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We re going to talk about...

* The Unified Power Flow Controller (UPFC)
e Power flow control
* Reactive power compensation
* Voltage regulation

* The Unified Power Quality Conditioner (UPQC)
* Voltage and current harmonic compensation

* The Universal Active Power Line Conditioner (UPLC)
* Does everything mentioned adove
* Itis based onthe p — q Theory



The basic configuration of a generic series and shut conditioner

The basic configuration consists of two power converters connected back to back through a common dc link
A dc capacitor is used in the dc link as an energy storage element

The ac output of the one converter is inserted in series with the power system

The ac output of the other converter is connected in parallel

The power flowing into the dc link through the series converter must be equal with the power flowing out
through the shunt converter and vice versa

The can be:
* current — source converters (CSCs) ™

» voltage — source converters (VSCS) (more widely used)
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converter converter

Combines series and shunt power conditioner



Switching Techniques

The Switching Techniques of the VSCs are an importuned aspect of them.
Some of them are:

* The multipulse converter approach
* Switching at the fundamental frequency
* Used in multipulse converters for very high power applications
* Multipulse converters generate square — wave outputs
e Their amplitude is directly proportional to the voltage of the dc link
e Their phase angle can be quickly changed by adjusting the switching instants while the voltage can only
change if the voltage of the dc link changes
* The Pulse — Width Modulation (PWM)
e High — frequency switching
* High — switching losses
* Converters controlled by PWM can represent ideally controlled voltage or current sources
* They can drain real (active) power and imaginary (reactive) power independently
* The are preferred in specific applications



The Unified Power Flow Control (UPFC) /1

* The Unified Power Flow control is a
FACT device (flexible ac transmission
systems)

* Their 3 principal parameters are:

* The terminal voltage

* The series impedance

* The phase angle displacement
e All controlled in real time
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The Unified Power Flow Control (UPFC) /2

* The UPFC can control the active (real)
and reactive (imaginary) power which
flow through a transmission line

 The main goal is to increase the
usable power transmission capacity
up to its thermal limit (higher loading
conditions)

* Itis avery fast acting device with high
performance and flexibility
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The Unified Power Flow Control (UPFC) /3

In contrast to thyristor — based compensators controlling only their firing angles, compensators based on
self — commutated semiconductor devices can control switching patterns to behave as controlled current or
voltage source. As a result, the VSC can drain real and imaginary powers which, as mentioned are controlled

independently.
Thus, we have 2 degrees of freedom for each PWM converter and 1 restriction:

1. The compensating current i, of the shunt converter produces real (p;) and imaginary (q;) powers with the
controlled bus voltage v,, independent of each other

2. The compensating voltage of the v, of the series converter produces, with the controlled transmission line
current ig, real (p,) and imaginary (g,) powers, which are also independent of each other

Restriction: The limited energy — storage of the capacitor in the dc link and the power rating of the converters
restrict the four degrees of freedom (p1,q91,P92,9> ).

Also, the power flowing into the dc link through the series converter must be equal with the power flowing out
through the shunt converter and vice versa, so p; = —p, (not exactly if we take into account the losses in the
converters).



Voltage Regulation Principle

If the shunt converter injects inductive current i, the controlled bus “a” voltage decreases, because the

inductive current produces imaginary power (q;> 0)
If the shunt converter draws capacitive current i, the controlled bus “a” voltage increases, because the

capacitive current consumes imaginary power (q;< 0)

capacitive Vi

Ic(g1<0)

Vo

current: T|V| H

inductive

current: L1V

jr(*—’fl =0)

System A a

shunt
converter

Voltage regulation principle realized
by the shunt converter of the UPFC UPFC




Power Flow Control Principle 1/

The series converter of a UPFC can control the instantaneous real and imaginary powers, which are
produced by the voltage v of the controlled ac bus and the controlled current i of the transmission line

The series converter inserts the compensating voltage v, to change the voltage v, at the right side of the
UPFC, such that v, = v — v,

It varies the terminal voltage v, of the controlled transmission line and controls the current iy to match the
desired loading conditions for this line

These desired conditions are a real power Ppgr and an
imaginary power Qrgr

They could be locally fixed or commended remotely by a a’ System C
power dispatch control center L ’ f\}
The goal is to force the powers p and g to match the power ‘-—;—- " =
orders Prgr and Qrgr t
Ve
|4 Vg
series
converter
Power flow control by the \ UPFC

series converter of the UPFC 9



Power Flow Control Principle 2/

The idea consists in inserting a fundamental voltage component VC to change the phase angle and the
amplitude of the terminal voltage V;

The reference is the phasor V of the controlled ac bus voltage

The compensating voltage phasor V. consists of two components V.(p.) (parallel to the phasor V) and V.(q,.)
(orthogonal to the phasor V)

Note: p. and q, are just control signals with no relation to real p and imaginary g powers of the controlled
transmission line

The parallel component Vc(pc) controls the imaginary power g

The orthogonal component V.(q,) controls the real power p

The control of the the imaginary power g and the real power p it
not fully decoupled due to cross effects

The compensating voltage V. can vary inside a limited circle
restricted by the rated voltage of the series converter




Power Flow Control Principle 3/

Ve =V — U,
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A controller design for the UPFC 1/

A controller for the UPFC that realizes voltage regulation and power flow control can be designed based on the
p — q Theory and the concept of instantaneous aggregate voltage.

* The shunt converter acts as a controlled current source and produces compensating current i,

* The series converters acts as a controlled voltage source and produces compensating voltage v,



A controller design for the UPFC 2/

By generating controllable reactive current i, the
. . ic(q,<0) V.

magnitude of voltage v of the controlled bus is v S

kept constant around its reference point i (@:>0) -é Ve

The product of controlled current i and controlled el

reactive power generation & power flow control

voltage v produces the real power p and

imaginary power g which are also continuously

compared with their reference values to

determine properly the compensating voltage of

the UPFC series converter

The voltage v at the left — hand side of the UPFC

and the current i through the controlled

transmission line are the principal measurements shunt series
for designing a UPFC controller converter converter

Functionality of the UPFC
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A controller design for the UPFC 3/

The converter is also responsible for keeping the dc link
voltage constant which is accomplished by adding a
controlled active current component to i, produces
energy flow into (from) the dc link, to counteract the
energy flow going out of (into) the UPFC series
converter and to do this it needs a measurement of the
dc link voltage

The measured compensating current ir and
compensating voltage vy are used as minor feedback

loops in the PWM control circuits > controlier &
The PWM current and voltage control circuits are Basic control block diagram of the UPFC and converters

considered as part of the power converters, instead of
part of the UPFC controller

The power flow control functionality is performed by

. 14
the series converter



UPFC controller and p — q Theory

A UPFC controller can be designed using only the concepts learned from the p — q Theory and the concept of
the instantaneous aggregate voltage
* Only three measurements are need as inputs to the UPFC controller:

1. The phase voltages of the controlled ac bus (v, vy, v,)

2. The voltage of the common dc link (V)

3. The currents of the controlled transmission line (is,, isp, isc)

* Four reference values are needed:

1. The real power order of the controlled transmission line (Prgr)

2. The imaginary power order of the controlled transmission line (Qrgr)

3. The voltage magnitude of the controlled ac bus (Vrgr)

4. The rated voltage of the common dc link (V.rgr)
When designing controllers for power conditioners, it is valuable to achieve simplifications in order to reduce
computation efforts and since a three — phase system without a neutral wire is being considered, all

calculations related to zero — sequence components are eliminated and only two measurements instead of
three are for each three — phase point of measurement



Control block diagram of the series converter /1

With the zero - sequence components neglected,

this relations are valid:
Va TVp T V= 0 (1)
i +iy+ti.=0

So, the line voltages do not contain any
zero - sequence components:

Vab ™ Vpe + Vea = U (2)
Vap = Vg — Vp
Upec = Vp — V¢

Vea = Ve — Vg

From (1), it is possible to determine voltages as
functions of line voltages:
Va= h::.ﬁ - .vlf'{,i')'.l;S

V= (Vpe — ""m‘;l}"';3 (3)
Ve = (Vg — F.‘Jc']-"llg

Prere
/_ v, &k
Clarke ; Ap Pl 9dc Ca * 'Ch -
~ controller Voltage Ca
Transformation _/
& Reference v('b*
QREF Calculation *
Power /_ . "(—c*
Calculation L Ag B Pc .
controfler Inverse
_/ Transformation
vﬂ.
Vg
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Control block diagram of the series converter /2

Since v, = —V4p — Vp, from (2), phase voltages
can be determined from the measurements of only
two line voltage:

v, | 2 1 y
vo |=— -1 1 [h} (4)
v | 31 2 [LVee

Neglecting zero — sequence components, the Clarke
transformation is given by

1 —

| =
[

Clarke
Transformation
&
Power

Calculation

Pl

controller

qc

QRE F

/

-

Pl

controller

Pc

Voo™ Vo™ .
Voltage Ve
Reference Vo ¥
h
Calculation
T
& Ce
Inverse
Transformation
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Control block diagram of the series converter /3

From (4) and (5), the ap — voltage components can
be determined directly from the two measured line
voltage:

| 1
2 Vab
: Lﬁ } (6)
vV c
0

L7 2 .

Therefore, two line voltages can replace those three
phase — to — neutral voltages inputs v,, v, and v, in
the UPFC controller shown here.
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Control block diagram of the series converter /4

If (1) is valid, the number of current measurements
from the controlled transmission line can also be
reduce. Only two measurements of line currents are
necessary, provided thati. = —i, — i. In this case,
the aff — current components are given by:

_ 3 ; —

[’I.‘ﬁ'u] . ."E 2 [ ff:?{:] (7)
i'l 5B \'II 3 ﬂ\{-"'i _ !_5!]

5 V3

But, the convenience of reducing measurements and
computation efforts in the Clarke transformation
should take into account performance requirements
for the UPFC, when it is operating under fault
conditions in the ac system, where in this case

zero — sequence components may not be negligible

Prer
/ . .
¥ q v(_" 1 V{_"
Clarke o AP PI ¢ a B L
o/ controller Voltage Ca
Transformation -
— Reference | yp %
& Q b
REF Calculation
Power I _
N & < S
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controller Inverse
_/ Transformation
vﬂ
Vs
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Control block diagram of the series converter /5

The real and imaginary powers of the controlled
transmission line are given by:

p v, Vg || isa

ol vl e
The instantaneous powers from above are
continuously compared with their reference (real
and imaginary power order, Prgr and Qrgr
respectively). The calculated error signals Ap and Aq
serve as input variables to PI controllers that
generate an “imaginary control power” signal g, and
a “real control power” signal p.. The signals are
auxiliary variables based on the p — q Theory. Their
dimension is V2.
The compensating voltage components of the aff
axes are determined as:

Vi _ 1 Vo Vg || Pc (9)
v,.i-*fﬁ pl:t +VJIS ve V. || 9c

Prer
/ . .
¥ q v(_" 1 V{_"
Clarke o AP PI ¢ a B L
o/ controller Voltage Ca
Transformation -
— Reference | yp %
& Q b
REF Calculation
Power I _
N & < S
Calculation Ag B Pc
controller Inverse
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Control block diagram of the series converter /6

The inverse Clark transformation of (9) is:

1 0
Vel gl o1 vE e
S I 1 [ ] (10)
V?‘c. K"3 2 2 FEE,B
1 V3
2 2 _

All the mentioned equations constitutes the entire
control algorithm of the controller for the series
converter of the UPFC.
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Control block diagram of the shunt converter /1

The measured voltage of the controlled ac bus,
already used and transformed into af8 axes in
the series converter controller is provided to
the shunt converter controller.

The instantaneous aggregate values in phase
mode and in a0 variables:

vs = Vztvi+vi= Vv v+ (1)
Zero — sequence components are being
neglected and v, can be eliminated. This is the
ideal case where the phase voltages are
balanced and they do not have any
zero — sequence and negative — sequence
components.

Vicrer
Vv /[ i % . %
de YAV, =) P1 Ca » "CP -
A
_\z/ controller Current 'cu
_/ Reference i b *
| Instantaneous VREF Calculation
Aggregate s & ic.™
Voltage VE \ 4V Pl a
gr + controller Inverse
Calculation / Transformation
Vo
Vg
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Control block diagram of the shunt converter /2

A function of the shunt converter of the UPFC
is to provide energy balance inside the
common dc link.

* The shunt converter must absorb (inject) an Vacrer
nearly .egual amount of average real power Ve J{' AV, F,;f py | o gt | )
as t'he injected (absorbed) by the UPFC ~(2) controller Current Lca
series conver’?er | | . ~7 Reference | j
* Instead of using direct calculation of power @ | Instantaneous Vieer Calculation
p, that is given by the product of v, and i, Aggregate /- g ic.*
a measurement of the dc link voltage v, is ’ Voltage Ve dCav A | 9 Inverse
used to generate the compensating real P catcutation |+ controlier
alculatio _/ Transformation
power p, for the shunt converter. .
« By doing so, and extra real power need to Va
supply losses in the power circuit of the Vg

UPFC is conveniently included in control
signal p;.
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The compensating current on the aff axes are
determines as:

£
[fr:'u] B
'FI::H

3%
ICa
%
ICh
3
I

The PWM is provided by the control algorithms with:

Lﬁ+v

r_a__}-iij]

vV

Vg

1

g

V,

0

P
q

] (12)

The inverse Clarke transformation gives the
instantaneous reference currents:

* |nstantaneous current reference values from the

shunt converter

* Instantaneous voltage reference values from the

series converter

Control block diagram of the shunt converter /3
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UPFC Approach Using a Shunt Multipulse Converter

Multipulse converters are composed of voltage — source converters that can be conventional bridge converters
or multilevel converters

e They are used in high power applications

* They use:
e Gate — turn — off thyristors (GTOs)
* Insulated — gate bipolar transistors (IGBTSs)
* Integrated — gate commutated thyristors (IGCTs)
High — power converters with high efficiency are built by using several series and/or shunt connections of

three — phase converters modules, each one formed with a reduced number of power semiconductor devices
in series and/or parallel in each converter valve

For high power applications the PWM converters are not suitable because they operate in high frequencies and
due to them they have high switching losses and a reduced bang of operational frequencies

On the other hand, multipulse converters switch at the fundamental frequency and they have reduced
switching losses



Six — Pulse Converter 1/

Three — phase voltage — source converters can be understood as a bridges composed of six switches.
The switches operate with unidirectional voltage blocking capability and bidirectional current flow
The can be realized by associating power semiconductor devices, such as GTOs, IGBTs and antiparallel

diodes

In order to avoid short circuits on the dc bus, there may be only one conducting switch per leg

* Phasealeg:S;and S,
* Phase b leg: S5 and S
* Phasecleg: Sg and S,

The dc bus capacitance was divided into 2 equal
parts to create the dc midpoint “0” that is uses as
the reference to the output voltages of the
converter (Vgp, Vhor Veo)

a S1k S3N S5\ L
Ia L
¢h 0

n C
b Sa\ Ss'r\ Ssz T

Idealized three — phase, voltage — source converter

| =
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Six — Pulse Converter 2/

Each switch of the leg conducts 180° per

cycle and the switching pulses of the legs are

shifted by 120° from each other.

(pu)

0.5

ao

51
or
Diode#1

sS4
or
Diode#d

51
or
Diodef#

sS4
or
Diode#4

0.5

S3
or
Diode#3

| L

56
or
Diode#6

S3
or
Diode#3

L |

52
or

Diodef#2

Dicde#5

55
or

Diodef2

52
or

180

360

electric degree

540

720

Fig.1 Output voltages of the converter referred to the dc midpoint “0”
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The out put line voltage (v, Vper Veq) and phase
voltages (Vgn, Vpn, Veq) Can be easily derived from the 1. ' ' - . .

voltages of the figure 1.

The line voltage outputs are:

Vao — Vpo
Vbo — Vco
Vco — Vao

Six — Pulse Converter 3/

(pu)

-1. l ] 1 ] |
0 180 360 540 720

electric degree

Fig.2 Line voltage output of the voltage — source converter
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Six — Pulse Converter 4/

Uﬂﬂ
The phase voltages that would appear at a fictitious, [
balanced Y — connected, three — phase load can 1
determined as:

__Vap = Vca
van - 3
_ Ubc = Vab
vbn - 3
1 (pu)
_ Vca — Vbc / \
) 0 180 360 540 720
electric degree

Fig.3 Phase voltage at a balanced three — phase load

connected to the six — pulse converter .



Six — Pulse Converter 5/

The fundamental components of the phase voltages v,,, vy, and v, (figure 3) are in phase with the output
voltages v,,, Vp, and v,, (figure 1)

The pulse time sequence in the switching control must be synchronized with the controlled ac bus voltage

3n (n = 1,3,5...) harmonic voltage components appear between the neutral point of the load and the
midpoint of the dc side of the six — pulse converter

It has not fundamental component

1.0 . V.,
- P vﬂo
0.5 Vo
& 0
05k
= 1 . D i i i i i i i
0 180 360 540 720

electric degree

Fig.4 Voltage v,,, between the load neutral and dc midpoint
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Six — Pulse Converter 6/

The output voltages waveform of the elementary six — pulse converter (figure 2 and 3) contains harmonic

components with frequencies on the order of [(6k + 1) - f,], where the f; is the fundamental frequency
and k =1,2,3 ...

The current in the dc side has harmonic components at frequencies on the order of [6k - f;] and as a result
the simple converter is impractical for direct us in high — power applications

Instead of using filters, several six — pulse converter modules can be arranged, using transformers as

magnetic interfaces, to form a multipulse converter, which is a useful technique to perform harmonic
neutralization

The higher the number of six — pulse converter modules, the lower the distortion of the resultant output
voltage

For example eight six — pulse converters can be combined by means of magnetic interface (special
transformers) to form an equivalent 48 — pulse converter

* The first harmonic order is the 47% in the ac voltage and the 48t in the dc current

* The amplitude of the harmonics decrease as the harmonic order increases

* It has nearly sinusoidal voltage

* It can be applied without any additional filtering system

* Despite the resultant output voltage which is nearly sinusoidal, each six — pulse converter still generates
the quasisquare output voltage



Quasi 24 — Pulse Converter 1/

The basic configuration of a quasi 24 — pulse converter

that can be used as a shunt converter in a UPFC

approach has:

e 4 six— pulse converters connected in parallel to the
dc capacitor

e 4 ordinary three — phase transformers to compose
the magnetic interface

The ordinary transformers are preferred for the

magnetic interface due to their simplicity compared to

zig — zag transformers, but complex interfaces can

allow theoretically the complete cancelation of the

low order harmonics.

* For example, in a 24 — pulse arrangement all
low — order harmonics up to 23" order, except for
the fundamental one, are fully cancelled

* The arrangement of figure 5 cannot cancel fully the
11th and 13t harmonics, although is reduces the
significantly

VvV
24-Pulse Converter
cantmﬂed‘a:ims’ conv. #i:_"'c
E | o—in
ﬁ conv. #

pz] 18

VREF
—— > —» Conv

Controlle

Fig.5 Basic configuration of a quasi 24 — pulse

shunt converter for the UPFC >



Quasi 24 — Pulse Converter 2/

CONVERTER #1

] -" d]cnnv: —?.5'“
B CONVERTER #2
Nb\ b, deony - —=37.5°
CONVERTER #3

b Pcony * +7.5°
CONVERTER #4
b, Pcony * =22.5°

Fig.6 Transformer connections for the quasi 24 — pulse converter

-
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Quasi 24 — Pulse Converter 3/

The quasi 24 — pulse magnetic interface exploits the well — know technology of three —phaseY—-Yand Y- A
transformers and takes advantages of the different voltage waveforms, which excite the windings of those
transformers

* The phase — to — neutral voltages of the figure 3 (v, Vpn, Vo) are applied to the windings of the Y —Y
transformer

* The line —to — line voltages of the figure 2 (v,p, Vpe, Veq) are applied to the secondary windings of the Y — A
transformer

In figure 6, negative values for the switching sequence (P ony < 0) of the converters mean that the first pulse
(turn — on) of the sequence for the switch in figure 1 is delayed by the corresponding negative angle

Pcony = Wty With respect to the reference given by a synchronized phase angle reference of the primary side
of the transformer which is the control ac bus

* For example if the system frequency is 50 Hz, in figure 6, the time delay given for the converter #1 is

d = —18(7):2:_50 =416.67 ps, while the switching sequence of the converter #3 is in advance by 416.67 ps

The switching sequence of the converters must keep the fixed phase shifts @ .,,,,, in order to preserve the quasi
24 — pulse waveform



Control of Active and Reactive Power Multipulse Converters 1/

Let’s assume that a multipulse converter is used as the shunt converter of a UPFC and is connected to the
controlled ac bus

The main elements of the power circuit involved with the variation of active and reactive power are:

e the dc capacitor of the common dc link

* asingle block representing the converters

e asingle transformer representing the magnetic interface

The UPFC shunt converter should be able to control active — power generation

independently of the reactive power generation, so it can perform energy balance controlicdiail

in the common dc link as well as voltage regulation on the controlled ac bus like /
the UPFC approach with PWM converters
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Control of Active and Reactive Power Multipulse Converters 2/

The 24 — pulse voltage has a fundamental component
with the amplitude directly proportional to the dc
voltage on the common link

The phasor associated with the fundamental
component is represented by V4,

The phasor associated with the ac bus voltage is
represented by v

The transmission line current i is not directly
affected by i, because i is controlled by series
converter of the UPFC

The generated reactive current of the shunt
multipulse converter flows to the system at the
left — hand side of the UPFC and causes an
additional voltage drop v; on the equivalent series
impedance

This voltage drop will cause an increment on the
magnitude of the controlled ac bus voltage if the
sunt converter is drawing capacitive current

Fig.7 Shunt connected multipulse converter
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Control of Active and Reactive Power Multipulse Converters 3/

e |If V24p and V have the same frequency, the same
amplitude and the same phase angle, no current

flows through the converter transformer and V7 is
zero

e |If V24p is in phase with V, but they have different
amplitudes, pure reactive current ic flows through
the converter transformer

o If V24p has a lower amplitude than V, I, is inductive
(lagging current)

* If V,4, has an amplitude greater than that of V, I,

is capacitive (leading current)
The dc voltage must vary in order to control the
generated reactive power of the multipulse converter

Active power is controlled by phase shifting of the
output voltage V24p with respect to V

Reactive power generation control

V Adc
<V, Vi Ve |l V
v If VE‘#‘p
inductive : capacitive .
current : “ V | current . 'H V |
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Control of Active and Reactive Power Multipulse Converters 4/

Active power is controlled by phase shifting of the
output voltage V,,, with respect to V

This allow the realization of the energy balance in the
dc link and an extraction or injection of an extra
amount of energy, besides the necessary energy for
the energy balance in order to adjust the dc — link
voltage to control also the reactive power generation
needed for the ac — bus voltage regulation

Active power flow control

Vot V

i ,
VE{u

energy from the dc
capacitor : L Ve, 4| Vg, |

energy to the dc
capacitor : T V., T|V2y, |
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Shunt Multipulse converter 1/

Instead of producing instantaneous values of
compensating current references, as we do in the
UPFC shunt PWM converter, the switching logic of the
shunt multipulse converter must receive the following
information:

* The phase angle 8 = wt, synchronized with the
controlled ac bus voltage, which can be calculated
by a phase — locked — loop (PLL) circuit

* A shifting angle 6, determined by the UPFC shunt
converter controller

The main shunt converter controller need only a
measurement from the controlled ac bus voltage

controlled :cby

Ve
v
¢ 4 Vaup
Firing
Al
PLL T
Control
Circuit @1
V,
REF Power Angle
Control

Controller for the UPFC multipulse shunt converter
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Shunt Multipulse converter 2/

The PLL control circuit is an excellent alternative to generate
the synchronized phase angle 8 = wt.
* |t locks the phase angle of the fundamental

positive — sequence component of the measured system

voltage instead of locking the phase angleofthe = ¥V w_" — | i . — N —T" """
phase — to neutral voltage in a phase, as commonly C
calculated by other PLL circuits v [ T T/
G 4 Vosp
The power angle control block is basically composed of a Pl Firing
controller that integrates the error between the 4 v LTI
instantaneous aggregate value of the controlled ac bus cPLtl;ul _T
voltage and its reference value c?;uit ot
V o
REF ”
ower Angle

Control
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Shunt Multipulse converter 3/

Synchronizing circuit — the PLL circuit Complete power angle control circuit
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Shunt Multipulse converter 4/

Example:

If the UPFC series converter, when controlling the reactive and active power flow through the controlled
transmission line, need to inject energy into the ac network (the active power determined by the product of
v, and i) this energy leaves the dc capacitor discharging it

This reduces the dc voltage and causes a reduction in the output voltage vy,

It is possible to say that the compensating current i, becomes more inductive, which will cause less shunt
(capacitive) reactive compensation and the voltage magnitude of the controlled bus decreases

This produces an increasing negative voltage error AV and the power angle 6 becomes more negative
forcing the UPFC shunt converter to draw more energy from the network

As a result, the dc capacitor will be charged again until the shunt reactive compensation (capacitive
component of i.) becomes effective enough to bring the controlled ac bus voltage to its reference value

Indirect changes in the shunt capacitive compensation makes the Pl controller of the power angle control
circuit to perform both compensation functions of the shunt converter:

* AC voltage regulation

* Energy balance inside the common dc link



Firing logic of the quasi 24 — pulse shunt converter

¢{? ONV

CONVERTER #1 = -7.5°
CONVERTER #2 = -37.5°
CONVERTER #3 = +7.5°
CONVERTER #4 = -22.5°
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The Unified Power Quality Conditioner (UPQC) 1/

The Unified Power Quality Conditioners (UPQCs) consists of combined series and shunt active power filter for
simultaneous compensation of voltage and current.
* They are connected close to loads that generate harmonic currents in power distribution systems

* The harmonic — producing loads may affect other sensitive load connected at the same ac bus terminal

« A UPQC is one of the most flexible devices for harmonic compensation

* |t compensates:
e Harmonic currents
* Imbalances of nonlinear load
* Harmonic voltages

* Imbalances of the power supply

harmonic
sensitive

loads

It improves the power quality delivered for Vs urac =

harmonic — sensitive loads

1y B

Combined series and shunt compensation (UPQC device) **



The Unified Quality Power Conditioner (UPQC) 2/

The UPQC is realized by employing two PWM converters, coupled back —to — back through a common dc link
and an integrated controller that provides both voltage and current references for the series and shunt PWM

converters
The integration provides compensators:
e which are compact

e With improved overall performance

L= voltage

current
control

control

Vg
L i
] urPQcC Iy
lg controller
-

Basic configuration of the unified power quality conditioner (UPQC)
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General description of the UPQC 1/

The unified power quality conditioner has two distinct parts:
1. Power circuit formed by the series and shunt PWM converters
2. UPQC controller

Unlike the other configurations UPQC:
« UPQC needs an additional current measurement of the nonlinear load

* The shunt converter of the UPQC must be connected as close as possible to the non —linear load instead of
the network side



General description of the UPQC 2/

The series PWM converter of the
UPQC behaves as a controlled voltage
source (series active filter)

The shunt PWM converter behaves as
a controlled current source (shunt Vg
active filter)

No power supply is connected at the

dc link, only small dc capacitor as

small energy storage element

PWM
L voltage
control

current
control

The integrated controller of the series Vs rac ;
and shunt active filter of the UPQC is . controller -

realizes an “instantaneous” algorithm
to provide the compensating voltage
reference v;, as well as the
compensation current reference i; to
be synthesized by the PWM
converters



Assignments for combined series and shunt active power filter,
the UPQC 1/

Series Active Filter Shunt Active Filter

 Compensates source voltage harmonics, including Compensates load current harmonics, including

negative and zero sequence components at the negative and zero sequence components at the
fundamental frequency fundamental frequency
* Blocks harmonic currents flowing to the source  Compensates reactive power of the load

(harmonic isolation)

* Regulates the capacitor voltage of the dc link
* Improves the system stability (damping)

The functions mentioned above are the raisons why the UPQC approach is the most powerful compensator for
scenarios where the supply voltage is itself unbalanced and/or distorted and is applied to a critical load that
requires high power quality



Assignments for combined series and shunt active power filter,
the UPQC 2/

In order to reduce the power rating of the shunt active filter, it might be interesting to exclude load
reactive — power compensation from the UPQC approach, and to leave this function to other conventional or
less expensive compensators

If no reactive power compensation is required the UPQC can be combined with shunt passive filters (LC filters)
to reduce the total cost of the installation and to extend its use in very high power applications. This approach
is called hybrid UPQC.



A Three — Phase, Four — Wire UPQC 1/

The principal difference between a three — phase,
four — wire and a three — phase, three — wire UPQC
is that the first one is able to deal with zero —
sequence components in phase voltage and line
current

This kind of imbalance and harmonic distortion is
mostly caused by nonlinear loads in low — voltage
distribution systems where the neutral conductor is
provided

In medium or high voltage systems, the absence of
the neutral conductor naturally eliminates this
problem, at least during normal operation

Vo
Ca . .
~— 3 I.S'u ILEI’
1 A — - —
Slr ﬁvhﬂ
L "_ . j.'
\ / Ko Lo
*I( ]
cL L 313
R% 2 =
vfa

Vg Ig I Vg,

Combined series and shunt active filters (UPQC) to
simultaneously compensate the voltages and currents
in three — phase, four — wire systems
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A Three — Phase, Four — Wire UPQC 2/

The main structural differences between the a three —

phase, fogr — wire systems and a three — phase, f_‘_’z_n___ﬂ i, iy,
three — wire system are: v == v,

* The elimination oh the neutral wires .F‘ ~n ﬁ

* The elimination, in the UPQC controller, of all the \ ——11/ 50 Lo

variables related with zero — sequence components
(Vo- L0, Po)

A three — phase, four — wire UPQC consists of: c.l LJ__ ]
* Two conventional three — leg converters R% 17
* the shunt active filter with PWM control b
Ja

(controlled current source)
* the series active filter with PWM control
(controlled voltage source)
* The ac neutral conductor
* |tis directly connected to the electrical
midpoint of the common dc bus
 Two RC filters
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A Three — Phase, Four — Wire UPQC 3/

Shunt Active Filter Assignments Series Active Filter Assignments
* Compensates load current harmonics, including  Compensates source voltage harmonics, including
negative and zero sequence components at the negative and zero sequence components at the
fundamental frequency, that no current flows fundamental frequency

through the neutral wire
* Blocks harmonic currents flowing to the source

 Compensates reactive power of the load (harmonic isolation)
* Regulates the capacitor voltage of the dc link * Improves the system stability (damping)
As a result:

* The load voltages (V;4,Vip, Vi-) become balanced and free of harmonics

* The combines action of the series and shunt active filters forces the compensated voltages (Vy.4, Vip, Vi)
and currents (g4, isp, ig.) to become sinusoidal and balanced.

e Other loads could be connected close to the nonlinear load without being affected by harmonics, while they
are supplied with higher power quality.



A Three — Phase, Four — Wire UPQC 4/

 The UPQC controller realizes almost instantaneous control algorithms to provide the current references
(icar icyr ice) to the shunt filter and the voltage references (ve,, Vip, Vo) to the series active filter

* The high switching frequency of the PWM converters produces the currents (ifg, ifp, ifc) and the voltages

(Vfa» Vg, Vre) With some unwanted high order harmonics that can be easily filtered by using small passive
filters represented by Ry, (¢, Rg and Cy

* If the filtering is ideal the compensating currents (icg, icp, icc) and voltages (Veg, Vep, Vo) track strictly their
references.



 The UPQC controller is a merge of the control circuits of

The UPQC Controller

series and shunt active filters and has the advantage of

saving computation efforts.

":Su, b, vStI, b, IL:.!, b, Vdc‘l,.?
uPQC ;
ﬁ positive-sequence
T voltage detector .
R l Ploss
O r ¥ /
T series shunt | / | de-link
E AF D * AF [+ voltage
R controller | Va,b.c controller requlator
* _*
VCa.b,c Icap.e
L Y
Vi b dynamic E
ﬁI_C . PWM hysteresis [*
voltage
ol current |o
con control i b
b} '|L‘
., f

¢ ol ! | Ic

Functional block diagram of the UPQC controg,lé{er




PWM Voltage Control with Minor Feedback Control Loop 1/

 The PWM voltage control must allow the series active filter to generate nonsinusoidal voltages
Vear Veps Veer Which can vary widely in frequency and amplitude.

* Three minor feedback control loops use the values of Vra, Vrps Vfe IN order to minimize between the values
Vear Veps Voo and the compensating voltages veg, Vep, Vee-



PWM Voltage Control with Minor Feedback Control Loop 2/

* Ky is a gain which multiplies the errors
between the reference values and the
values of compensating voltages.

* We can replace it with a PD or a PID
controller in order to improve the
system dynamics and eliminate steady-
state errors.

e

Ve

'C 4
ek
- PWM

e

VCa

S|
1}{ 52
. ' Control
5 S3
—‘—Q»”“’ O+ K> é)—-w@_'
S4
+ 4 B
B v S5
,fh — -
— “ "' S6
— -
_|_
1:}“

. 3
— WM
o) —

PWM voltage control with minor feedback control loops
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Series Active Filter Controller

* The main use of the series active filter controller is to compensate all the harmonic voltage components in
the supply voltage.

e A control algorithm will be used to generate an auxiliary control signal that enhances the overall system
stability without degenerating the main compensation functions of the UPQC.



Block diagram of the control algorithm for damping of oscillations due to
resonance phenomena 1/

r
v{I
()
!
Vv
B,
Ih‘u
. »
I
:‘&h
IS-:'
—

~ i
ph 5? Hz ph ha
a0 - = —>
Transf. N af-
q, 50 Hz gy |Current _

& L > Refer. | I
Power >
Calcul.| .

1 ]

a0
Inverse
Transf.

Block diagram of the control algorithm for damping of oscillations due to resonance phenomena

This is an algorithm for the calculation of the currents iy, ixp, i USINg the instantaneous powers py,, qy,.
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Block diagram of the control algorithm for damping of oscillations due to
resonance phenomena 2/

1)  With Clarke transformation the currents i , isp, is. are transformed on the afs — reference frame:

1

-
|-—‘;§

_ { 50_ ,n'j ISa
lse | = |— | lsp
™
. I| ‘_j -
isp |V is.

| ig
) | —
§“|_‘im
Mg 1o
")

2) The positive sequence voltages are represented by v, v, v/ and are already transformed on the
af — reference frame. So we can calculate the instantaneous powers py, qx:

F’f}-] { Va ‘f’fg}rsa]
dn| [Ve Valliss



Block diagram of the control algorithm for damping of oscillations due to
resonance phenomena 3/

3) High pass filters are used to separate the oscillating real and imaginary power p;, q;, from the calculated
powers py, qp,.

4)  From the oscillating real and imaginary power, the currents iy, ipg can be calculated and with inverse
Clarke transformation we can take the currents iy, inp, ipc:

" /! /! =
The I Va _l"f:i —Ph
Inp Vo2 v | v Ve || —4n

Lha
Ipp | =

Lhe \

0
RV | Lt
- Lhe
ing

) }__EQ}']

S-Sl St
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Block diagram of the control algorithm for damping of oscillations due to
resonance phenomena 4/

5) The harmonic currents are multiplied by a control gain K, to produce the voltage references vy4, Vnp, Vne-

1 !fm [ ha
Vi | = K| 'hb
Vie Lpe

The control algorithm generates the voltage references vy,4, Vi, Vi that can be added to the compensating
voltage signals v, Vip, Ve oto compose the new compensating voltage references v(,, Vi, Vee, Which force
the series active filter to compensate all harmonics and voltage imbalance.

» ; b
VCa VCa Vha

¥ F b
Ve | = Yeb | + | Vab

] F L]
Ve Ve Ve
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Integration of the Series and Shunt Active Filter Controllers 1/

The complete controller for the UPQC controller can be given with using all the series control parts for the
series converter and the sinusoidal control strategy. All that have discussed.

The controller of the unified power quality conditioner:
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The controller of a unified power quality conditioner
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1)

2)
3)

4)
5)

6)

Integration of the Series and Shunt Active Filter Controllers 2/

The zero-sequence component of the source current iy should be zero, since the shunt active filter
compensates the neutral current of the nonlinear load.

A dynamic hysteresis current control is used to control the dc voltage difference (V.o — V1)

The voltage references vy, Vip, Vi would induce a very slow amplitude modulation on the phase
voltages at the load side of the UPQC.

The values of iy, ipp, ine are expected to be very small in the steady state.

The proportional gain K,- makes the series active filter behave as an additional series resistance of K. (,
connected between the source and the load, but effective only for harmonic currents.

The series active filter generates only negative and zero sequence components at the fundamental
frequency with the aim of compensating unbalances in supply voltage. This compensation function is
included in the control signals v;,, V¢, and v,



Analysis of the UPQC Dynamic

Combined series and shunt active filters (UPQC) to compensate voltages and currents in three-phase, four-wire

systems:
Vea
T Isq lig
distorted, AAAS T — = —
unbalanced \\ Sb Lb__ | no
. — -
swpply | Vsa] [Via s e | ooy
P S : .
voltage '\\ Ji i i
Vfa I_an i .
; | el ( Co
Vi - 1 |
‘..f‘ & 1
LsT’h Cs Rg E g E
1 N
e i 5 3 1
‘ 71 C1 L ir
} f i
11 T
-
T ¥:: > Ry
Ca Ca_p,
PWM K 3 PWM
Voltage b uPQc ICh Current
2 Controller | .=
Control PELe iCe o Control

1) The line to line voltage is 380 V.
2) The average switching frequency of the PWM converters should lie between 10 kHz and 15 kHz.

3) The UPQC can compensate harmonics up to 1 kHz.
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1)

Optimizing the Power System Parameters 1/

Equivalent circuit for optimizing main parameters of the UPQC:

UPQC

f

é”m i%??

High-pass filter of the shunt PWM converter reflected to the primary side:

» .1-.:R+ 1
"_(. I )[ T jwCy,
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Optimizing the Power System Parameters 2/

2) Z]'c and network impedance reflected to the secondary side of the series single-phase transformer:

2\2
Z:I.i' = (T) {Z;+fm*{*n)

3) Z, in parallel with the high-pass filter ot the series PWM converter:

<)
G,

Jjw

ZJ.\(R;- t

Zy =

_ Z' + (R +
4)  The relation between V; and V, are: e ( ’ ij)

5




Optimizing the Power System Parameters 3/

Functions for describing the current of the shunt PWM converter:

1) Impedances of the series PWM converter reflected to the primary side:
oL (R +——
2 ¢ ( jwi‘,—)

Zi ==

1 1
' jwl_ﬁ(ﬁ.\-——. )
JwC,

2) Zg and the network impedance reflected to the secondary side of the shunt three-phase transformer:

132 ‘
Z.l;f'z (E) (Z ’.\' —|—_;mL”)

3) The relation between I and I:

1
. (RJ,I_ K . )
I, ' .fm(d_,f'.

I
Z.I;Jf'+ (R,f'+ . - )
I . J w( .
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1)
2)

3)

Simulation Results 1/

To composed an unbalanced, nonlinear load, the following power electronics devices are used:
One three phase thyristor converter with firing angle=30°, I;. = 8 A, commutation inductance=3 mH

One single phase thyristor converter connected between the a phase and neutral wire with firing
angle=15°, ;. = 10 A, commutation inductance=3 mH

One single phase diode bridge connected between the b phase and neutral with L;. = 300 mH, R;, =
20 ), commutation inductance=3 mH



Simulation Results 2/

The compensated voltages and currents with a successive connection of the shunt at t = 80 ms, and series
active filter at t = 140 ms:

380 - 40
(V) v.L I.S'.ﬂ (A)
190 20
0 0
190 --20
-380 -40
380 40
(V) (A)
190 - 20
0 - 0
-190- --20
-380 -40
380 v i 40
(V) Lep "Se (A)
1904 - 20
0 -0
-190 --20
-380

T T T T T T T T T -4[]
0 20 40 60 80 100 120 140 160 180 t(ms)

shunt active filter series active filter



1)
2)

3)

4)
5)
6)

Simulation Results 4/

Another simulation case with the following events:

PWM converter starts at 40 ms.

A single phase diode bridge rectifier is connecting at 60 ms as a load between b phase and neutral
conductor.

A single phase thyristor bridge rectifier with firing angle=30° is connecting at 61.7 ms as a load between
the a phase and the neutral conductor.

A six pulse thyristor bridge rectifier with firing angle=30° is connecting at 63.3 ms as a three phase load.
The series active filter starts at 140 ms.

The six-pulse thyristor bridge rectifier is disconnecting at 140 ms.



Simulation Results 5/

The load currents and the supply voltages at the left side (source side) of the UPQC:

40

30 40 50 60 70 80 80 100 t{ms)

The compensated currents drawn from the network and the compensated voltages at the load terminal (right-
hand side of the UPQC):

400 - Vie Vig Vip 1 Ige sy 40

(V) 4
200

-200

-400 T T T T ~-40
40 60 80 100 120 tims) 140 72



Simulation Results 6/

Supply voltages and load currents before and after the disconnection of the six-pulse thyristor bridge rectifier

=200

-400 —+

at 185 ms:

Ipg Iy g, Vsa Vsp Ve 40
/ ’,..[m
0 if’ aAS /T
A Tt

: \/ \/ VAY AT
‘r 20
T T T =40

160 180 200 220  t(ms) 240

Compensated voltages and currents:
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Simulation Results 7/

700

Vde1 + Vdez
600+
DC capacitor voltages: T;L\/W
Vi Vde2

150
40 60 80 100 120 140 160 180 200 220 240t(ms)

Real and imaginary power of the load and the compensated voltage and current:

20 40 60 80 100 120 140 160 180 200 220 240 tms)

Real and imaginary powers of the series and shunt active filters:

T T t t t t t t t t
40 60 80 100 120 140 160 180 200 220 240 tims)



Calculation of real powers and imaginary powers

After the transformation of voltages and currents on the a- reference frame with Clarke transformation we
can find the following real and imaginary powers:

1) Load powers: Pioad = VialLa T VigiLp
dioad — VL:::';L,B - vL,B'iLcu

Pshunt = VEalCa + UL,B l CpB

2) Shunt active filter powers:
Gshunt = Vialcg — Vigica

Pseries — VCalSa + VC,B IS,B

3) Series active filter powers:
Qseries — VCa fS,B _ 1’(_';3 fSct

=y .+ v -
4) Compensated powers: Ps = Vialse " Viglsp
ds = Vialsg — Viglsa



Experimental Results 1/

Currents and voltages from a successive connection of the shunt and series active filters:

|
0

shunt active filter

[
+40

+380
(V)

+190
+0

-190

-380

Vie  Vic Via

+100 T

\
+50 —T V) Vca
+0 —
-50 T

+E|3[) +1]2[) t(ms) o0 -80
series active filter
DC capacitor voltages:

280—T (V) Vot

270t Vde2

2607
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240 ! i ! i ! ! i i
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I ! 1
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shunt active filter series active filter
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Experimental results during connection of the load (load voltages and load currents):

YT

—/ VYUY
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Experimental Results 2/
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Experimental results during connection of the load (compensated currents drained from the network and
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Experimental Results 3/

Experimental results during connection of the load(currents of the shunt active filter and voltages of the series
active filter):

+25.0) +140
A V)
lea 1 Via |

-25.0 -140
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. 1A V)
ey Viw
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Instantaneous active three-phase power and imaginary power:
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Experimental Results 4/

Voltages at load terminal for a compensation case involving zero-sequence components:
+4l‘:H:'-
Viia -
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+‘4l‘:H]-
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Vep
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Currents of the source:
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The UPQC Combined with Passive Filters (the Hybrid UPQC) 1/

If the shunt converter of the UPQC does not have to generate high reactive current at the fundamental
frequency, a more cost-effective arrangement that combines active and passive filters may be considered.

Lg = i i
o L
’m‘ A —— * —— $

A

Vg

passive N
filters. ZF

Control Strateqy

i ir |
|
"l

The hybrid UPQC approach
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The UPQC Combined with Passive Filters (the Hybrid UPQC) 2/

The current ig, = is — i represents all harmonics present in the network current. The component i, of the
current ig is instantaneously calculated in the UPQC controller.

If the current ig is not purely sinusoidal, the series active filter inserts a compensating voltage calculated as:
Ve1 = Ky * isp.

The voltage vzpp = vz — v;F, represents all harmonics in the voltage across the passive filter. The
component v, of the voltage v,r(appears across the passive filter) is instantaneously calculated from the
measured voltage v,r.

With the aim of reducing harmonic voltages at load terminal, the shunt active filter generates compensating
voltage as: vop = K, * Uy,



The UPQC Combined with Passive Filters (the Hybrid UPQC) 3/

The hybrid UPQC approach can be divided as the sum oh two other circuits one for the fundamental frequency
and other for the harmonics:

eqguivalent eireuit for
(. the fundamental I Y:

s j s [}! n

Single-phase equivalent circuits of the power system
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The UPQC Combined with Passive Filters (the Hybrid UPQC) 4/

The voltage at load terminalis: - p =7 . — K.Zely =1 —K)Zgly,

The equivalent impedance for the shunt branch composed of the passive filter together with the active filter
is:

The best value we can have for the control gain K, is K,=1, in order to obtain the ideally zero harmonic
voltage (vpy, = 0) at load terminal. This corresponds to one of the two principal objectives of a hybrid UPQC,
that is, to provide high voltage quality to critical loads, attenuating-harmonic voltage propagations from the
network to the load terminal.

The second objective e is to prevent harmonic currents from flowing into the network. The shunt active filter
of the hybrid UPQC imposes a “short circuit” for harmonic currents in the shunt branch if K5, whereas the
series active filter imposes an “open circuit” on the network path if K; = oo.



The UPQC Combined with Passive Filters (the Hybrid UPQC) 5/

 The harmonic current flowing into the network I¢,, is:

1

I, = Ven +
Sh ZS+K1 +(l _KE)ZF Sh

* The harmonic voltage that appears at load terminal is:

. (1 - Ko)Zyg
Vin =
Ls+K,+ (1 -Ky)Zg

e With the optimal values at the control gains we have:

lim | lim i_s-,_.]—

Kj—=|ky—1

(1 -K))Zy
Zs+ K, +(1-K,)ZLg

Lh

(Zs + K\ )(1 - Ky)Zyg
Sh— I
s+ K, +(1-K)Zg

* - I x
-‘tl[lﬂ'lx f'!lﬁh( L+ K +(1-Ky)Ly at

lim |lim Vg |=
K| Ky i

( (1 — K )&

(1 - K2)Zg )
- - .n'..'l] ;=D
Lo+ K +(1 -K.)Z&g J

(g + K1 — K5y 1 )]
Lh

lim | lim
.i.'[—.-'.h: LM:—c"l

LY

Lo+ Ky + (1 - Ky)Zg

L+ K, +(1 - Ky)Zy
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The UPQC Combined with Passive Filters (the Hybrid UPQC) 6/

* The compensating voltage of the series active filter is:

B K, . K(1 -K,)Zg
VCI - Ze+ K+ , VSﬁ + r - Lh
s T Ky + (1 -Ky)Zg Ls+ K+ (1 -Ky))Zg
* The compensating voltage of the shunt active filter is
. KEZ‘F . KZ(ZS + Kl }ZF
V(_'E Sh Lh

- Zs+ K, +(1-Ky))Zy Zs+ K, +(1-K))Zg

* With the optimal values K; = o0, K, = 1:

lim |lim V., |=
Ky-—»x= K: .l

hi Ve, I
tim i R 0Kz T Tk (- Kz,

K; ) E=K5Y . N ..

lim | lim I"(-3J=
.cl};z .l

KZ; 2 KAZs+ K))Zg
St Zs+ K+ (1 - Ko)Zg

Iim | lim

| j,‘ == "Z:I.]
K==k, ‘|(‘ Zs+ K, +(1 - K;)Zp 1..‘.')] FALE



Controller of the Hybrid UPQC 1/

Circuit for extraction of the fundamental component v;F of the voltage v, on the shunt passive filter:

®

VzFe

0=t

Clarke Transformation

Vzrp

Vzre —

Inverse Park Transformation Inverse Clarke Transformation @
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Controller of the Hybrid UPQC 2/

The voltages V4, Vzrp, Vzre are the inputs to the PLL circuit used to determine the angular frequency of the
fundamental positive-sequence component contained in those voltages. The Clarke transformation is used to
transform them into the a3 axes, the Park transformation is used for the calculation of the average values on

the dq axes (v,z4 and v;Fq) and the inverse Clarke and the inverse Park transformation give the fundamental
components of the measured voltages on the shunt passive filter (V,r4, Vzrp, Vzrc)-



Controller of the Hybrid UPQC 3/

Circuit for extraction of the fundamental component i; of the current i flowing through the series active filter:

Clarke Transformation

Inverse Park Transformation Inverse Clarke Transformation @

With a similar way we can find the fundamental components ig,, isp, is. of the measured line currents
lsqr Lsp, Lsc flowing through the series active filter.

Vels lsp = lsp
Veie Ise = Lse

The compensating voltages of the series active filter: [ch] . [f&:isﬂ]



Controller of the Hybrid UPQC 4/

DC voltage regulator and composition of the compensating voltages references:
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Experimental Results 1/

Here we will see some experimental results
from a laboratory prototype of hybrid
UPQC. The following picture shows

the experimental power system for testing :
the hybrid UPQC. ﬁm

. . . . 'EH' ‘.rz

e Each active filter of 0.5 kVA consists of 200V j_
three single-phase voltage-source PWM 60 Hz
converters using power MOSFETSs. 3 %

e The dcterminals of the single-phase Active Filters  Harmonic-

i | Sensitive

converte.rs are connected in parall_el toa T load  Unidentificd Identificd
dc capacitor of 2200 F. The matching | (L) Harmonic- Harmonic-
transformers, MT1 and MT2, have a 1:20 Hybrid UPQC 116 130 HP | Producing  Producing
turns ratio. ) ' Passive Filters | Load Load

* The passive filter (PF) of 8 kVA consists of

11th and 13th tuned LC filters and a System configuration for testing the Hybrid UPQC
high-pass filter.
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Experimental Results/2

Because of the existence of fifth and seventh
background harmonic voltages in the supply, fifth-
and seventh-harmonic currents of 3.3% and 9.1%
are present in the supply current. Also the active
filters of the UPQC are out of operation, an amount
of harmonic voltage appears on the common bus, so
that a fifth-harmonic current of 12% is flowing into
the harmonic-sensitive load L1. After the series
active filter AF1 is switched on, the fifth-harmonic
current is reduced to 0.7%.

EGDV T

100 A

1D"u'"

20 A i

Iy

AWAWAWAWAWAWANWAWANY

\/\/\/\/\/\/\/\/\/
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Experimental Results/3

Then the series active filter AF1 is switched on, the
fifth-harmonic current is reduced to 0.7%, because
this active filter acts as a blocking high resistor at the
fifth-harmonic frequency.

As a result, the harmonics in VF and IL1 are reduced
by two-thirds as we can see below.

200V ;

N AN AN AN AN AN ANVANANYANY,
V'V VVVVVVV

B VAV AVAVAVAVAVAVS

"ﬂ N N TN N N N N AN T

WON NS NS NN NN N

10V
Vea I
0

il -

20A

i L ANANANNNNNANTS
VAAVALVALV ALV ARV AV ARV ARV
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Experimental Results/4

Now the second active filter is also operating but there is no further improvement.

200 Vv

Lf\/\A/\/\/M

s /\/\/\/\/\/\/\/\/\

VL N NG NN N S T
100 A

1
FT/\/\/\/\/\/\
7 N N N N NS N7

10V

%01 |l A b sl e

10VI
AR ANANONAAPANN S AAASAAA A \SAAASNPAN NSNS AAPLSL
20A

i ] A NN NN
R e S
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Experimental Results/5

All loads are connected in this case but filters are out.

The amount of these harmonic currents flowing into
the network are very large in both situations. In both
cases, this hardly distorts the voltage on the common
bus that, in turn, affects the current IL1 flowing into
the harmonic-sensitive load.

200 \
ol

AWLWAWAWLIWLW LWALWA
NAAYAAYAAVAAVAVA VA VAV

JANANNNANANANNN
ZAVALVELVALVALVALVALVALVAL

R N

100A

J00 A T

T'\f\f’\/\f\f\f\/\f\
|(WARR WA WA WA WA WA WA W AW




Experimental Results/6

Here the AF1 filter is connected :

The fifth-order harmonic flowing to the network is
reduced from 3.8% to 1.1%, and the seventh from
1.8% to 0.2%, so that the current i becomes
almost sinusoidal. But the fifth- and seventh-order
harmonics produced by the unidentified load L2
flow through the passive filter of the hybrid

UPQC causing high voltage distortions on the
voltage at the common bus.

Also, harmonic current is still flowing into
the harmonic-sensitive load L1.

200 Vv
W\ﬁv VAVAVAVS

T/\/\/\/\/\
\Z N \/\/\/\/\

R L WP WL W W L WP

SNV VY VY VYN

I Tﬂnmnnnﬂnm
J Ok WY Y Y Y Y L
100 A

EMTA AN AN NN DN
TAVAVAVAVEVAVAVEY.
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Experimental Results/7

We connect the UPQC hybrid and we see that the
shunt active filter of the hybrid UPQC can improve the
performance of the whole system by reducing further
the voltage distortion on the common bus while it also
reduces a bit more the fifth-harmonic flowing into the
harmonic-sensitive load L1.

200V T

AN AN AW LI A W A
//\\//\\/\/\/\/\/\]

100 A
g0
100A
I

0

TLAAAAAN
Lﬁ\f&\fﬂ\f 1Y)
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The Universal Active Power Line Conditioner (UPLC)

An appealing approach to FACTS devices is the unified power flow controller (UPFC).

* It allows the possibility of controlling together all three principal parameters that determine the power flow
through a transmission line.

* It joins into a single compensator all those compensation functions of the UPFC, which involves
compensating voltages and currents at the fundamental frequency, with those active filtering capabilities of
the unified power quality conditioner (UPQC). That’s why the device is called Universal Active Power Line

Conditioner (UPLC).



General Description of the UPLC/1

An appealing approach to FACTS devices is the unified power flow controller (UPFC).

e Scenario #1 as will be shown in the next slide, distorted supply voltage and the nonlinear load are on the
same side and they create subsystem A which is connected to subsystem B through a transmission line, in
which a UPLC is installed and in this way it can control the voltage on the line end terminal and the active
and reactive power flow.



General Description of the UPLC/2

As is shown below configuration #1 is best when Vs __ py 2 Vs

the active filtering of both voltage and current LA/ A Ve v

are needed on the same side (right side of the | X7 = |V’\
UPLC). In this case, the voltage v of the controlled active filtering & uniBied power flow cantrol N
bus is already distorted by power subsystem A subsystem A
and the nonlinear load (IL) is also connected at d i

the same side. Furthermore, the harmonic . Q7777777 - ---’f_f‘f“[kf """""

) ) subsystem B
voltages and eventual imbalances from negative-

sequence and as zero-sequence components at
the fundamental frequency, which can be found
in voltage v, will be compensated by the active
filtering that the series converter of the UPLC are
capable of. In this way they are prohibited of

going towards the left side. 4 P L

)
-



General Description of the UPLC/3

The following figure shows scenario #2 , for which the configuration #2 of UPLC was developed. The
difference with configuration #1 is that the series active filtering of voltage Vs is on the left side of the UPLC,
whereas the shunt active filtering of current stays on the right side. This configuration gives also an extra
measurement of voltage and it includes a positive sequence detector for this voltage.

controlled transmis.

Configuration #2 of the universal active power line conditioner (UPLC)
100



General Description of the UPLC/4

The UPLC combines all active filtering capabilities of the UPQC and voltage regulation, as well as power
flow control capabilities of the UPFC, as it was mentioned before, into a single device. The following table shows
that the UPLC is able to solve almost all problems related to power quality. Only the functionality for

compensating voltage sags and swells are omitted which is left for future improvements. As it is shown in the
next slide.



General Description of the UPLC/5

UPLC Series Converter

Compensation of voltage harmonics, including
negative- and zero-sequence components at the
fundamental frequency.(UPQC)

Suppression of harmonic currents through the
power line (harmonic isolation)(UPQC)

Improvement of the system stability
(damping)(UPQC)

Control of the active and reactive power of the
flow through the line(UPFC)

UPLC Shunt converter

Compensation of voltage harmonics, including
negative- and zero-sequence components at the
fundamental frequency.(UPQC)

Compensation of the reactive power of the
load.(UPQC)

Regulation of the capacitor voltage of the common
dc link(UPQC)

Regulation of the terminal voltage of the line
(controlled bus)(UPFC)



The Controller of the UPLC /1

* Active filtering, power factor compensation, voltage regulation, as well as power flow control included in the
UPLC controller have been analyzed before.

* All active filtering functions of the shunt converter of the UPLC correspond to a control strategy for three-
phase, four-wire, shunt active filter, called the sinusoidal current control strategy.

» Consequently, the UPLC controller for the shunt converter in the figure of the next slide contains the whole
control circuit shown in that figure without changes as will be shown next.



The Controller of the UPLC /2
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The Controller of the UPLC /3
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The Controller of the UPLC /4

The difference between the measured voltage on the right side of the UPLC and its fundamental positive-

sequence component comprises all harmonics and imbalances from negative- and zero-sequence components
at the fundamental frequency.

This constitutes the principle of series voltage compensation (active filtering) of the series PWM converter. It is
determined as:

’ , ,
VCa Va ‘

)/ ’ ?
| Ve Ve ‘

F

a

F . Jf
Veb | =1 Vb | =1 Vb
F

C



The Controller of the UPLC /5

The currents ig,, isp, and ig. are transformed into the aff0-reference frame as:

1 1 1 ]
| V2 V2 V2|
H L —— H
iss | V3 2 2 i,
0 Vi V3
u 2 2 |

Then, the control signals v, , and vﬂ’, marked by @ that come from the positive-sequence voltage detector of
"Controller of the shunt converter of the UPLC for configuration #1" are used together with these currents to
calculate instantaneous real and imaginary powers as:

dn ‘."é —V;, !SB
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The Controller of the UPLC/6

The “af-current references” in "Controller of the series converter of the UPLC for configuration #1", which in
fact are used as voltage references, are calculated as:
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The Controller of the UPLC /7

Finally, the compensating voltage components that provide harmonic isolation, damping of oscillations, and
also active and reactive power flow control in the controlled transmission line, are determined as:

1 0
Vha 5 1 V3 || o
Vb — \/ _ — Lha
| Ve | 3 = | Ing |

- 5l 4l-
s,



Performance of the UPLC

The response of the UPLC can be described as dynamic because it has been very fast, which would
might not be achieved if traditional power theories described in Chapter 2 were used in the
controller.



Simulation Results of Configuration #1 of the UPLC/1

The total simulation time interval is 300 ms, and involves the following events:

starting of the shunt converter of the UPLC at 55 ms
starting of the series converter of the UPLC at 60 ms

connecting of a single-phase thyristor bridge rectifier as a load between a phase and neutral wire, and
another between b phase and neutral wire, at 101.7 ms ( 30° firing angle)

connecting of a six — pulse thyristor bridge rectifier, as a three-phase load, at 103.3 ms
change in the imaginary power order g;..r from - 0.33 pu to +0.33 pu, at 150 ms
change in the real power order p;..r from - 1 pu to +1 pu, at 180 ms

disconnecting of the six — pulse thyristor bridge rectifier at 245 ms
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Simulation Results of Configuration #1 of the UPLC/2
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Simulation Results of Configuration #1 of the UPLC /3
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Simulation Results of Configuration #1 of the UPLC /4
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Simulation Results of Configuration #1 of the UPLC /5
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Simulation Results of Configuration #1 of the UPLC /6
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Simulation Results of Configuration #1 of the UPLC /7
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Simulation Results of Configuration #1 of the UPLC /9
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Simulation Results of Configuration #1 of the UPLC /10
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Simulation Results of Configuration #1 of the UPLC /11
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Simulation Results of Configuration #1 of the UPLC /12

Voltages at the common dc link of the UPLC
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Simulation Results of Configuration #2 of the UPLC /1

Here the power subsystem G1 is moved to the left side of the UPLC and another subsystem G2 takes the
place of G1.
The voltage Vs now is the one to be compensated in order to keep the voltage V balanced and sinusoidal.

The nonlinear loads were the same as those in Fig. "Totalized currents of the nonlinear loads." and the
sequence of events is equal to that given on " Simulation Results of Configuration #1 of the UPLC/1"



Simulation Results of Configuration #2 of the UPLC /2
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Simulation Results of Configuration #2 of the UPLC /3
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Simulation Results of Configuration #2 of the UPLC /4
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Currents of the controlled transmission line

126



Simulation Results of Configuration #2 of the UPLC /5
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summary

The control techniques for active filters have been successfully merged with a FACTS device, the unified
power flow controller (UPFC)

A three-phase, four-wire power system has been considered in the analysis, which allowed the evaluation of
the performance of the UPLC

The UPLC incorporates almost all compensation characteristics of active power line conditioners that can be
implemented with PWM converters into a single device

Two major issues have been left for future work: the dimensioning of the dc capacitors of the UPLC, and the
analysis of stability under subsynchronous resonances
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