining a certain voltage level on a
Bus, generally it is first thought of capacitors and Static Var
Compensators (SVC). However, they only control the voltage
indirectly by altering the system’s effective impedance. To
deal with voltage sags caused by faults in transmission or
distribution systems, the injection of voltage combined
with the supply of active power is necessary. To control the
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power quality regulations, some types of compensation are
generated by means of voltage injection capability at all
power levels. Dynamic voltage regulator (DVR), series active
filter, and unified power quality conditioner (UPQC) fall into
this category [3]. At the distribution level, UPQC is the most
attractive solution to compensate several major power quality
problems. It basically consists of two voltage source inverters
connected back to back using a common dc Bus capacitor [3].
Different sag detection methods are investigated in [4].

So far, different methods have been suggested for the
control of this device [5-10]. One of these methods is the
independent control of the active and reactive power in
which the opposing effects are deleted to improve operation.
To improve the control mechanism of the passage of active
and reactive power and reduce its opposing effect, the d-q
coordinates are proposed for this purpose. Thus, the active
power is independently controlled by the components of the
d axis and the reactive power is independently controlled by
the q axis as well. The deficiency of the applied method is
that the opposing effect of the shunt and series converter is
not taken into consideration [5,6]. Another UPQC control
method is the exact model in which the dynamics of all the
switches are modeled. Since this model requires much time
for simulation, it is not suitable for dynamic studies and low-
frequency fluctuations which might also take 20 seconds
[7,8]. In other types of the models, power compensates the
voltage flicker, current, and voltage harmonics in the power
systems of electric arc furnaces by the use of instantancous
power theory method and the use of active, reactive, and zero
components [9,10].

Some mechanisms demonstrate a control technique for both
shunt and series compensator with sinusoidal references
without the need for harmonic extraction to decrease the
complexity of the reference generation of the UPQC[11]. Also,
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a simplified control technique is presented in [12] for a dual
three-phase topology of a unified power quality conditioner
(AUPQC) to be used in the utility grid connection. The control
scheme is based on an ABC reference frame allowing the use
of classical control theory without the need for coordinate
transformers and digital control implementation.

In general, to protect the sensitive loads from sag/swell
disturbance, DVR is proposed but when different loads
consisting of a nonlinear and sensitive load are fed to a Busbar
(most of the time), the UPQC is proposed to compensate the
harmonics and sag/swell in the main Bus.

In summary, three significant control approaches to UPQC
can be found to control the sag on the system: 1) active power
control approach in which an in-phase voltage is injected
through series inverter; 2) reactive power control approach
in which a quadrature voltage is injected and 3) a minimum
VA loading approach in which a series voltage is injected at
a certain angle. Among the aforementioned three approaches,
the quadrature voltage injection requires a maximum series
injection voltage, whereas the in-phase voltage injection
requires the minimum voltage injection magnitude. In a
minimum VA loading approach, the series inverter voltage is
injected at an optimal angle with respect to the source current.
Besides the series inverter injection, the current drawn by the
shunt inverter to maintain the dc link voltage and the overall
power balance in the network plays an important role in
determining the overall VA loading.

In this paper, a new control method based on the combination
of space vector and d-q coordinates is proposed so that
the series converter of UPQC is utilized for simultaneous
voltage sag/swell compensation and load reactive power
compensation in coordination with shunt inverter. In this
method, at first, the short-term power quality phenomena
are immediately detected and then compensated by the
series converter. In contrast to other methods, the proposed
method can improve the sag/swell in both the load and point
of common coupling (PCC) Bus. Different types of faults
are considered in the power system and the performance of
UPQC is investigated to examine the proposed method. The
simulation results show the accuracy of the proposed UPQC.

2- UPQC OPERATION AND BASIC MODEL

In this figure, Bus 1 represents PCC Bus. This Bus is the high
voltage Bus connected to Bus 2, a medium voltage Bus, by
the TS transformer. In fact, Bus 2 supplies the various loads,
such as domestic industrial load and commercial loads at
distribution and sub-transmission levels. This Bus is then
connected to Bus 3 which in fact supplies the sensitive and
nonlinear loads in medium voltages. The loads of this Bus
are sensitive to voltage sag/swell. For this reason, this Bus
is protected by UPQC so that the voltages sag/swell created
on Bus 2 cannot affect it. It is assumed that voltage sag
measurements at Bus 2 are in accordance with Fig. 2.

By measuring the sags (see Fig. 2), the region in which
the UPQC has to operate can be decided. In general, it is
required to protect the sensitive loads for approximate 85%
of the measured sags. On analyzing the events, while also
considering other parameters (e.g. event frequency and
production losses), one can give the best solution to the
different loads. Until recently, the boost capability has been
defined by using the three-phase or the single-phase sag and
the duration of the sag (e.g. three phase sag 35%, 500ms).

76

Now, with regard to sensitive loads, the requirement changes
according to an area in which the UPQC has to be protected
as shown in Fig. 3. The three- or single-phase capability
and its time duration remain constant and do not define the
required energy. As the energy has been defined now, the
protection area can be increased over a shorter time and the
larger sags can be compensated before the definition point.
This gives the advantage that the UPQC is protecting a much
larger sag area.
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Moreover, the UPQC can protect the voltage sag/swell in a
sensitive load bus, since the voltage and current harmonics
cannot be injected into Bus 2.

Also, in Fig. 1, the LS short circuit inductance is in the PCC
Bus; Tsh and Tse transformers connect the shunt converter
and UPQC series converter to Bus 2, respectively. The
function of the shunt converter is to provide the real power
requested by the series converter in the common DC link so
that it supports the exchange of real power resulting from the
injection of the series voltage. The switches applied to each
one of the converters include 6 IGBT. Of the reasons for the
use of IGBT, one can refer to high switching speed and no
need for commutation circuits.

The basic idea of the series converter of UPQC is to inject a
dynamically controlled voltage, i.e.Vse or Vinj., generated by a
forced-commutated converter in series, to Bus 2 by means of a
booster transformer, e.g. Tse (Fig. 1). The momentary amplitude
of'the three injected phase voltages is controlled so as to eliminate
any detrimental effects of a Bus fault on the load voltage of
Bus 3. This means that any differential voltages caused by
transient disturbances in the ac feeder will be compensated by an
equivalent voltage generated by the converter and injected into
the medium voltage level through Tse.

Most of the time, the series converter is virtual and monitors
the Bus voltage, i.e. it does not inject any voltage (VSe =0)
independently of the load current. Therefore, it is suggested
that particular focus be turned to the losses of the series
converter during regular standby operations. These losses
include transformer impedance and semiconductor device
losses. The booster transformer’s low voltage winding is
shorted through the converter in the UPQC’s standby mode
as shown in Fig. 4-a. In this mode, the switching of IGBT
does not take place, because the individual legs are triggered
so as to establish a short-circuit path for the connection of
transformer; in this state, this transformer resembles a shorted-
current transformer. Therefore, only the comparatively low-
conduction losses of the semiconductors in this current loop
contribute to the losses.

As shown in Fig. 4-b, when a fault occurs in Bus 2, the series
transformer injects a boost voltage to compensate the voltage
sag in Bus 3. In this mode, it is important to control the
switching of IGBTs.

As mentioned above, it is first necessary to detect voltage
sag/swell in Bus 2 or Bus 3 and compensate for all of them
by a series converter.

3- Proposed Control of UPQC

The control of UPQC has two parts, including shunt
compensator and series compensator. So far, different
methods have been proposed for UPQC control [6,12].

In [11,12], UPQC has two parts, including series and parallel
active power (AF). The series AF has a current loop to ensure
a sinusoidal grid current synchronized with the grid voltage.
The parallel AF has a voltage loop to ensure a balanced
regulated load voltage with a low harmonic distortion. These
control loops are independent of each other since they act
independently in each active filter. The dc link voltage control
is made in series AF where the voltage loop determines the
amplitude reference for the current loop in the same mode of
the power factor converter control schemes.

The control of the shunt compensator is based on [ 7]. Drawing
on Fig. 1, vjSh representing vaSh, vbSh, and vcSh voltages
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in different phases is shunt at the entry of the converter. Also,
vdc is the DC link voltage and ijSh represents iaSh, ibSh, and
icSh currents in phases a, b, and ¢ of the shunt converter exit.
On the other hand, ijB2 and vjB2 represent the currents and the
three-phase voltages at Bus 2. Based on these explanations,
the differential equations relevant to shunt converter can be
written as follows:

d . ) .
LSh;ljSh:’jB 2—Rsp i jSh—V jSh Jj=a,b,c (1)
d c
Co Evdc :,Z:,;f/ Lisn @)

where Cdc and vdc are the capacitor and the voltage in the
DC link, and RjSh and LjSh are the resistance and series
inductance with shunt converter, respectively. fj is the
switching function for a, b, and ¢ phases with values of 0,
+1/3 and +£2/3 [7].

The d-q frame-based method is proposed for the control of
shunt compensator of UPQC. In this method, different power
system equations are transferred from synchronous reference
dqO frame to d and q axes by:

X g0 =T3l°X (€)

where7°is the matrix for converting abc coordinates to dq0

abe
cosé cos(@—z—ﬂ] cos(@—z—ﬂ]
3 3

T4 =Z| _sin@

P 2 - Sin[ﬁfz—”) sin[0+2—”
3 3 3

1 1 1
2 2 2

dq0

4)

According to Eq. (3), this matrix is calculated by sinusoidal
and cosine functions obtained by a phase-locked loop (PLL)
from the power system. Also, X matrix can be voltage,
current, switching functions, and other parameters of the
power system. Therefore, by converting all equations of the
power system, the shunt compensator can be designed as
shown in Fig. 5 (for more details see [7])

In [7], the main aim of UPQC control is focused on shunt
compensator, however, in this paper, the control of series
compensator is the main purpose of UPQC control so that
the voltage sag/swell is compensated by UPQC in different
conditions.

3- 1- The Proposed Control of Series Compensator

The proposed vector control topology is depicted in Fig. 6-a.
This method is based on sag detection and voltage injection.
The first part uses the vector control whose principle computes
an injection vector at any instant of time as illustrated in Fig.
6-b. UPQC can protect all of the load in Bus 2 (Fig. 1) against
any phase shift that might occur in a manner that all types of
voltage sags can be compensated.

The core of this method is the phase-locked loop (PLL) which
locks a synchronous reference frame (d—q) to the positive-
sequence component of the supply. The angle theta used by
the synchronous reference frame is also employed to generate
a reference vector. The difference between the supply and the
reference vector produces an injected voltage vector that can
be used by the second part of the series converter controller to
produce the pulse patterns used to control the inverter.

As mentioned earlier, the first part of control in this section



M. Torabian Esfahani and B. Vahidi, AUT J. Model. Simul.

detects the voltage sag. This is done by calculating >+,

L 49(1)(2017)75-84, DOI: 10.22060/miscj.2016.843

. . 1 -1/2 -1/2
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Regarding Fig. 5-b, if the sag is not accompanied by any Hence, initially,
phase shift, then the following expression is true: , V. = 6;(12 s )
V=V, =Wiev: . v,=0 7 ;
3 10
o V. |=V.|=. =[ 2] v, (10)
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This is the easiest kind of voltage sag in terms of detection
and control where calculating either V or 2+ 2> will
return to the state of the supply at any instant of time and hence
detects whether a sag has taken place . If the balanced sag
is accompanied by a balanced phase jump, then Eq. (7) is no
longer valid, because the PLL has to first track the new angle.
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LV (0)=2V, =2V, +120° = LV, +230°

Calculating V will return the sag depth while monitoring and
manipulating v, will return the initial phase jump information.

Whether the unbalanced sag brings about the capability
for this method to return the information with regard to the
individual supply phases is compromised.
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The supply as seen in both the fixed “a-B”” and the synchronous
d-q frames may at any instant of time appear to be similar
to the vector plot in Fig. 6-b when an unbalanced voltage
sag occurs. The unbalanced supply now includes both the
negative and positive sequence data. The space vector VS
now contains an oscillation with a base frequency of 100 Hz,
and when viewed in a synchronous d-q frame locked onto
fixed velocity vector (positive sequence) appears as a pure
100 Hz oscillation in the d and q components [4].

The Synchronous frame components, i.e. Vi and V oscillate
with a frequency of 100 Hz as a result of the unbalanced fault
or negative sequence which means it can take up to half a
cycle before a minimum Vd value is reached. Unlike the case
of a balanced fault, there is no direct relationship between
the values of Vi and Vg at any instant and the magnitudes of
the individual main Bus phases; many different values of the
main Bus voltage can give the same Vq and V4 values. An
advantage of this method is the relative ease at which it can be
implemented within a practical real-time control system [5].
Now, the second part of the series converter control system
calculates the voltage reference values injected through the
series converter. Since the system voltage is sinusoidal, the
sinusoidal voltage control strategy is proposed for the control
of UPQC series section. In this part, the UPQC series section
is controlled in a way that it compensates all the voltage
disturbances so that the voltage of the two ends of the load
remains as a balanced three-phase sinusoidal voltage. For
this purpose, the simultaneous reference frame theory is
employed. The desired value of the line phase voltage in d
and q axes replace low- and high-pass filters in this method.
The line voltage in this state is totally sinusoidal with
approximately fixed amplitude and frequency. The desired
voltage expected by the line is as follows:

Vm
Vo =T Vi =| 0 )
0
In the following equation, v’ is equal to:
V., cos(at +6)
Ve =V, cos(ax + H—ZT”) 13)

v, cos(at +6+ %T)

Where V is the desired voltage peak value for the line and is
the voltage phase angle calculated by PLL. By reducing the
desired value of the phase voltage of the d axis (V'Ls) from
network voltage (Vsa), all the disturbances in the d axis are
obtained .The desired value for the line phase voltage in the
q axis is equal to zero. In other words, Vsq expresses all the
disturbances in the q axis. Therefore, the series compensation

(14)

# *

VSedq 0 Vqu 0 _Vqu 0

reference voltage is obtained from equation (14).
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Fig. 7. Proposed control procedure
In this way, by generating each disturbance in the power
system, the effects of that disturbance is generated in the
DC link by the series converter, and the DC link voltage is
also controlled by the series converter and its disturbance is
omitted.

4- Simulation Result

Regarding Fig. 1, the voltage level of the power system is
medium and equal to 63 kV. Other parameters are given in
[7]. In this section, two case studies are investigated. In the
first, the proposed control system is analyzed in different
conditions and in the second, the operation of UPQC in the
forward and backward faults on Bus 2 is compared.

To perform an analytical comparison between the proposed
method and other methods, two methods are investigated and
results are compared with the proposed method. The first and
the second method are based on [3] and [11], respectively.
These methods are presented for sag compensating.

Case study 1

To show the voltage sag phenomenon in phase over time
durations of 0.5, 0.7, and 0.8 seconds, the single-phase
faults happens for 60 milliseconds apiece. Also, to show the
phenomenon of voltage swell, a large capacitor bank in 0.35
to 0.41 seconds is connected to phase a. To study the power
quality indices in the other two phases in the designed three-
phase transmission system, the phenomenon of voltage sag
at instants of 0.35 and 0.5 seconds each for 60 milliseconds
and at the instant of 0.65 seconds for 80 milliseconds, the
single-phase fault to the ground takes place first in phase b.
The intensity of this fault is considered different and at the
instant of 0.65 seconds the intensity of this fault is very high
and considered to be at the rate of voltage cutoff so as to
better observe the effect of UPQC. Then, at instants of 0.5
and 0.65 seconds each, single-phase ground connection takes
place for 60 milliseconds in phase c. Then, from the instant
of 0.75 to 0.38 seconds, a large capacitor bank (to indicate
voltage swell) is connected to this phase. The effects of these
phenomena on the three-phase voltages of Bus 2 and Bus 3
are shown in Fig. 8.
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Fig. 8. the sag/swell voltage effect on Buses 2 and 3: a- phase a
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Fig. 9 shows the curve for voltage changes injected into Bus
3 in three phases by placing UPQC in the sun-transmission
system between Bus 2 and Bus 3. Also, the three-phase
voltages of the power system with UPQC connection to Bus
3 are depicted in Fig. 10.

By observing the recent curves, it is realized that UPQC
has been able to improve the network voltage very well. On
the other hand, the curve for the three-phase voltage profile
changes before and after the presence of UPQC in bus 2 in
different methods is depicted in Fig. 11.

By observing the recent curves, it is realized that UPQC
has been able to improve the network voltage very well, in
special in proposed method. Also, compensation of sag/swell
in the proposed method in is very better than other methods as
indicated in this figure. On the other hand, the current changes
in bus 3 and in different phases of this bus before and after
the presence of UPQC compensator are depicted in Fig. 12.
With regard to Fig. 12, it is observed that the current changes
are reduced in the presence of the compensator at instants
of error generation which is of great importance for the
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Fig. 9. The changes of injected voltages into the power
system in bus 3: a- phase a b-phase b c- phase ¢

improvement of the power system operation and design of
protection relays.

As previously mentioned, the control of the DC capacitor
voltage is one of the most important units of control system.
Fig. 13 depicts the DC link capacitor voltage changes in
different methods.

With regard to Fig. 13 it is observed that the variations of
the capacitor voltage changes in proposed method very well
in accordance with the system voltage variations and is able
to follow it well. Also, the speed performance of DC link is
better than other methods.

Fig. 14 shows the different parameters of electric power
in bus 3. In this direction, Fig. 14-a shows the curve of the
changes of the active and reactive power injected into the
power system in bus 2. Fig. 14-b also shows the curve of
the changes of power factor in this bus before and after the
connection of UPQC.

With regard to Fig. 14, it is understood that the designed
UPQC results in the improvement of the power factor in
the bus 3 of the transferred system by injecting the required
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Fig. 14. The electric power changes in bus 3 at phase a
a- changes of the active and reactive power injected into this bus
b- power factor changes in this bus before and after the
presence of UPQC
compensator on the improvement of the harmonics of power
system. In this direction, Table I shows the voltage harmonics,
current, and total harmonic distortion (THD) voltage and
current before and after the presence of compensator when
all loads in the power system (shown in Fig. 1) is existed.
The harmonic values in this table are based on the harmonics
generated during the error time in each transmission system
phase. It should be noted that the values provided in tables
I is based on the maximum value of each parameter during
simulation time.
Table I. The values of voltage and current harmonics and THD
voltage and current in

a-Phase (% of Fundamental)

Order Without With Without With
Harmonic | UPQC UPQC UPQC UPQC

Va Va la la

2 7.3 2.0 9.1 0.8

3 9.1 2.9 14.2 1.9

4 5.1 2.1 9.3 2.1

5 12 2.4 19.4 1.8

6 3.5 1.9 2 1.2

7 10.3 2.9 16.3 2.1

9 5.5 1.9 15.1 1.5

11 44 1.8 11.2 0.8

13 3.1 1.9 10.4 0.6

THD v 10.6 2.9
THD i 31.5 5.2

With regard to simulation results obtained in this section, it
is observed that the UPQC enjoys the capability of absorbing
the harmonic in the system in all the instants. This controller
also improves the total harmonic distortion in the system.
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Fig. 15. a- the forward voltage sag on bus 3 b- voltage changes
on bus 3 c- voltage profile on bus 2 and bus 3

Case study 2

In this case study, the performance of UPQC is analyzed in
both forward and backward sags. The forward sags are defined
by creating sag in bus 2 and backward sage is occurred on
bus 3. Fig. 15-a shows the effect of forward voltage sag on
bus 2. The proposed UPQC immediately improve this voltage
change that is shown in Fig. 15-b. the voltage profile on bus
2 and bus 3 is indicated in Fig. 15- c.

When voltage sag is occurred on bus 3 this changes is defined
as backward voltage sag which is shown in Fig. 16-a. the
UPQC performance and the voltage profile are illustrated in
Figs. 16-b and 16-c respectively.

5- Conclusion

In this paper, a new control system was presented for the UPQC
devices. This control strategy based on the sag detection and
simultaneous reference frame for the separation of different
parameters of the power system can improve different sags in
different case studies, including forward and backward sags.
This compensator can enhance all power quality phenomena
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Fig. 16. a- the backward Voltage sag on bus 2 b- voltage
changes on bus 2 c- voltage profile on bus 2 and bus 3
such as harmonics (Table 1), different sag/swells in the
worst conditions (Fig. 8), and power factor (Fig. 14-b). The
advantages of proposed control are as follows:
1- Immediate detection of sag/swell voltage in PCC and load Bus.
2- Stability of DC link voltage in the worst condition as sags
with 95% depth.
3- Improvement of the voltage and current harmonics and
power factor in the PCC Bus.
4- The simplicity of the proposed control to implement the
UPQC in actual power systems.
The comparison between the proposed method and other
similar methods can grant the high-performance speed with
a minimum error of the proposed UPQC.
The most important advantage of proposed UPQC is
simultaneously compensation current/voltage harmonics and
voltage sags.
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