Chapter 4

Unified Power Quality Conditioner (UPQC)

The aim of a unified power quality conditioner (UPQC) that consists of series active and
shunt active filters is to compensate for supply voltage flicker/imbalance, reactive power,
negative sequence current and harmonics. In other words, the UPQC has the capability of
improving power quality at the point of installation on power distribution systems or
industrial power systems. The UPQC, therefore, is expected to be one of the most
powerful solutions to large capacity loads sensitive to supply voltage flicker/imbalance.
The UPQC can be divided into two parts i.e. general UPQC, for power distribution
systems and industrial power systems; and specific UPQC for a supply voltage
flicker/imbalance sensitive load, which is installed by electric power consumers on their
own premises. In UPQC the series active power filter eliminates supply voltage
flicker/imbalance from the load terminal voltage and forces an existing shunt passive
filter to absorb all the current harmonics produced by a nonlinear load. Elimination of
supply voltage flicker, however, is accompanied by low frequency fluctuation of active
power flowing into or out of series active filter. The shunt active filter performs dc link

voltage regulation, thus leading to a significant reduction of capacity of dc link capacitor.

As the name suggests, the series-shunt active filter is a combination of series active filter
and shunt active filter. The topology is shown in Fig 1.5. The shunt-active filter is located
at the load side and can be used to compensate for the load harmonics. On the other hand,
the series portion is at the source side and can act as a harmonic blocking filter. This
topology is called as Unified Power Quality Conditioner. The series portion compensates
for supply voltage harmonics and voltage unbalances, acts as a harmonic blocking filter
and damps power system oscillations. The shunt portion compensates load current

harmonics, reactive power and load current unbalances. In addition, it regulates the dc
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link capacitor voltage. The power supplied or absorbed by the shunt portion is the power

required by the series compensator and the power required to cover losses [39].
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Fig 4.1 Unified Power Quality Conditioner Topology

4.1 Basic Configuration of UPQC
Fig 4.2 shows the basic configuration of a general UPQC consisting of the combination

of a series active and shunt active filter.
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Fig 4.2 General UPQC

The main purpose of the series active filter is harmonic isolation between a sub
transmission system and a distribution system. In addition the series active filter has the

capability of voltage flicker/imbalance compensation as well as voltage regulation and
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harmonic compensation at the utility-consumer point of common coupling (PCC). The
main purpose of the shunt active filter is to absorb current harmonics, compensate for
reactive power and negative sequence current, and regulate the dc link voltage between
both active filters [40-41]. ‘

4.2  Specific UPQC
Fig 4.2 shows the configuration of a specific UPQC. The aim of specific UPQC is not

only to compensate for the current harmonics, but also to eliminate the voltage

flicker/imbalance contained in the receiving terminal voltage Vy from the load terminal

voltage Vi
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Unified Power Quality Conditioner
Fig 4.3 Specific UPQC

The receiving terminal in fig 4.3 is often corresponding to the utility-consumer point of
common coupling in high power applications. The operation of series active filter greatly
forces all the current harmonics produced by the load into an existing shunt passive filter.
It also has the capability of damping series/parallel resonance between the supply
impedance and the shunt passive filter. The shunt active filter is connected in parallel to
the supply by the step up transformer. The only objective of the shunt active filter is to
regulate the dc link voltage between both active filters. Thus, the dc link is kept at a
constant voltage even when a large amount of active power is flowing into or out of the

series active filter during the flicker compensation. Although the shunt active filter has
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the capability of reactive power compensation, the shunt active filter in fig 4.2 provides
no reactive power compensation in order to achieve the minimum required rating of the
shunt active filter. There is noticeable difference in the installation point of shunt active
filters of figures 4.1 and 4.2. The reason is as follows: In fig 4.1, the shunt active filter
compensates for all the current harmonics produced by nonlinear loads downstream of
the PCC. Therefore, it should be connected downstream of the series active filter acting
as a high resistor for harmonic frequencies. In fig 4.2, the shunt active filter draws or .
injects the active péwer fluctuating at a low frequency from or into the supply, while the
existing shunt passive filter absorbs the current harmonics. To avoid the interference
between the shunt active and passivé filters, the shunt active filter should be connected

upstream of the series active filter.

4.3 Mathematical Modeling of UPQC

In this study, the power supply is assumed to be a three-phase, three-wire system. The
two active filters are composed of two 3-leg voltage source inverters (VSI). Functionally,
the series filter is used to compensate for the voltage distortions while the shunt filter is
needed to provide reactive power and counteract the harmonic current injected by the
load. Also, the voltage of the DC link capacitor is controlled to a desired value by the
shunt active filter. There can be negative and zero sequence components in the supply
when a voltage disturbance occurs. The DC link capacitor bank is divided into two
groups connected in series. The neutrals of the secondary of both transformers are.
directly connected to the dc link midpoint. In this way, as the connection of both three-
', phase transformers is Y/Yo, zero sequence voltage appears in the primary winding of the
series connected transformer in order to compensate for the zero sequence voltage of the
supply system. No zero sequence current flows in the primary side of both transformers.
It ensures the system current to be balanced when the voltage disturbance occurs.
Assuming that the load is non-linear, the power system model considered can be divided
into following units: the power supply system, series active filter and shunt active filter.
These constituent members of the UPQC are modeled separately in this section. First

consider the power supply system. By Kirchhoff’s law:
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Vif = i~ Ls

(“4.1)

1is = 1iL ~ 1ih 4.2)

Where, subscript i refers to a, b and ¢ phases in the power system; Ls and R are the
inductance and resistance of the transmission line; ¢; is source voltage; vy, is the output
voltage of the series active filter; i; is the line current; i;, is the load current and i; is the
output current of the shunt of the shunt active filter respectively.

For the series active filter,

vin = L %l—;-s- + Ruiis +diiver + (1 - dii)ve (4.3)

Where, L) and R are the leakage inductance and resistance of the series transformer, v;
and vy are the voltages of dc link capacitors; dj; is the switch duty ratio of the series
active filter. Without loss of generality, the turn’s ratio of the transformer is assumed to
be unity.

For shunt active filter:

Lz%l—?—R iy ~vip dyvy + (1 -dy) v, (4.4)

Where L; and R, are the leakage inductance and resistance of the shunt-connected
transformer, dy; is the switch duty ratio of the shunt active filter. The turn’s ratio of this
transformer is also assumed to be unity.

The two dc bus capacitor voltages can be described by the equations (5) and (6):

dva N_jg_,__( > duiiis- ). daiiin)

dt Ct €1 joppe i=a,be
(4.5)
chz icz
—_—l =l = —-—-[ (l dlx)lxs - (1 de)lxh]
dt C2 l..a,zb c 1=§b; c
(4.6)
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44 Proposed UPQC Operating Principle

Distorted voltages in a 3-phase system may contain negative phase sequence, zero phase
sequence as well as harmonic components. The voltage of phase "a" can be expressed as,
in general:

Va = Vipa T Vina + Viat Z Viesin(kwt + Gxa) @7

Where, vip, is the fundamental frequency’s positive sequence component while v;,,, and

Viea 18 the negative and zero sequence components. The last term of equation

4.7, Z Viesin(kwt + Oxa) represents the harmonics in the voltage. In order for the

voltage at the load terminal to be perfectly sinusoidai and balanced, the output voltages of

the series active filter should be:
Vah = Vina + Vieat Y, Viasin(kwt + Oia) (4.8)

In a later section, it will be shown how the series active filter can be desi gned to operate
as a controlled voltage source whose output voltage would be automatically controlled
according to equation (4.8). The shunt active filter performs the following functions:

a) To provide compensation of the load harmonic currents to reduce voltage distortions

b) To provide load reactive power demand

¢) To maintain the DC-link voltage to a desired level.

To perform the first two functions, the shunt active filter acts as a controlled current
source and its output current should include harmonic, reactive and negative phase
sequence components in order to compensate these quantities in the load current. In other
words, if the load current of phase "a" is expressed as:

iaL = Iipm cos(wt-01) +lapn + Y larx

= I1pm cOS®t COSO 1+ 1pmsint sin 01+ Lan + 2l (4.9)
It is clear that the current output of the shunt active filter should be:
1ah = Lipm sinot sin 6+ Lyn + X lank (4.10)
Hence, the current from the source terminal will be:

fas = 1oL = lah = Lipm COSO COSB, @.11)
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This is a perfect, harmonic-free sinusoid and has the same phase angle as the phase "a"
voltage at the load terminal. The power factor is unity. It means that the reactive power of

load is not provided by the source.

4.5 Design of Proposed UPQC Control model

1t is clear from the above discussion that UPQC should first separate out the fundamental
frequency positive sequence from the other components. Then it is necessary to control
the outputs of the two active filters in the way shown in eQuations (4.8) and (4.10) in
order to improve overall power quality at the load terminal [42, 43].

To solve the first problem, a synchronous d-g-0 reference frame is used. If the 3-phase

voltages are unbalanced and contain harmonics, the transformation to the d-q-0 axes

results in
va cos(wt) cos(wt-120°) cos(wt+120°) [ va
ve = % sin(wt) -sin(ot-120%) —sin(mt+120°) Vo
R I A R I
V2 f ]
3 Vemcosdp | | Vamcos(20t + gn) D" Vicos(k -1)(ot + )
~ \/; Vimsingp |+] -VasinQeot +gu) |+ ZVksm(k 1) (ot +gx)
0 0 Vomcos(cot+¢o)
_ Vdp Vén Vak
=A Vop |+] Van [+ O +1 Vg (4.12)

0 0 Voo 0

Equation (12) shows that the fundamental positive sequence components of voltages are

represented by dc values in the d-q-0 frame. Here, ¢p is the phase difference between the

14 7’

positive sequence component and the reference voltage (phase "a”). For the proper
functioning of a power supply system, it is desirable that the voltages at .the load terminal
should be perfect sinusoids with constant amplitude. Even under a voltage disturbance,
the load still requires a constant voltage. This means that when transformed to the d-q-0

axis, the load voltage become:
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veF |=,=1 0 (4.13)

- Where, Vy, is the rated or desired voltage at the load terminal. Only one value, V,,, in the
d-axis would be sufficient to represent the balanced, perfect sinusoidal, 3-phase voltages

in the abc frame. As a reference quantity, it is a known quantity and more suitable for use
in UPQC control than that proposed in [3]. Therefore Vg, should be maintained at,
,/3/ 2V while all the other components should be eliminated by the series active filter.

Similar expression can be obtained for the currents:

ia > cos(@wr) cos(wt—~120°)  cos(wt+120°) |[ia
ig |= 31 sin(wt) ~sin(wt —120°) —sin(wt+120°) || i
i 1 1 1 ic

2 ¥z 2
Tipmcos O linmcos(2wt + Gn) thosﬂc ot + )
= \/gj Iipmsiné | +| -limsin(Zet + Gn) |+ Zlksin(k D ot+6x) |} (4.14)
0 0 0

Unlike load voltage, load current can change according to the connected loads. Therefore,
it is not possible to assign it a reference value. Instead, a new "moving time window"
method is applied here to capture the active quantity of the fundamental positive
sequence component which is expressed as a dc value in the d-axis. Furthermore, from
equation (4.14), it is evident that the average of the other components, apart
from Iipmcoséh, in the d-axis is zero in one fundamental cycle period because all of them
are harmonics of the fundamental. Therefore a time window with a width of 0.02 seconds

(for 50 Hz system) maybe selected to calculate the dc value. The calculation for the first

T .
fundamental cycle is ;};_[id dt = Iipmcoséh . After this, the window is moved forward. If the
0

moving frequency is also 50 Hz, the delay caused by the calculation is 0.02s. However if
the moving frequency is n times of 50 Hz, the delay will be 0.02/n seconds. As the

window moving frequency increases, calculation delay becomes shorter but the
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frequency at which the data moving into and out of the window is higher. It may need
longer computation time. Fortunately, in practical power systems, load current changes
slowly. As a compromise, 500 Hz is selected as the window moving frequency in this
paper. The two voltage-source inverters (VSIs) are used as the series and shunt active
filters. The series active filter should behave as a controlled voltage source and its output
voltage should follow the pattern of voltage given in equation (4.8). This compensating
voltage signal can be obtained by comparing the actual load terminal voltage with the
desired value vg* Since the desired ve* is already defined, it is easy to calculate vy, (= vg*
- Vg ) as vs is a known quantity. After obtaining the voltage signal vy , the switching duty
ratio of the series active filter is obtained by giving this signal to the hysteresis controller.
The shunt active ﬁlter acts as a controlled current source. It means that the inverter
operates in the current-regulated modulation mode. There are various ways to control the
inverter in such a mode, such as the hysteresis control, and predictive control. But in this

thesis work the hysteresis control has been used as given in chapter 6, later in this report.

4.5.1 Design of DC-link Bus Capacitor Voltage

The dc-link capacitor is divided into two units connected in series, ¢; and ¢,. The voltages
vg and v, are such that vy = -v; under balanced operating conditions. Usually, the DC
link voltage is maintained at a desired value under all operating conditions. It can be
shown that apart from the power loss due to line and winding resistances, a certain
amount of power needs to be supplied to or absorbed by the capacitor to restore a voltage
during a voltage disturbance. For example, if voltage sag occurs in phase "a", Vap is
higher than the normal value; the dc-link capacitors will supply the power through the

series active filter. In the proposed scheme, a PI controller is used to control the capacitor

voltage.
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Fig. 4.4 Control scheme of Vc
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>Fig 4.4 shows the basic control scheme. The input to the PI controller is the error between

the actual capacitor voltage and its desired value. The output of the PI controller is added
to the reference current component in the d axis, ig; to form the new reference current ig*.
It means that the power needed to charge the two capacitors comes from the active power
of the power supply system. The shunt active filter acts like a regulator. Its currents are
used to adjust the capacitor voltages to within a certain range. Here only one PI controller
is used to control the two capacitor voltages. Although these voltages will not be
~ symmetrical when the system is unbalanced, this is caused by the zero sequence current
in the UPQC [46].

4.5.2 Compensation scheme for Voltage and Current
Fig 4.5 shows a single phase equivalent circuit for fig 4.2. For the sake of simplicity, the

shunt active filter is removed from fig 4.4 because it has no effect on harmonic and

flicker compensation. Three kinds of control methods are discussed as follows:

1) current detecting method
VA=K *lsy (12)

Var
P
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Vu] ' i CD fun

Equivalent circuit for harmonics

Fig 4.5
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2) Voltage detecting method

V' Ar=Vry (13)
3) Combined method
V*RH=K *ey+ Vru ( 1 4)

Where K is a proportional gain with a real number.

4.5.3 Current Detecting Method

The function of shunt active filter is to compensate harmonics current, small capacity of
reactive power current and unbalance current. When the output current of shunt active
filter is kept equal to the current Iy to be compensated, the harmonics current, reactive
power current and negative sequence current will not flow into power source. This
compensation method is called current detecting method. Fig 4.6 shows an equivalent
circuit, where the current detecting method is applied. Equation (12) means that the series
active filter acts as a resistor of K ohms for harmonics. The load terminal voltage

harmonics Vyy; and the supply current harmonics Igy are given as follows:

ZF v, Zs+ K

Vin = SH — ZFrlLn (15)
Zs+Zr+K Zs+Zr+ K

Isn = ! Vs + Zr /7 (16)
Is+Zr+K Zs+Zr+ K

If the feedback gain K is set as K>>Zg+Z, neither the voltage harmonics nor the voltage
flicker appears at the load terminal, irrespective of voltage harmonics and flicker existing
at the receiving terminal. Then a small amount of harmonic voltage Zy*1I; i is included in
Vin. However, no voltage flicker is contained in Vi because a thyristor rectifier
essentially produces no current flicker if no voltage flicker exists. As a result both the

load terminal
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Equivalent circuit for current detecting method

Fig. 4.6

voltage and the supply current become purely sinusoidal. It is however difficult to set K
much larger than Zg+Zr for voltage flicker because Zr exhibits high capacitive impedance
at the fundamental frequency. Thus, the current detecting method is not suitable for

voltage flicker compensation.

4.5.4 Voltage Detecting Method
The compensation method for series active filter is called as voltage detecting method.
Fig 4.7 shows an equivalent circuit based on the voltage detecting method given by

equation (13).

Because the output voltage of the series active filter Vr cancels the receiving terminal
voltage harmonics Vgy, neither the supply voltage harmonics nor supply voltage flicker
appears at the load terminal, that is, '

Vig=0 ( 17).

However, the existing shunt passive filter loses the capability of trapping current

harmonics produced by the load escape to the supply,
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Fig. 4.7 Equivalent circuit for voltage detecting method
that is,
" Isp=In (18)
Thus the voltage detecting method is not suitable for harmonic compensation of the load.

4.5.5 Voltage and Current Combined Method

Fig 4.7 shows an equivalent circuit combining the circuits in figures 4.6 and 4.7 It is clear
from equation (14) that the series active filter looks like a series connection of a voltage
source Vry and resistor K ohms. The receiving terminal voltage harmonics Vgy and

supply current harmonics Isy are given by the following:

Ln (19)

I (20)

Y N
; ,

Equivalent circuit for combined method

Fig. 4.8
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If K is set larger than Zf for harmonics, the combined method can eliminate the supply
current harmonics Isy as effectively as the current detecting method can. Note that. the
supply harmonic and/or flicker voltage Vg is excluded from equation (19). The first term
on the right hand side of equation (14) plays an important role in harmonic current
compensation of the load, while the second term contributes to the voltage flicker
cancellation from V. Assuming that K is infinite, the output voltage of the series active
filter Vo is given by

11(1;}_)130 Var = Zrln + Vsn 2n

The feedback gain K in the combined method can be set lower than that in the current
detecting method because the voltage detecting loop in the combined method
compensates for voltage flicker. The key idea of this control strategy is to obtain the
component to be compensated by subtracting standard wave from the measured waves.
Because the delay of detection and calculation it is difficult for either series active filter
or shunt active filter to realize perfect voltage and current compensation. So the
predictive control method is adopted to improve the compensation effect. It means that
we take the calculated value, the component to be compensated, of the previous period as
the compensating value of the next period, that is

for series active filter

Var™ D)=V su(k) (22)
and, for shunt active filter
Ier™ V(=1 ™(k) (23)

The detection of compensation component:
According to the instantaneous active power definition, we have

Pn = Vanian + Veuipn + Venicn  Wheren=1,2,3.......... N 24)
Where N is the sampling number per period, the average active power in one cycle can be

gtven as:
- 1&
P= }\72 Do (25)
n=}1

I Detection of current to be compensated
To detect the current to be compensated, the main problem is to separate active current

component from the whole current. The load current can be divided into two parts, one is
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the active component, and the other is the current to be compensated, which comprises of
reactive current, harmonic current and negative sequence current. Thus the load current
can be expressed as follows:

ip= 1y, (26)
Where 1;is the load current, iy, is the active component and i, is the current cor'nponent to
be compensated. In the analysis of the shunt active power filter, we assume that the
system voltage wave is sinusoidal, balanced and symmetrical. The RMS value of phase

voltage and active current can be calculated as

14,
V:/——- 27
® Ngvn 27

P

Io=—- 28

= e | (28)
The real time value of fundamental active current can be obtained by the following
equations

iy = ——sinwt

KIZ0)
i —E—sin(cot- 2n /3) (29)
"o ,

ic =-—-l-)——-sin (ot + 21 /3)
Weo

But these equations are difficult to be used to calculate the real time current because of
the difficulties of determining the variable t. the active load equivalent resistance;
Ro=22 (0)
Where Vo and/¢ is the RMS value of phase voltage and current. Therefore, we can
obtain the active current with the same frequency and phase shift as the system voltage:

Va

Ro

iap =

i = —2- (31)

Re
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Subtracting the currents i, ibp and i, from detected load current i, i, and i,

respectively, the current to be compensated can be obtained as:

iac = ia - iap
Ipe = 1Ip - Ipp (32)
icc = ic - Z.cp

I1. Detection of voltage to be compensated

In the analysis of shunt active power filter, we assume that the three phase voltage is
balanced and symmetrical. Series active power filter is designed to compensate voltage
harmonics and voltage flick. The assumption that voltage is sinusoidal is not valid in this
situation. Hence, to get balanced and symmetrical three phase voltage the self adaptive
filter method can be used which is shown in fig 4.8 given below. In this method the
fundamental phase voltage is measured by the self adapted filter firstly. Then one can

obtain the power frequency voltage of phase b and c,

Via = Vaa L — 120

33
Vea = Vaa 120 ( )

Subtracting the v,,, Ve, and v, from voltage measurement system respectively, voltage

component to be compensated can be determined as follow

Vac = Vg = Vaq
Vbe = Vb = Vg (34)

Vee = Ve = Vea
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4.6 Implementation of the Proposed UPQC Algorithm
The realization of the UPQC can be divided into two parts: circuit realization and control

strategy. The topology circuit was shown in fig 4.2. The flow chart of control strategy is
shown in fig 4.9 [48, 49].

initialize §, N

|

Y
detecting zero
current
-
calculate current calculate voltage to
10 be compensated be compensated
send control signal send control signal
to hardware to hardware

Fig. 4.9 Flow chart for control strategy of UPQC
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4.7 Conclusion

In this chapter the unified power conditioner (UPQC) has been discussed in detail. In this
the Mathematical Modeling, Operating Principle and Control scheme of the UPQC have
been discussed in detail. The simulation blocks and their respective results of shunt and
series active power filters and unified power quality conditioner have been shown. A very
simple hysteresis current controller based control technique with help of unit vector
template is proposed for STATCOM. DVR is simulated with abc to dq0 base new control
algorithm to generate the pulse Phase Locked Loop (PLL) is used to generate unit
sinusoidal wave in phase with main voltage. The combination of shunt and series Fact

devices test on the RL load and DC machine
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