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Abstract — This paper provides an analysis and control
algorithm of a three-phase four-wire unified power quality
conditioner (UPQC) based on p-g-r instantaneous power
theory. An UPQC is an integration of series and parallel
active filters in order to compensate the voltage
flicker/imbalance, reactive power, current imbalance, and
harmonics. The p-g-r theory transforms a three-phase four-
wire voltage space vector into a single dc voltage, and the
corresponding currents into a dc based active power p-axis
component and two imaginary power components, g-axis and
r-axis. When p-g-r theory is used in reference current control,
the p-axis current is filtered, and a corresponding r-axis
component is added to force the reference current onto the
- # plane. The current space vector follows the movement
of voltage space vector’s projection on - & plane, however,
if there are harmonics and negative sequence exists in the
voltage, the calculated reference current is not sinusoidal. In
this paper an extra g-axis component is proposed to add to
the original current compensation strategy based on p-g-r
theory to maintain a sinusecidal current waveform under
distorted voltage. With p-g-r theory, a control block model of
an integration feedback of dec power is proposed to maintain
the average dc power to be zero. The pole location of the
feedback model and an equivalent model by detecting the
instantaneous dc voltage is discussed. The proposed control
algorithm is verified by simulation with PSCAD/EMTDC.

Keywords — Power quality, UPQC, Active filters, p-g-r power
theory, inverter dc power.

INTRODUCTION

Power electronics loads (nonlinear loads) inject harmonic
currents in the ac system and increase overall reactive
power demanded by the equivalent load. On the other
hand, development in the digital electronics
communications and in process conirol has increased the
number of sensitive loads that require ideal sinusoidal
supply voltages for their proper operation [1], [2], [6].

To soften the drawbacks produced by the nonlinear loads,
unified power quality conditioners (UPQC) were
presented during 1998 [2]. The main purpose of a UPQC
is 10 compensate the supply voltage and load current
imperfections, such as sags, swells, interruptions,
imbalance, flicker, harmonics, reactive currents, and
current unbalance. In other words, the UPQC has the
capability of improving power quality at the point of
installation on power distribution systems or industrial
pOWwer systems.

A typical configuration of UPQC is shown in Fig. 1. Itis a
combinaticn of series active filter and parallel active filter.
The series active filter is responsible for cancellation of
veltage imbalance, flicker, sags and swells, and provides a
stable balanced and sinusoidal voltage to the load. The
parallel active filter is used to compensate the imbalance,
reactive power, neutral current and harmonics of the

iga + Vea. ifCa iSa ila

a > —— > -

b B ‘

c i | Load
Distribution Y'a Side
Feeder Side Lo Le

Three H-
bridge series
active filters .
| + Gy | “!Ca
+ Voei 7 l Incs +
- T oale— | e &
Vg, | DCET l’ocz [ Vi
| 2-levei
- center-split B
A paralel
| active filter
I i
2 1
[
L

Fig. 1: Configuration of unified power quality conditioner (UPQC} under study
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source current. The series active filter topology is
referenced from [9], as the three series inverters are
connected to the same dc storage capacitors, a coupling
transformer is needed to provide isolation.

The UPQC under study in Fig. 1 is analyzed with p-g-r
instantaneous power theory, The p-g-r theory proposed p-
g-r reference frames which rotates according to the
voltage space vector of a three-phase four-wire system
[10], [11], [12]. The current space vector is transformed
into three linearly independent dc based components, in
which p-axis component represenis the instantaneous
active power when mulliplied with the single voltage
vector component, where the g-axis component represents
an imaginary current component on <-4 plane, and r-
axis component represents an imaginary component which
is highly related to the 0-axis in 2- 4-0 reference frames.
A control strategy with the combination of voltage
detection method for series active filter and current
detection method for parallel active filter is used, with the
reference signal determined by the voltage detection and
current detection method [10], [12], [14] in p-g-r theory.
Since the current is compensated to be a constant length
vector that is rotating aligned with the voltage space vector,
when the load voltage cannot fully be compensated to be
balanced and sinusoidal, the current rotating with the
voltage space vector will not be sinusoidal too.

In this paper, an extra g-axis component is proposed tc add
to the reference source current space vector to force it to
rotate with a pure sinusoidal reference. The power
supplied by the series active filter and loss in switching
devices is obtained by drawing extra active power from
the paralle] active filter. With the aid of p-g-r theory, a
control block model of the integration feedback is formed
and the amount of power is determined by an integration
feedback of dc storage power. The equivalent model of
integration controller is proposed by detecting the
instantaneous value of dc storage capacitor voliage.

The simulation with PSCAD/EMTDC verifies that the
proposed analysis and control algorithm is valid for the
UPQC under three-phase four-wire system.

POWER DEFINITION IN p - g - » REFERENCE FRAME [10],
(111,12

Voltages and currenis in Cartesian a-b- ¢ coordinates can
be transformed to Cartesian g-$-0 coordinates as [3], [4],

{5).
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The p-g-r coordinates are formed by aligning the -

axis with the system voltage space vector to form the p-
axis, thus the p-, g- and r-axis are rotating along with the
voltage space vector.
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Fig. 2: Rotation of @-, /- and (}-axis to p-, g~ and r-axis

The mapping of the o-g-0 coordinates to p-g-r

coordinates is performed by two rotations. First, a new
a'-f'-0 reference frames is established by rotating the 0-

axis of the @-8-0 reference frames by #,, aligning the 2-

axis with the projection line of the voltage space vector to
the g-p plane. The p-g-r reference frames can be

formed by rotating #'-axis of the o'-g'-0 reference frames

by #,, aligning the a'-axis with the voltage space vector.
The pg'-axis is renamed to g-axis in the second rotation,

and since it is rotated only in the first rotation, the g-axis
of the p.g-r reference frames always locates on the

surface of the a-8 plane of the a-8-0 reference frames.
The transformation from the q-£-0 reference frames to the
p-q-r reference frames can be described as (2), (3), (4)
and (5).
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The instantaneous active power p is defined as a dot
product of the voltage and current as [3], [4], [5], [10],
(117, [12]

p=é-i=eji (6)
Instantancous imaginary power ¢ is defined as a cross
product of the voltage and current vectors as [3], [4}, [5],

[10], [12]
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With the p-g-r theory, the concept of instantaneous

44



tmaginary power 1s clear. The current vector components
i, and i, are the current components that are orthogonal to
the voltage vector, and thus do not contribute to the
instantaneous active power. The g-axis component of the
current vector is always located on the g-ff plane where

the r-axis component is highly related to the neutral line
current.

For a balanced and sinusoidal voltage vector, the value of
e, i1s constant and thus the p-g-r transformation can be
viewed as a transformation from three-phase periodic
system to three separated dc systems. If the angular
velocity of the voltage vector on g-f plane i8 constant, a

constant value of current veclor represents a balanced and
sinusoidal three-phase current.

INSTANTANEOUS POWER FLOW ANALYSIS OF A UPQC
WITH p-g-r THEORY

The reference load voltage of a UPQC system is taken to
be balanced and sinusoidal as for the requirement of
sensitive loads, however, the fundamental phase angle
between the source voltage and load voltage can be varied,
and so as the source current’s phase angle with respect to
the load voltage. Varying the phase angles resulis
approximately same amount of power supplied by the
source, however, the magniinde of the source current and
the magnitude of series inverter voltage varies. In this
section, the instantanecus power flow in a UPQC system
18 analyzed such that the source current and the series
active filter voltage are kept as minimum as possible,
which can reserve a larger capacity of power supplied to
the load and a larger ability to solve voltage flicker by the
series active filter.

A. Instantaneous Active Power Flow in p-Frame

The instantaneous active power is the dot product of the
voltage and current space vector. In the case of p-g-r
frames, the dot product results the scalar product of the
voltage magnitude and the p-axis current only. Consider
the UPQC system shown in Fig. 1, the series active filter
and parallel active filter can control the load voltage

and the source current i, respectively. For the load, the

UPQC is responsible to maintain a balance and sinusoidal
rated voltage. The instantaneous active power loops in the
UPQC system and imaginary power provided by the
source should be reduced to a smaller value such that a
larger capacity of power is available to the load side. The
instantaneous active power flow of the UPQC system is
shown in Fig. 3, in which only phase a series inverter and
electrical quantities are shown.
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Fig. 3: Instantaneous active power flow in the UPQC system

The parallel active filter power 1088 ppysios; 18 the switching
loss inside the paralle] inverter, The series active filter
power 10SS Peupss includes the switching loss in the
inverters and the cooper loss in the coupling transformers.
When there is voltage flicker, sag, or the voltage is below
the rated voltage, ac and dc active power is needed to draw
from the series inverter to the load, and this power is
named Pyerier. The power py,. has an ac component which
is used to compensate harmonics and imbalance in the
load current in which will increase the ac portion of p,,,
and py if remain uncompensated. The de component of
Psharg 18 Used to supply power for py . Pross. such that the
average of the dc storage power pg equals zero. Since the
POWET Pieries 15 supplied from the UPQC to the lead side
and p..n 1 taken from the load side, it is clear that there is
an amount of active power looping inside the UPQC
system and they have the relationship related to the dc
capacitor power py. and the loss power py,;; as stated in (8).

pshunr = pren'zs + pdc + plms (8)
where
Ploss = Psartoss + Prarioss )

Notice that in (8) the power relationship inside a UPQC
system excludes the source and the load active powers.
This implies that the amount of power locping inside the
UPQC is not determined by the source fto load
transmission,

The instantanecus active power flow relationship between
the source and load can be defined by (10).

Ps =D+ Pyt Poc o)

Source active power is supplied to the load and also to
cover the loss power and the dc power, however, they have

no relationship with the amount of power looping in the
UPQC. -

B. Instantaneous Imaginary Power Flow in q- and r-
Frame
The vector of instantaneous imaginary power vector is the
cross product of the voltage and current space vector, in
which, when muliiply with the voltage, the g- and r-axis
current forms the r- and g-axis imaginary power
respectively. If there are g- and r-axis current components,
or a non-zero vector of imaginary power, the capacity of
active power transferable from the source to the load is
reduced. However, the parallel and series active filter can
provide lo compensate the imaginary power such that the
capacity used other than supply in active power is
minimum.
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Fig. 4: Instantaneous imaginary power flow in the UPQC system
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The instantaneous imaginary power flow of the UPQC
system is shown in Fig. 4. The series and parallel active
fillers can supply required amount of g and g4, = as

long as the capacity of the active filters is enough. A non-
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zero average vector sum of the instantaneous imaginary
power is a result of phase difference between the voltage
and current. In the point of view of voltage and current
space vectors, it is formed if there is an average deviation
in the difference of direction of voltage and current space
vectors. By the p-g-r theory, a non-zero average vector
sum of instantaneous imaginary power, i.e. the average of
g, and g, are not zero, is formed when there is a dc value
in the g-axis and r-axis which are orthogonal to the
vollage space vector, The dc component in r-axis
imaginary power refers to the reactive power component
in the load, and the ac component is related 10 the
harmonics and imbalance. The g-axis imaginary power is
mainly produced by the neutral current imbalance.
Reducing the amount of imaginary power supplied by the
source results an increase of capacity of active power
available to the load side. The imaginary power g, can be

fully compensated by the parallel active filter while the
series active filter supplies an imaginary power with a zero
average vector sum to compensate the imbalance and
harmonics in the source voltage.

COMPENSATION OF INSTANTANEOUS ACTIVE AND
IMAGINARY POWERS

To increase the capacity of power available to the load, the
ac component of load power p, . and g, , should be

compensated by the parallel active filter, the average of
series active filter power p__ ., and g4 . . should be

considered such that the source current magnitude is as
small as possible.

Table 1 shows a summary of components of instantaneous
active and reactive power which can be altered by the
selection of references or compensated by the UPQC
system. p, represents the ac component of the load

instantaneous active power, Ty represents the average
value of g-axis imaginary power of the load, and
7.=00 7. 7 is named as th vector sum
7s [() s, qu}rpq, is na € average vector su

of source imaginary power vector, and the same for other
quantities. Some of the main reasons of existence are
made under the assumption that the load voltage and

source current are compensated to be balanced and
sinusoidal,

Table 1: Summary of components of instantaneous power in

Harmonics and
q, imbalance in
current

Compensation by
PAF

Harmonics and
imbalance in

T load, mainly Compensation by

) PAF
neutral line
current
Source voltage
deviation from
the rated voltage, Reduced by

phase difference consideration of

Preries between reference load voltage
fundamental placement
source voltage
and load voltage
Phase difference Compensated by
between . .
= = fundamental consideration of
G series* 95 reference load voltage
source voltage lacement
and load voltage P
b, and Harmonics and | Compensated by SAF
= imbalance in N z
5 Wl[h pszr:’ej’ q eri
5 source voltage series

the system
Main reasons of Compensation or
Parameters . T
existence elimination
o It
Exist if there are Load voltage
compensated by SAF.
. load voltage and .
B Harmonics and
current . .
imperfections imbalance in current
compensated by PAF
Phase difference
between
fund .
- un a{n.emal Compensation by
gy positive PAF
sequence load
voltage and load
current

If the voltage vectors Vs Vs Vg and current vectors FS, FC,

fl are represented by a p-g-r reference frames rotating

with ¥, , the vectors and instantancous active power

expression can be given by (11) to 20).

Vi = [V‘P 0 O]yraqr(a,) (11)

o O (12)
Vg = [Vs,o Vsg Vs }:ar(m (13)
=l i is,]f,q,(ﬁ,) (14)
=l ia ol (15)
=l i il (16)
2=, (17)
Pune = Viplcy (18)
Pupse = Vilsy (19
Pseries = _(chisp +ve gt Vc,is,) 20

The power py,, includes the load power py, loss power pig;
and also the power supplied by the series inverter pee;.
This means the capacity of power available to the load
side is reduced if the power p,., is increased. The load
power and loss power are unknowns, however, from (19)
the magnitude of source current can be minimized if

{S=[isp 0 O]quu‘-.)’ since the value of v, should be

compensated to be a constant by the series active filter.
This means the current should be compensated to be
balanced, sinusoidal and in phase with ¥, when all the

harmonic components of the load current are compensated

by the parallel active filter.

If the rren i , the
source current equals [; 5 0 o}rw(m

instantaneous active power relaticnship in (20) and the
instantaneous imaginary power relationships can be given
as (21) to (24).
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pserfes - —vCpiSp (21)
0 0
é.!ﬁf(‘j = q:rrie:,q - v(,‘r'iSp (22)
_qscn‘ts.r + qul Sp pqr(ff]
[ o 0
E].S = qS,q = vSriSp (23)
qu,r _-qurSp par(ty)
Gupge =V, Xy = Opqrm.) 24)

Consider the load voltage is balanced and sinusoidal, the
value of ig, is constant, in (22), the average vector sum of
the instantaneous imaginary power of g is zero when

the value of vg, and v¢, has no dc components, which is
the same case for vy, and vg, in (23). Since the series active
filter voltage is the difference between the load voltage
and source voltage, the value of vg, and v, so as vs, and
vs, has no dc components only if the fundamental positive
sequqnee component of the source voltage 1s in phase with
the reference load voltage. A vector diagram showing the
relationship of fundamental pesitive sequence vector in p-
g-r frame ¥, ¥, and v, and the p-axis component of i,

is shown in Fig. 5.
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Fig. 5: Vector diagram showing dc component vector in p-g-r

coordinates of ﬁ,, ﬁc and ﬁs

In (21), minimizing the value of v, results reduction of
active power drawn from the dc link by the series active
filter. In Fig. 5, the vector v, is different from the p-axis

component vector when the fundamental positive
sequence of source voltage is not aligned with the
reference load voltage, and the minimum value of v, is
obtained when the fundamental positive sequence of v is
aligned with the p-axis. In this case, the value of v,
reaches the minimum point, 1, 1=vg, E’um =0 and _js =0.
To achieve this, the reference load voltage is taken in
phase with the fundamental positive sequence of the
source voltage.

Assuming that the source voltage is balanced and
sinusoidal but is below the rated voltage, the minimum
magnitude of ¥ occurs when ¥, is in phase with ¥, In

this case, V.= [ch 0 ()er. However, alternating v¢,
and v, are needed when the source voltage vector is not
ideal. The reference load voltage 7 is calculated by the

algorithm which is based on PQR instantaneous power
theory in [13], [14].

In order to provide 2 maximum available capacity for the
load side, the power drawn by the series active filter from
the de link can be reduced by selecting the reference load
voltage to be in phase with the fundamental positive
sequence of source voltage, and the current reference is
selected to eliminate the load current’s harmonics,
imbalance and reactive power, and includes an active
power for the power given out by the series active filter.
The control algorithms obtaining the cormresponding
references are discussed in the following section,

CONTROL ALGORITHM

To obtain the voitage and current references as analyzed
above, fundamental positive sequence of source voltage is
needed to be extracted, and the load current components
corresponding to the harmonics, imbalance and reactive
power must be extracted. A block diagram that shows the
procedure to calculate the voltage reference, current
reference and the determination of dc component of
instantaneous active power absorbed by the parallel active
filter, namely poomp-

To extract the fundamental positive sequence of the source
voltage, the reference wave generator proposed in [13],
[14] is applied since a balanced and sinusoidal unity
reference wave can be calculated without time delay. The
current compensation based on p-g-r theory in [12] is
applied because no voltage preprocessing is needed. An
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extra g-axis component is proposed 1o add 1o the reference
current when the load voltage cannot be fully compensated,
which will force the reference current space vector aligns
with the balanced and sinusoidal reference wave. The
calculation of the power needed to be absorbed by the
parallel active filter, p.,., is performed by detecting the dc
storage power and feedback with an integration controller,
or, if the dc storage is a capacitor, detecting the
instantaneous value of capacitor voltage.

A. Voltage Reference Calculation

The reference wave for the voltage reference can be
generated by the reference wave generator (RWG)
proposed in [13], [14]. By this algorithm, a balanced and
sinusoidal reference wave can be obtained without time
delay, and can be maintained even if the source voltage is
distorted by severe voltage sags. The block diagram of the
RWG is shown in Fig. 7, since the series active filter is
controlled by a feedback system with the load voltage on
each phase as in [15], the compensating voltage ¥, is not

required to be calculated.

B.  Current Reference Calculation
For the reference current determination, the load voltage
¥, 1s taken as the p-g-r rotation reference instead of the

reference load voltage 3 since this guarantees the parallel

active filter to compensate the load current harmonics and
to provide the correct amount of power looping in the
UPQC, cven if the series active filter cannot fully
compensate for the harmonics, unbalance and voltage sag
occurs in the source voitage. Since the p-g-r theory does
not require voltage preprocessing [12], the control
algorithm still works under this case. Reference current
control in [12] is used since only the harmonics in the
current is filtered, in which the parallel active filter can
only control the source current. Unlike a conventional
parallel active filter, it should absorb (or release when the
source voltage is higher than the rated voltage) active
power to provide the proper operation of series active filter,
such that the average of the dc capacitor voltage p,. =0.

The current harmonics and neutral line current can be

compensated by the following reference source current
vector as in [12].

F T .
Is, lp + Leomp
e 0 _ 0 (25)
!Spr - -
_Mo _ Yo
Sp Sp
v v,
B s B g

The dc component of iy, which corresponds to the average
active power component of the load current, is extracted,
and a small amount of r-axis current is added to
compensate the neutral current. The current i, is added
to provide compensation of series active filter power and
loss power, such that pyomp = v, iconp. However, when there
are harmonics and negative sequence components in the
load voltage, the p-g-r reference frames are not rotating at
a constant angular velocity and thus the resulting source
current is not sinusoidal.

Here, a compensation method is proposed to control the
reference current space vector to follow the rotation of the
sinusoidal reference wave. Since the p-axis and r-axis are
used to compensate the active power harmonics and

neutral line currents respectively, and the remaining g-axis
is always located on the «-f plane, it can be used o move

the current space vector to be aligned with the reference
wave, without using extra active power. The sinusoidal
reference wave G,' generated by RWG can be transformed

into the p-g-r( ¥, ) reference frames and compare with I‘S;r

The corresponding vector diagram is shown in Fig. 8.

kg-axis
Proposed
g S , 7+ reference
tsy e
;
:
T o
ISpr o -axis
Conventionai
reference

Fig. 8: Vector diagram for current control when 17: and v, are

not aligned

The «-axis is the projection of the p-axis on -8 plane,
and is also the direction of the conventional reference
current control in p-g-r theory. However, when the voltage
is not balanced and sinusoidal, the instantaneous
frequency of rotation of the p-g-r reference frames is not
constant, thus there is a deviation beiween the current
reference and the ideal voltage reference. The g-axis
component is used to force the original current vector E:S:;r

to be aligned with the balanced and sinusoidal reference
wave. Notice that no extra active power is needed since
the g-axis component is orthogonal to the load voltage and
thus is related to the instantanecus imaginary power only.

The value of f;,, can be calculated by (26).
v .
v
#® v'w Vi, 1.;p (26)
Yia ) Via | Viap
vlﬂ V;]

Although the magnitude of the reference current vector is
now not equal to the conventional one which is constant,
for a small difference between {S;r and 7, the magnitude

*
Iy =

of is, is small compare with F'S:>r|’ such that Ii';‘:\;;}l

Subtracting the load current with the reference source

current, the reference compensating current jép, i;q and
ir, can be defined as (27) to (30).

AT L 27

i, =i, ti 27

iCp = J’;lp _I‘Sp = l}p - icamp (28)

[vfa}x|:vl}j|

i2q=izq i V:‘g "‘ilp—i;p 29
Vie | | Via | Vep
[Vrﬂ] ["fﬂ]

f5 (30)

A certain amount of dc current i, is drawn from the
source in order to provide active power such that the series
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active filter can provide a rated sinusoidal voltage and the
losses can be compensated. If the average instantaneous
frequency of the rotating p-g-r frames equals to that of the
reference sinusoidal wave, there will only be an ac
component exists in the g-axis reference, and thus no dc
reactive power is needed from the source.

In this section, a g-axis component is introduced to add to
the conventional p-g-r current compensation in [12] such
that the rotation of the current space vector is at a constant
instantaneous frequency. The amount of dc current imp
needed to be drawn from the shunt active filter to the dc
link is discussed in next section,

C. Calculation of Active Power Needed to be Absorbed
in UPQC

To mnaintain the dc capacitor voltage to be a constant value,
a dc value of active power in p,, is needed (o be drawn
from the load side into the UPQC system such that it is
equal to the summation of py... and p,, in average.
Although p;., can be monitored by observing 7, and [,
the loss power is difficult to be calculated and is related to
external variables such as temperature, pressure, etc.

With the p-g-r transform, together with the assumption
that the load voltage is fully compensated to be the same
as v, , and the source current i; is compensated to be in

phase with y;, with the simple active power relationships

in {17), (18), (19), (21), a control block diagram is drawn
with Py, Peomp and py, as inpuis and ppe as output, where
Peomp = Vip icamp'

Fig. 9: Control block diagram under the assumption

=i, o of

s par(s;)

In Fig. 9, the value of v, should be compensated to be
constant, while vc, is a varying coefficient when the
source voltage is not balanced and sinusoidal. If the
parallel active filter can output the calculated reference
current without error, it can be viewed as a unity gain
block in the diagram. In order to make the steady-state
value of average dc power to be zero, a negative
integration feedback with gain X is added.

The expression of Laplace transform of the dc capacitor
power and the shunt active power are shown in (31) and

(32).
Ve, Yq
S{[‘l - [1 + A—p]DHP (S)]Pj (S) - F;os.r(s):l
v,p vip . (3 I )

vV
s+ K, 1+-%
Vi,

Pocls) =

R\'hum (S) =-

=D ()R (5) (32)

P!GSS (s)
v
s+K,|1 +~3J
Vi

From the above equations, there is an extra pole added to
the closed-loop system. The location of the pole is given
as below.

5 pote =_KI{1+%J (33
Ip

The system will become unstable if Y SV, which is

reasonable, because in the equality case there is no power
released by the source side. In (31) the closed-loop system
results a high-pass filtering for the dc capacitor power, and
thus the average ppc equals zero in steady-state. Although
increasing the value of K can increase the stability margin,
from (32), the resulting high-pass function is applied to the
original fillered harmonics of the load power, if the pole is
too far from the origin, high frequency components of the
load current will be filtered out and thus limiting the effect
of harmonics compensation by the parallel active filter.
Thus, a constraint of the value of K, is given by (34),

K < wDﬂp(.r)mr-aﬁ'

{H.Ivcpmr] 64
vy,

Since the dc power in voltage source PWM inverters are
switching at high frequency, it is difficult to perform
numerical integration by DSPs, in which there will be a
high degree of error if the sampling frequency to obtain
the dc power signal is low. However, for the dc storage
capacitor model used in this UPQC system, the integration
of the d¢ power can be replaced by the detection of
instantaneous dc voltage value.

Fig. 10: Voliage and current relationship in dc storage capacitors

The equivalent of the integration controller can be given as
(35)

-K, J’ Poc(@dr =€ [v,,a(:o)wﬂcz(z ) (35)

- l’.ucl (1)- Vucz )]

If the initial value of dc capacitor value is
1
Voei(tg) = Ve (1)) = E pCo’ + (35) becomes
K,C
K Jroe =S5 B 1) OO

W
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From (36) it is clear that the sum of the sieady-state value
of vper and vpes 18 lower than that of Ve if the average of
Psmn 18 DOL zero. In the case of balanced dc capacitor
voltages, i.e. Vo ) =Vpe, (1) the capacitor voltage at

steady slale is given as below.

| .. 4 _
Vol )= |-V —— (37
.ULl( ) J4 DCo K,C Pt
A larger value of K; reduces the deviation of the steady-
state voltage to the initial voltage, thus, this can be set as a
constraint of the value of K, together with (34), and the
range of K is given by (38).

da ﬁﬂmmmax anp(S)fu!-oﬁ (38)

1., 2
C(4VDCO _vﬂclmmJ 1+lvﬂ’l"l
Vi

where a is a coefficient larger than 1 to provide a safety
margin. The value of Ve can also be adjusted such that
the dc storage capacitor voltage does not drop below the
requirements of the inverters.

With p-g-r theory, a simple active power relationship is
obtained and thus a control block model is proposed. An
integration controller with gain K; is used to deternmine the
amount of active power needed for the dc link to provide
compensation of series active filter and losses. From the
Laplace transform relationship there is a resuliant high-
pass function applied on the de-link power, and thus iis
steady-state power is zero. However, this high-pass
function is also applied on the instantancous active power
of the parallel active filter, which will limit the harmonics
compensation of the source current, based on this effect a
constraint of K; is defined. The equivatent of this
integration by detecting the dc voltage instantaneously is
proposed, which can be applied to de link structure that
has equivalent single or single-split capacitor model. The
steady-state value of the dc capacitor voltage is
investigated and the lower boundary of the gain K is set.

<K, <

SIMULATION RESULTS AND DISCUSSION

Table 2 shows the values of parameters that are used in
simulation with PSCAD/EMTDC for the UPQC shown in
Fig. 1. The source is selected to be a highly harmonically
distorted unbalanced voltage source and the waveform is
shown in Fig. 1l(a), and the load is three single phase
rectifier which will drive unbalanced and nonlinear
currents from the UPQC.

Table 2: Parameters used in simulation

dc capacitor C;, C, 3300 F
UPQC each
Initial dc voliage Ve 800V
Integral feedback gain K; 50

System Parameters Value
Filter capacitor Cp 1TuF
Coupling tra_nsformer 3 3kVA
capacity
] . Coupling transformer
Sen];c-itactwe Jeakage reactance 10%
Hier Coupling transformer rated
voltage
(inverter side/filter (440V/220V)
capacitor side)
PWM Control SPWM
Parallel Inductance L. 20mH
active filter PWM Control Hysteresis

A. Compensation of current under highly distorted
source voltage

When the source voltage is highly distorted by harmonics
as in Fig. 11(a), the harmonics in the load voltage in (b)
cannot completely be removed by the series active filter,
thus the waveform of the load voltage is not completely
sinusoidal.

When the current is compensated by taking the reference
source current as in (25), in which the g-axis reference
source current equals zero, and r-axis component is used
to compensate the neutral line current. The current
waveform is plotted in Fig. 12.
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Fig. 11: Waveform of a) highly distorted source voltage, b)
compensated joad voltage
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Fig. 12: Current waveform when taking the reference as (25)

It is shown that the current waveform is similar to the load
voltage, which is close to the sinusoidal reference load
voltage. Using the reference load voltage wave and the g-
axis source current as in (26), the source current can be
compensated 1o sinusoidal as shown in Fig. 13.
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Fig. 13: Current waveform when taking the compensating current
reference as (27) to (30)

The simulation result verifies that if there is a balanced
sinusoidal reference, with the p-g-r theory the source
current can be compensated to be balanced and sinusoidal
even if the load voltage is not perfectly compensated.

B. Integration feedback control of dc power

Three single phase rectifier is act as a nonlinear load for
the simulation. The load absorbs an average active power
of approximately 2.5kW, and there are 3 and 5°
harmonics exist in the source voltage. Throughout a 0.5
sec simulation, a single-line-to-ground fault occurs in

phase a at the source side in 0.20s and it is cleared at 0.35s.

The waveforms of the source voltages are shown in Fig.
14,

The UPQC starts its operation at 0.10s, in which the load
voltage is compensated to be balanced and sinusoidal after
that, as shown in Fig. 15. The current waveforms of the
load are shown in Fig. 16.

The waveforms of source currents are shown in Fig. 17.
Notice that the current is larger during fault in order to
provide active power for the series active filter to
compensate the nearly zero voltage at phase a.

The waveforms of voltages and currents in p-g-r reference
frames are shown in Fig. 18. Since the load voltage is
compensated to be balanced and sinusoidal, the load
voltage in the p-g-r frames with respect to itself is a
constant value. Also, the g- and r-axis of the source
current is compensated 1o zero, with a dc value in p-axis,
this shows that the current is compensated to be balanced
and sinusoidal. Notice that the source voltage have no dc
components in the g-axis and r-axis, and since the current
is now have a p-axis component only, the average vector
sum of the source imaginary power vector given in (23) is
zero. This means that there is no phase difference between
the fundamental positive sequence of the source voliage
and the load voltage, and thus the power looping in the
UPQC system has a minimum value.

To investigate the amount of power taken by the parallel
active filter and the power released from the series active
filter, the waveforms of instantaneous active power of
Pstunes Pseriess Ps» Py and the waveform of output of integral
controiler are obtained,

In Fig. 19(b), the average value of instantaneous active
power of the load is constant after the transient process
when that UPQC starts to operate at 0.1s. [t is because the
load volitage is compensated 1o be balanced and sinusoidal,
thus there is no influence to the load side even if there is a
fault at the source side. When the fault occurs at 0.2s, the
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Fig. 14: Waveforms of source voltages. A fauit occurs at 0.2s
in phase a and is cleared at 0.35s
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series active filter needs more active power from the dc
link as in Fig. 21, and thus there is an increase in the
power drawing from the dc storage. The integration
controller compensates this power with a transient process
as in Fig. 22, and the drop of dc stops after the system
reaches its steady state as in Fig. 23(a). As expected, the
steady-state dc voltage will be lower if the required power
from the series active filter is larger. Notice that the dc
component of pg,., in Fig. 20 is identical to the output of
the integration controller in Fig. 22, The ac component of
Do 18 Used to compensate harmonics and imbalance of
the load current. It is interesting to see that in Fig. 19 the
average active power supplied by the source is
approximately the same before and after the fault in
steady-state, except that there may be a difference in the
loss power. This shows that the power looping in the
UPQC does not consume extra power from the source,
however, as shown in Fig. 18, the increase in p,,., will
increase the magnitude of source current, since the total
amount of active power flowing through the system p,,. is
larger.
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CONCLUSION

The instantaneous active power flow in a UPQC without
rectifier support in three-phase four-wire system is
analyzed by p-g-r theory. The voltage detection and
modified current detection methods are combined to
maintain a zero average dc storage power. A proposed g-
axis component is added to place the current vector to
align with the balanced sinusoidal reference. A negative
integration feedback control of dc storage power is
proposed, and its equivalent model by dc voltage feedback
is analyzed. The above control algorithms are simulated

and the results agreed well with the theoretical expectation.

The future work includes the analysis of the effect of
sampling and guantization error on detection of dc storage
voltage, minimization of looping active power and loss
power in the UPQC system, and the consideration of
power flow at the source side.
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