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ABSTRACT

This paper, propose a Three-terminal Reduced DC Bus Capacitance Unified Power Flow Controller (UPFC) for
Low Voltage (LV) distribution Networks with High Photovoltaic (PV) penetrations. The device is shown capable of
voltage regulating and correcting phase unbalance voltages that can be produced by high levels of distributed photovoltaic
(PV) generation. The device is also capable of Power factor improvement (PFI) and correction, regulating the zero,
positive and negative sequence voltage in LV distribution Networks and neutral or zero sequence current compensation.
Instantaneous reactive power theory shows The power of DC Bus capacitor will fluctuate at twice mains frequency during
unbalanced operation. The Real and Instantaneous power balance of Unified Power Flow Controller (UPFC) can be
maintained by allowing the shunt input converter to draw a small negative and positive sequence current. The
Instantaneous Power balance with negative sequence current allows a hundred-fold reduction in the value of DC bus
capacitance which allows long life polypropylene or ceramic capacitors to replace of electrolytic capacitor in this

application.

Keywords: UPFC, DC bus capacitance, high PV penetration, LV distribution, instantaneous power theory.

INTRODUCTION

In the form of roof-top domestic systems, the
Distributed photovoltaic generation is being installed at an
increasing scale. Significant power quality issues,
especially voltage rise and voltage unbalance have been
widely studied, [1-6]. The penetration of renewable energy
supplies in distribution networks is materially restricted by
the voltage management philosophies that applied when
networks where constructed. For that reason the possibility
of large scale PV in the LV distribution networks was not
considered. High levels of PV penetration in LV
distribution network may alter usual behavior of
distribution networks. The majority of distribution
networks are radial and the power flow direction is from a
point of bulk supply outwards to loads. The operating
assumption is that power flows from upstream high
voltage networks to the downstream low voltage networks.
The single prevailing flow direction allows voltage
regulation devices to be set to compensate for the largest
voltage drops at the highest loads. The presence of
distributed generation can cause the power flow to reverse
when the loads are light.[7, 8] In conjunction with the pre-
set voltage profile, which is purposefully placed at the
upper edge of the acceptable voltage band, distribution
over-voltages quickly result. Impacts of high PV
penetration include voltage rise, voltage unbalance, and
reverse power flow [9-11]. The distribution network
demand reduces because a significant portion of power is
locally supplied by the installed PV. In some cases, the
generation may exceed the feeder loads which will cause
the direction of power flow to reverse in the LV

distribution networks [3]. Over-voltages have been
observed where high penetrations of residential roof-top
solar systems have been installed[7]. In residential districts
the midday loads during the working week can be very
low while the solar generation is high. The resulting over-
voltages cause inverter tripping and the loss of the solar
generation. These are the problems which may limit the
capacity of distribution networks to absorb PV generation.
Consequently voltage regulatory device is necessary to
manage the LV distribution network.

THREE TERMINAL UPFC FOR VOLTAGE
MANAGEMENT WITH HIGH PV

The studies of literature explore that higher
penetrations or renewable generation within the
distribution network can be achieved by the addition of
intelligent control, regulatory devices and energy storage
[12-15]. In this paper Proposed a three terminal UPFC as
voltage regulation device for LV distribution networks as
shown in Figure-1 which shows a voltage regulation
device based on the Unified Power Flow Controller,
(UPFC), concept [16]. In this case the DC bus capacitor
has a reduced size to allow the application of ceramic
capacitors in place of conventional electrolytic capacitors.
Electrolytic capacitors often determine the limitations on
working temperature for converters and can contribute
significantly to cost and failure rate [17, 18]. This paper
explores how a three wire UPFC can be controlled if the
DC bus capacitor size is reduced by two orders of
magnitude — a one hundred fold reduction. Murata, and
others now provide high temperature high-current multi-
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layer ceramic capacitors, (MLCC), for electric vehicle
inverter applications [19]. This paper also demonstrates
the performance of voltage regulator with reduced DC bus
capacitance. As electrolytic capacitors with thousands of
microfarads are replaced by ceramic capacitors of tens of
microfarads the major research challenge is to manage the
DC capacitor voltage by ensuring instantaneous power
balance for the input and output converters [20, 21].

Although, the electrolytic capacitors are the most popular
because of its high volumetric efficiency and low cost per
unit capacitance, still they suffer from low ripple current
capability, short life time, temperature limitations and size
[22]. Reduction of DC bus capacitance has the major
advantage that allows the application of non-polarised
capacitors in place of conventional electrolytic capacitor
[17,23-25].
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Figure-1. Three terminal reduced DC bus capacitance UPFC based voltage regulator.

DC CAPACITOR VOLTAGE VARIATION AND
INSTANTANEOUS POWER FLOWS

In the Figure-1, the proposed UPFC system
regulates the voltages at the output terminals a, b and ¢ by
injecting a series voltage component. In general low-
voltage four-wire distribution networks unbalanced
loading or unbalanced solar generation will produce
unbalanced variations in voltage. The injected correcting

ps(t)=ia(t)xvAa(t)+ib(t)xvBb(t)+ic(t)xvCc(t)=ps+ps

voltage will have positive, negative and zero sequence
components and the series injection converter must have
four phase legs to produce the necessary degrees of
freedom. Figure-2 shows the regulator system modeled
with continuous time voltage and current sources. The
instantaneous power developed by the series injection
elements is given [2]:

M

The instantaneous power can be expressed as an average value, p, and an oscillatory component p.The injected voltage is
expressed as a sum of positive, negative and zero sequence components.

(t)=\2V s+(wt+@us+)+\2Vs—sin(wt+@vs—)+2Vs0sin(wt+@vs0) 2
(t)=\2V s+(wt—213/+@us+)+\2V s—sin(wt+2m3/+@us—)+\2Vs0sin(wt+¢@vs0) 3)
(6)=\2V s+(wt+213/+@us+)+\2V s—sin(wt—2m3/+@us—)+\2Vs0sin(wt+¢@vs0) 4
Similarly the line currents can be expressed as:

(t)=\2Is+H(wt+pis+) N2 s—sin(wt+@is—)+\2Is0sin(wt+@is0) (5)
(t)=\2Is+(wt—2m3/ @is+) N2 s—sin(wt+2m3A4pis—)+\2Is0sin(wt+¢is0) (6)
(t)=\2Is+(wt+2m3A4pis+)H2Is—sin(wt—2m3A+@is—)+2Is0sin(wt+pis0) )
The resulting average and oscillatory powers are, [12]:

ps=3Vs+Is+Ccos(pvst+—@is+)+3Vs—Is—cos(pvs—@is—)+3 Vs0 Is0cos(pvs0—¢pis0) (8)
ps=3Vs+Is—CoS(2wt+pvs++@is—)+3Vs—Is+Cos(2wt+pvs—+@is+)+3Vs0Is0c0s(2wt+pvs0+¢is0) ©)]
Assume the input voltages to the parallel converter are:
(t)=\2Vp+(wt+eup+)+2Vp—sin(wt+evp—)+\2Vp0sin(wt+pvp0) (10)
(t)=\2Vp+(wt—2m3+@up+) 2V p—sin(wt+2m34pup—) V2V pOsin(wt+pvp0) (11)
(t)=\2V p+(wt+2m3/4+pup+) 2V p—sin(wt—2m3+@up—)+2VpOsin(wt+pvp0) (12)
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In a voltage regulator with negligible energy
storage the series injected power must be balanced by
power delivered by the shunt converter. It will be shown
this can be achieved using positive and negative sequence

currents only. The input currents are arbitrarily controlled
in terms of the positive and negative sequence currents as
follows:

(ty=\2Ip+(wt+pipH)H2Ip—sin(wt+pip-) (13)
(t)=\2Ip+(wt—2m34@ip+)+\2Ip—sin(wt+2m34@ip-) (14)
(t)=\2Ip+(wt+2m34@ip+)+\2Ip—sin(wt—2m34@ip-) (15)
The parallel input converter instantaneous power is:

pp(t)=iAp(t)xvAN(t)+iBp(t)xvBN(t)+iCp(t)*vCN(t)=pp+pp (16)
The average and oscillatory powers for the parallel converter are:
pp=3Vp+Ip+cos(pvp+—gip+)+3Vp—Ip—cos(pvp—¢ip-) 17)
pp=3Vp+Ip—Ccos(Rwt+@up++@ip—)+3Vp—Ip+cosRwt+ @up—+pip+) (18)

In practical applications the shunt converter input
voltage has a dominant positive sequence component, Vp+
<@up+, but is not necessarily completely balanced. If:

Vp+ >Vp— (19)
Then

pp=3 Vp+ Ip+cos(pvp+—@ip+) (20)
pp=3 Vp+ Ip—cosRut+ @up++@ip—) (21)

Equation 20 shows that the average power, p,
could be satisfied with the lowest current if the shunt
converter draws positive sequence current in phase with
the local positive sequence voltage. Equation 21 shows the
oscillatory power can be balanced by the input converter
by drawing a negative sequence current with an
appropriate magnitude and phase. These relationships can
form the basis of control systems to manage the voltage on
a DC bus capacitor with reduced size.

It is noteworthy that the parallel converter can
draw a zero sequence current, or a positive sequence
reactive current, without producing either an average
power term or an oscillatory power term. The zero
sequence current magnitude is absent from (20) and (21).
For a positive sequence reactive current the phase angle
between the voltage and current in (20) is 7/2 resulting in a

zero cosine term. The implication is that the parallel
converter can compensate zero sequence current and
positive sequence reactive power without any implication
for the DC bus capacitor size.

CONTINUOUS DOMAIN COTROL MODEL

Modern switching converters, especially below
100kVA where the switching frequencies often exceed 10
kHz, can be usefully modeled for control purposes using
continuous domain models as shown in Figure 2. The
series converter is controlled to produce the injected
voltages and the parallel converter is current controlled to
satisfy the instantaneous power requirements for the series
elements.

The DC bus capacitor power is the difference
between the input parallel converter power and output
series injection powers and the voltage is the integral of
the resulting charging current. In the most simplified
models it is assumed both converters utilize switching
frequencies, filter designs and control methodologies that
provide rapid responses that introduce negligible phase
delays over the control bandwidths of interest. An
improved continuous time model can include the
modulation transport delay and the inverter filter state
variables.
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Figure-2. Continuous domain model [2].

The possible voltage control arrangement for the
series converter is shown in Figure-3. The series converter
is voltage controlled to force the output voltages to follow
positive sequence reference set of 230 Vrms. In practice
the three controlled voltage source will need to inject
positive, negative and zero sequence component. As three
degrees of freedom are required wither a four leg
converter of three independent single phase inverters can
be applied. Figures 3 and 4 shows possible control
arrangements for the management of the series and
parallel converter. The parallel converter must be
controlled to provide the instantaneous power demands of
the series injection element.

Figure-4 shows a possible power control solution
which requires the parallel converter to be equipped with a
responsive current control system. An instantaneous power
control system could be constructed in the o, B but this
paper proposes a positive and negative sequence
framework approach. Direct control of the 2w oscillatory
powers in the a, B frame will produce fundamental and
third harmonic line currents. This is avoided in the
positive/negative sequence based approach. As seen in
equation 20 the average power is best satisfied through the

control of an in phase positive sequence current. In figure
4 the average power control system has three parts:

[1 A feed forward control which calculates the
required positive sequence current from the 10ms average
power demand of the series converter and the magnitude
of the input positive sequence voltage;

[1 A DC capacitor average voltage control loop
that responds to errors in the average DC bus voltage. The
controller Gedc(s) has a Pl response;

[1 An instantaneous DC bus voltage limit
function. The controller Geinst(s) could have a
proportional or hysteresis response. During transients this
controller may demand short bursts of positive sequence
current that persist for a few milliseconds.

These three systems produce a total positive
sequence magnitude demand signal that is multiplied by a
three phase positive sequence sinusoidal reference set to
produce phase demand signals. The reference set is
generated from the converter input voltages using a PLL.
The oscillatory 2otpower control loop balances the
oscillatory powers introduced by unbalanced loading of
the series converter.
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Figure-3. Voltage control management for the series element [2].
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In Figure-4 the instantaneous power difference
between the series and parallel converters is determined by
subtraction. A sine and cosine synchronous detector and
the associated 5ms moving average filters determine the
oscillatory powers at 2(1. These components are forced to
zero by the actions of the control amplifiers Gc2(s). A
residual oscillatory power in phase with cos(2(7t) is
cancelled by injecting a sinusoidal negative sequence
current into the phase current demand signals driving the
parallel converter.

FEEDER MODEL WITH UPFC REGULATOR

In the Figure-5 shows a Three-Terminal UPFC
orvoltage compensator placed at the centre point of a
300m low voltage four-wire three-phase aerial feeder
constructed with a 7/3.75mm all aluminum conductor. The
conductor impedance is (0.452+0.270j)Q/km. The supply
transformer is rated at 200kVA, 415/240V, 50Hz and has a
per-unit series impedance of 0.01+0.03jQ. Three
100Arms0.95pf lagging loads are applied to the far end of
the feeder. A switchable 50Arms unity power factor
single-phase solar generator is also placed at the far end
and is connected to phase “b”.

Transformer

200KVA D;sx,J'

150m7/3.75mm AAC "mars"
i

1004/ 100A | 100A

Consumer Loads & Solar Generation

Figure-5. Regulator application in a LV feeder [2].
The key simulation parameters are as follows:

= DC bus capacitor 10uF; VdcSet Point
VdcUpper Limit 800Vdc;

= DC bus regulator Gedc(s)=0.0004+0.004/s;

= Qutput voltage regulators - Geev(s)=2+10,000/s; The
three phase reference set has a 240Vrms magnitude;
the series injection controlled voltage sources have

700V;

unity gain;

= Zero sequence current compensator- Gcl0 (S)
=0.4+8000/s

= C bus instantaneous voltage limit regulator,

proportional gain only above 800Vdc - Gcinst(s)=0.1;
Current limit 10A peak.

= 2ooscillatory power compensators -
Gc2m(s)=2+200/s. The sin (2wt) and cos(2wt) sources
have unit magnitude.

= The positive sequence sine and negative sequence
sine and cosine sets have unit peak magnitude.

= The parallel converter current sources have a Tran’s
conductance of 1S.

= To improve the stability of the simulation 10uF
capacitors are connected at the regulator input from
terminals A, B, C to N and at the load terminals,
phase to neutral.

RESULTS OF SIMULATIONS

Table-1 outlines the steady state regulatory
performance of three terminal UPFC based regulator with
the solar generation in service. It is noteworthy that this
style of loading produces significant zero sequence
voltages. These are four times higher than the negative
sequence voltages and this outcome is expected from the
network sequence diagrams. As expected the regulator,
when in the active state, corrects the voltages at the a,b,c,n
output terminals and forces the negative and zero sequence
voltages nearly to zero. The attenuation is determined by
the voltage loop gain. The input positive sequence current
increases, as with any regulator, to provide the real power
requirement to correct the positive sequence voltage drop.

Table-1. Input and output voltage and current.

Regulator Terminals Terminals Consumer
State A,B,C\N a,b,c,n Terminals
Ve=2291V | Vo=229.1V | Vo=2183V,y
Inactive and | ¢+=0.9° 9+=0.9° ¢:=1.8°
Solar V=23V, V=23V, |V.=45v,,
Generation | #-=124.2° o_=1242° o_=1242°
Enabled Vo= 9.0V | Vo= 9.1V | Vo=182V,,,
@o=-116.0° Po=-116.0° @o=-116.0°
1,=839A,,. |1,=841A,, |[1,=84.1A,,
@=-21.0° @=-214° @=-214°
L= 167Ay | I-= 16.7Ay, | I-= 16.7A,,
@-=-59.2° @-=-59.2° @-=-59.2°
Io= 167Ams | Ip= 16.7A0 | Io= 16.7A
©o=60.6° @o=60.6° @o=60.6°
V,= 2284V, | V,= 2403V, | Vs = 2295V,
@:=09° @.=08° Q=17
Activeand | V-= 24V (V.= 01V Vo= 23Vy,
Solar @-=123.0° @-=0° @-=126.0°
Generation Vo = ‘)_W““‘ Vo= 04Viy [Vo= 9.1Vy,
Enabled | #o="1159" [ @0=0" i elinit
I, = 885A., | I, = 84.1A,, | I, = 84.1A,,
@.=-198° @,=-214° @.=-214°
L= 177An | I_ = 167A,, | I = 16.7A,,
@_=-604° @-=-59.2 @-=-59.2°
Io= 167Au. | I = 16.7Ay, | Io = 16.7A,,
@o=60.7° @o=60.7° @o=60.7°

There is a slight increase in negative sequence
current to provide the oscillatory power necessary to
eliminate the negative and zero sequence voltages at the
regulator output terminals. This has a minor effect on the
negative sequence voltage upstream of the regulator. The
oscillatory power could be compensated by the parallel
converter with a negative or zero sequence current but a
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negative sequence choice is preferable from a voltage
disturbance perspective.

The dynamic response of the regulator is
explored in Figures 6 to 11. The regulator is allowed to
settle into steady state operation with a balanced 100A
0.95 power factor load. At t=0.5067s, the voltage zero
crossing in “b” phase, a S0A solar generator commences
operation. The solar current ramps up over one 20ms cycle
and reaches its full current at t=0.5267s.

/ /'  Yf§"V/?

6 047 048 049 05 0‘51 052 OS? 054 055 056

£§é§oé§§§

AN Vo f“
AV / \ '8
200 A \/(. \/ 3
m \ P

4 i A A A
%46 047 048 049 05 051 052 OSJ 054 055 056

Figure-6. Top traces voltages to N at terminals
A, B, C; Lower traces voltages to n at a,b,c.

In the Figure-6 shows the three phase voltages at
the input terminals A, B, C and the output terminals a, b, c.
The performance of the proposed three-terminal UPFC
based voltage regulator is explored in here. . It is observed
that the voltages at a, b, ¢ output terminals are constant
and well regulated. In addition, no variation in output
voltage is found when the solar generation enters the
network. So overally the output voltages are constant, well
regulated and show no variation as the solar generation
enters the network. The input voltages prior to t=0.5067s
are balanced but low. After the solar generation
commences it operation at phase “b”, the input voltage at
phase “b” (cyan) rises as the phase current reduces.

A i I 1 I 1 i 1 1 1
848 047 048 043 05 051 052 053 054 055 056

A00 ¢
-150

g i 1 ] L 1 i ! ] L
20846 047 048 049 05 051 052 053 054 055 056

Figure-7. Top traces series injection voltages;
lower traces currents from terminals a,b,c,n.

Figure-7 shows the response of the series
injection converter. After t=0.5067s the voltage injected in
phase “b” (cyan) reduces over one cycle in response to the
reduction in phase “b” (cyan) current, seen in the lower
trace. Prior to t=0.5067s, both the input and output
currents are completely balanced and no current flows
through the neutral conductor. At t=0.5067s, the solar
generator commences its operation, the input and output
line current becomes unbalanced.

400 T T T T T T T T T
300 +
200

4 i 1 1 I I i I ! i
0845 047 048 049 05 051 052 053 054 055 05

ShdbvonaomD
= - T

_/ \.
X 1 L I | | ! 1
846 047 0.48 049 05 051 052 053 054 055 0%

Figure-8. Top traces shunt converter input voltage; lower
traces shunt converter input currents.

The response of the series injection converter is
shown in Figure-8, which shows the response of the
parallel converter. Prior to t=0.5067s the input current is
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balanced and the regulator adds a balanced positive
sequence voltage to control the voltages at terminals a, b,
c. The real power requirement is slightly above 4kW.
Once the solar generation starts the real power
requirement drops and an oscillatory power requirement
develops. The parallel converter draws a combination of
positive and negative sequence currents to satisfy the
average and oscillatory power requirement.

4500 . T

R,

) 065 07

Figure-9. Top traces series converter power (blue) and
shunt converter power (red). Other traces top to bottom:
DC bus voltage; positive sequence current demand feed
forward signal; DC bus voltage regulator current demand,;
instantaneous bus voltage current demand.

Figure-9 focuses on the positive sequence current
control system and the management of the DC bus
voltage. As the solar generation commences the line
currents become unbalanced and the series converter
demands a lower average power and an oscillatory current,
shown as the upper blue trace. The parallel converter, the
upper red trace, should rapidly follow the power demand
to control the DC bus capacitor voltage shown as the
second trace.

4500 T T T T

4000

3500 -

3000

2500

05k ‘x"""""\. ‘ e 3 . -

1 1
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Figure-10. Top traces series converter power (blue) and
shunt converter power (red). Lower traces current demand
signals for negative sequence cosine
(blue) and sine (red) terms.

The positive sequence current forward system has
a minimum 10mS response time and the demand signal is
shown as the third trace. The capacitor voltage regulation
loop, the demand signal of which is shown as the fourth
trace, is slow responding and only corrects any minor
tracking errors in the feed forward system. The
instantaneous power balance causes the capacitor voltage
to rise rapidly. Once the capacitor voltage reaches 800Vdc
the instantaneous voltage limit system becomes active as
shown in the lower trace. This instantaneously reduces the
positive sequence current drawn by the parallel converter
limiting the voltage rise.

The positive sequence current forward system has
a minimum 10mS response time and the demand signal is
shown as the third trace. The capacitor voltage regulation
loop, the demand signal of which is shown as the fourth
trace, is slow responding and only corrects any minor
tracking errors in the feed forward system. The
instantaneous power balance causes the capacitor voltage
to rise rapidly. Once the capacitor voltage reaches 800Vdc
the instantaneous voltage limit system becomes active as
shown in the lower trace. This instantaneously reduces the
positive sequence current drawn by the parallel converter
limiting the voltage rise. From t=0.55s the instantaneous
loop is inactive and the normal voltage control loop can
rebalance the capacitor power and voltage. Figure 10
shows the actions of the 2wcontrol loops. At t=0.5067s the
oscillatory power requirement emerges and the 2mcontrol
amplifiers begin to demand negative sequence sine and
cosine currents as shown in the lower traces
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Figure-11. Top traces series converter power (blue) and
shunt converter power (red). Other traces top to bottom:
DC bus voltage; positive sequence current demand feed
forward signal; DC bus voltage regulator current demand,;
instantaneous bus voltage current demand.

Figure-11 illustrates the effectiveness of the
control systems in managing the DC capacitor voltage.In
this case the instantaneous voltage limit control system
and the 2wcontrol loops are turned off. From t=0.5067s the
parallel converter cannot track the 2mpower oscillations
and the DC bus voltage regulators and feed forward
systems cannot respond rapidly to the capacitor voltage
rise. The DC bus voltage rises sharply and exceeds
1100Vdc, as seen in the second trace. The DC bus average
voltage does slowly reduce but the capacitor voltage has a
sustained 2wvoltage ripple as the small capacitor is forced
to absorb the oscillatory power.

CONCLUSIONS

This paper has established a new method for the
management of the DC bus voltage in a distribution level
UPFC to allow a hundred-fold reduction in the value of
the DC bus capacitance. In this paper, a three terminal
UPFC based voltage regulation device for LV distribution
networks has been proposed. The output voltages are
regulated by injecting series voltages using a four leg
converter. Instantaneous reactive power theory has been
applied to show how the 2copower fluctuations that are
inherent in the compensation of unbalanced systems can
be compensated by allowing the input converter to draw a
negative sequence current. The practicality of this
approach has been confirmed by a detailed simulation
study. The device regulates the positive sequence voltage
while eliminating the zero and positive sequence voltages
at the output terminals. In the steady state 2o voltage
fluctuations are absent in the DC capacitor voltage as these

are activity suppressed by controlling the shunt converter
negative sequence current. During transients the DC bus
voltage can be successfully limited by the high speed
control of the shunt converter real power through its
instantaneous positive sequence current. Simulation results
demonstrate that this device actively regulates the voltages
at the output terminal and can effectively compensate the
zero sequence current of input terminal.
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