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Abstract

This paper proposes distribution voltage control using distribution-unified power flow controller

(D-UPFC) during forward power flow and reverse power flow condition. During forward power flow

condition, voltage sags, swells, under- and over-voltage occur due to fault occuring or load conditions.

In the reverse power flow condition, voltage increase happens because of reverse power flow from

clustered PV system. D-UPFC consists of a transformer and bi-directional ac-ac converter. The

transformer maintains a part of reference voltage and bi-directional ac-ac converter regulates the

voltage to keep the reference voltage. Bi-directional ac-ac converter provides direct ac to ac conversion

without storing energy. Also, distribution system model is used in order to analyze distribution voltage

patterns and to verify the D-UPFC voltage control. Simulation results using ATP-EMTP program show

the voltage control in the power flow and reverse power flow condition.
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1. Introduction

In the power flow condition, faults occuring in power
distribution systems or facilities in plants generally cause the
voltage sags or swells. Also, power systems supply power for a
wide variety of different user applications, and sensitivity to
voltage sags and swells varies widely for different applications
[13.

A few voltage control methods have been developed. Static
var compensator (SVC) regulates over- and under-voltage
conditions by controlling its reactive power. Autotransformer
with line drop compensator based step voltage regulator (SVR)
selects suitable voltage using a switch during voltage change.
Also, scheduled operation controls distribution line voltage in the
substation [2].

These voltge control methods concerns during forward power
tlow condition. Also, they are performed not the low-voltage
distribution system but the high-voltage distribution system.

Reverse power flow happens when clustered PV system
connects with distribution system. Voltage increase phenomenon

happens due to reverse power flow. When the voltage increase
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occurs in the low-voltage distribution system, it affects to stop
generating power from clustered PV system or to trouble
distribution system equipments.

D-UPFC is proposed in the bi-directional power flow
condition. It can fast control distribution voltage during voltage
decrease as well as voltage increase condition. D-UPFC consists
of a transformer and bi-directional ac-ac converter. The
transformer maintains a part of reference voltage and
bi-directional ac-ac converter regulates the voltage to keep the
reference voltage during voltage decrease and increase condition.

This paper begins by studying D-UPFC analysis. D-UPFC
voltage control concept is explained. Bi-directional ac-ac
converter shows the voltage decrease and increase control
methods, switching patterns. The transformer and bi-directional
ac-ac converter capacity calculation is performed. Using the
distribution model, voltage pattens are shown. Finally,
ATP-EMTP simulation tool is employed in the D-UPFC voltage

control.
2. D-UPFC analysis

2.1 D-UPFC voltage control concept

D-UPFC is proposed in order to control voltage decrease and
increase phenomenon in the power flow and reverse power flow
condition. The transformer and bi-directional ac-ac converter are

the components of D-UPFC. Proposed D-UPFC topology uses
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transformer N;” and N, but other reference papers uses N;, N,
and Nj [3,4]. Proposed D-UPFC topology has the advantage of
minimizing the transformer capacity. Proposed D-UPFC

topology is shown in Fig. 1.

Fig. 1 Proposed D-UPFC topology.

V, is the distribution system side and V,,, is load side. In the
D-UPEC control, D-UPFC output voltage Vo 18 decided by V.,
and ¥V, ,. The value of ¥, is decided by the transformer voltage
ratio N;”. V2 o is decided by bi-directional ac-ac converter and it
controls voltage decrease and increase using pulse width
modulation (PWM) control. In the normal distribution voltage
condition, Vi, keeps constant voltage by controlling the
converter duty to 0.5. Thus, D-UPFC output voltage V,, is the
same as reference voltage Vs If the voltage decrease happens,
the ac-ac converter duty ratio increases over 0.5. Reversely,
when the voltage increase occurs, the converter duty ratio

decreases under 0.5. D-UPFC output voltage can be expressed,

g g g
Vout =Vir1+Vir2_o I

D-UPFEC voltage control diagram is shown in Fig. 2.

Valtage increase controt 1 Voltage increase control
w voltage Y Reference vollage
Vu2_so Voltage decrease control Virz ] Voltage decrease control
e =
Viaf Vref
Vin Vit = V2 _o = Vout Virt Vit + V2 _o = Vout
Q 0

(a) Normal state (b) Voltage increase control

Woltage increase contfol

B Reference voltage

Virz_d]  voltage decrease cantrol

Veef

Virt Vet + V2 _o = Vout

[

(c) Voltage decrease control
Fig. 2 D-UPFC voltage control diagram.

9.2 Bi-directional ac-ac converter

Journal of JSES

Bi-directional ac-ac converter consists of four MOSFET
switches, input and output filters. The converter is the step-down
converter as the dc-dc buck-converter. The output voltage is
always less than the input voltage and thus,

Viea _0=Via XD @
where, D is duty ratio of the bi-directional ac-ac converter

The converter provides direct ac to ac conversion, thus there ig
no energy storage device except input and output filters. The

bi-directional ac-ac converter circuit is shown in Fig. 3.
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Fig. 3 Bi-directional ac-ac converter circuit.

The switching patterns of the converter offer safe
commutation without high-voltage spikes using intelligent PWM
switching patterns. Switching patterns are decided by the polarity
of input voltage V.. When Vi is positive, S, and S,,3 act PWM
switching, reversely. At the same time, S, and S,,, turn on state.
If the sign of the V., is changed, the switching patterns of four

switches are reversed [5]. The converter switching diagram is

shown in Fig. 4.

Virz

vz /\

Fig. 5 Converter circuit and its input voltage, output current

waveform.

Referenced paper shows the conveter switching patterns
during power flow condition [3]. However, the reverse power
flow switching patterns are necessary fo control over-voltage
phenomenon. The clustered PV system can be expressed as the
current source and it connects with ac-ac converter. When the
reverse power flows, the converter output current is reversed 180

degree. The converter circuit conneced with clustered PV system
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and its input voltage, output current are shown in Fig. 5.

When the sign of V,,; is positive and I; is negative, Switch S,
and S,,3 perform PWM control, reversely. At the same time, S,;
and S,,, turn on state. At this state, three modes are generated as
shown in referenced paper [5]. Active, dead-time and
freewheeling modes are performed by the converter switching
pattern. These three modes are shown in Fig. 6 (a) to (¢). When
the sign of V,, is changed, the reverse switching patterns are
applied. Here, the reverse power flows to the distribution source
but the load voltage V,,; , is always controlled.
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(a) Active mode during V,,; is positive
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(b) Dead-time mode during ¥, is positive
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{c) Freewheeling mode during V,,, is positive
Fig. 6 Reverse power flow switching patterns in the

bi-directional ac-ac converter.

In the forward power flow condition, input voltage V., and
output current I, relation of the converter is changed by load
condition. In the resistive condition, the phase of input voltage
and output current is the same. When the load is inductive
condition, the output current lags 6 the input voltage. In the
capacitive load condition, the output current leads 6 the input
voltage. Also, the output current 26 difference compared with
input voltage in the reverse power flow condition. The phase
diagram of the forward power flow, reverse power flow

condition is shown in Fig. 7.

C load
Ir=1;240
Reverse power flow —[/}1\}\ Forward power flow
. T . . g i
Ir=io%28 =8 1=120 Foa=Tlna0

- R load

L load

Fig. 7 Phase diagram of the converter input voltage and output

current relation during bi-directional power flow condition.
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2.3 D-UPFC capacity calculation

As shown in Fig. 1, the D-UPFC capacity is decided by
bi-directional ac-ac converter and the transformer. The
low-voltage distribution system voltage range is 202 + 20 (101 %
6) [V,rms]. Considering from the converter capacity, the output
voltage V), , compensates or regulates 20[V,rms] in this paper.
Thus, D-UPFC can cover the distribution voltage until under-
and over-voltage limit. In the normal condition, the converter
operates with duty 0.5 and thus, the output voltage ¥, , of the
converter is 20.2V[V,rms]. The input voltageV,,, of the converter
is 40.4[V,rms]. The transformer supported voltage V,; is
181.8[V,rms] because D-UPFC output voltage V,,, should be
202[V,rms]. D-UPFC input voltage V; is 202[V,rms]. Therefore,
Ny, N;”and N, are 1, 0.9 and 0.2, respectively.

The power relation between D-UPFC input and output is

expressed,
P =V, &)
Bt =Vl C)]
Bra =Vipalyo &)
Transformer total power P is
Fy =B+ B (6)
9 1
Vils = 'ithrll m + Vo2l @)
The bi-directional ac-ac converter input current /,, is decided by,
lyyg = Diyy 3
Here, the converter duty D is 0.5 and thus,
Vls = %Vtrl[trl +%Vtr2[trl )
If the value of load is decided,
Iy =1y =1y (10)
Vil = Vil + Vol an
10 10

2. 4 D-UPFC voltage control

In the D-UPFC voltage control, D-UPFC output voltage ¥, is
always controlled by refrence voltage Vs 4. Vier 4 is the same as
low-voltage distribution system voltage 202[V,ms] and it
compares to V. ¥, changes to root mean square (RMS) value.

The error voltage V.., inputs PI compensator and then it adds

reference duty Vs gy Vier duy 15 0.5. Finally, V., compares to
triangle waveform V,; with 20[kHz] in the PWM control.
D-UPFC voltage control block is shown in Fig. 8.

Verrar Vervor_pi Vi

Vref_de

Fout

Fig. 8. D-UPFC voltage control block.

3. D-UPFC model
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Distribution model is proposed in order to analyze distribution
voltage characteristics according to load patterns. The second is
to verify the D-UPFC voltage control when voltage decrease and
increase happens in the bi-directional power flow condition. The
distribution model using ATP-EMTP simulation program is
shown in Fig. 9. This model is referenced from NEDO report {6].
It is assumed the residential area in Japan. The total feeder lines
are eight. The length of one feeder is 10[km] and the low voltage
grid system is located every 2[km]. Here, only one feeder line is
scaled down and simulated. In the node 4, to 4, and node A4,; to
A3y, each 20 PV houses connects with the pole transformer. Node
number A; to 4, at O[km] from substation is shown in Fxg 9 (a).
Node number A,; to Ay, at 10[km] from substation is shown in
Fig. 9 (b). Detailed distribution model parameters are shown in
table. 1.

Ted TS e

Substation 3 2 z

6KV / 66KV
20MVA

Tow vaitago Tow voitaga Low voltage '
arid systom arid systom arid system

~
UPEC ~
N
~ — N
A2 e A3 e ) S

...... N
242 2d3 N
b
zie 214 2is 2120 :
(GHGHOHGHU) [OHOHGHOHO, 210 OHO] :
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T e

1 1 . v
DA ]
Substafion h z 2 !"’ﬁ 2 I"ﬁ z I""] z
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20MVA rig systom | | grid systom |{_qrid system eid systam rld systom

‘- Bl
- transtarme

.
Id 6.6KV 7 202V(101V)
! KA

{

1

1

1 Low valtage
1 grid systom

________________________________________________________

(b) Node 4;; to 4,4 of the distribution model
Fig. 9 Distribution model.

Table 1 Distribution model parameters

voltage V. 4 is the same as V. The switching frequency jg
20[kHz]. In the Input and output filter design, input current and

output voltage harmonics are should be removed [7].

Table 2 D-UPFC parameters

Vg 202[V,rms] Cin & Coue | SO0[pF]

Ny: N7t Ny | 1:0.9:0.2 Vief dc 202[V,rms]
. K,=0.025

Vil 181.8[V,rms] PI gain Ki=0.001

Switching
Virz 40.4[V,rms] freq. 20[kHz]
Lin & Lout SO[MH] Vref duty 0.5

Substation 66kV/6.6kV, 20MVA

Pole transformer 6.6kV/202V(101V), S0kVA

HV line impedance(Z; to Zs) 0.626+j0.754[€¥/2km]
LV line impedance(Z,; to Zz) | 0.025+j0.020[€¥40m)
Lead-in wire imp.(Z;; to Z;z) 0.0552+j0.037[€¥/20m]
Light load 4.08[Q], 20% of pole trans.
Total load
Heavy load 1.02[€2], 80% of pole trans.
Each PV source 3[kW]

There are a few constaraints in the simulation:
(1) Each feeder is radial topology.
(2) Load is assumed to resistance.
(3) PV output power factor is 1.
D-UPFC parameters in the simulation are shown in Table 2.
The input voltage ¥, is 202[V,rms] and thus, the reference
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4. Case study

4.1 Voltage changes during load patterns

Light load and heavy load from forward power flow, reverse
power flow conditions are simulated using distribution model.
As mentioned earlier, the low-voltage distribution system
voltage range is 202+£20[V,rms]. In the simulation result, voltage
range is shown in 101+ 6[V,rms]. The simulation results due to
load patterns from node 4; to A, are shown in Fig. 10. In the
light load condition, total power of light load is 20[%] of pole
transformer capacity. The low-voltage is decreased 101[V, rms]
at node 4; to 99.65[V,rms] at node A, In the heavy load
condition, the load total power is 80[%] of pole transformer
capacity. The low-voltage is decreased 101[V,rms] at node 4; to
95.75[V,rms] at node 4,, The reverse power flow condition

caused by clustered PV system is simulated.

o 105 b

= St

107 (| =B~Hanvy 1oad 107 pf~@<Heavy foal
S LToions with roverse ;awerﬂuw o i Uloht load with roverse aowist flow | ]
U h”""‘:":.:gl'r" i "

108 prrmm e

7103
E

Za1
S

Voltage[V,rms}

3

At Az A3 A4 A2 A2 A23 Az
Nods number HNode pumber

(2) Node 4, to 4, (b) Node Ay to A4
Fig. 10 Distribution voltage changes due to load patterns.

In the light load with reverse power flow condition, 20 PV
systems from node 4; to A, connect with pole transformer in the
Fig. 9 (a). The simulation result of voltage increase pattern is
shown in Fig. 10 (a). In the Fig. 9 (b), 20 PV systems from node
A to 44 connect with pole transformer. The simulation result of
voltage increase pattern is shown in Fig. 10 (b). Each PV house
generates 3[kW] power. 20 PV houses totally generate 60[kW]
and then 10[kW] supplies to the light load condition. The
remaining S0[kW] flows to the pole transformer. Thus, total
reverse power is the same as pole transformer capacity. When
the reverse power flows from clustered PV system, the
distribution low-voltage is increased 101[V,rms] at node A4, to
106.15[V,rms] at node A4,,.
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4, 2 Voltage decrease control using D-UPFC

In the Fig. 11, D-UPFC wvoltage control during voltage
decrease phenomenon of forward power flow condition is
simulated. As mentioned Fig. 10, heavy load affects voltage
decrease in the distribution system. The simulation condition is
the same as Fig. 10 thus, the voltage decrease from node 4; to A,
is 101[V,rms] to 97.4[V,rms], respectively. The voltage decrease
from node A4, to 4,415 99.3[V,rms] to 95.8[V,rms], respectively.
Fig. 11 (a) and (b) show the voltage decrease before injecting
D-UPFC. In the Fig. 11 (¢) to (j), D-UPFC controls the voltage
to 101[V,rms] at its installation place. The controlled voltage
ranges are 101.4[V, mms] at node 4; to 101.3[V,rms] at node 4,,.
D-UPFC assists the voltage patterns with keeping in the

distribution voltage range.
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Fig. 11 Voltage decrease control using D-UPFC.

Fig. 12 shows the D-UPFC waveform at node A24 when

voltage decrease occurs from 0[s].
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Fig. 12 D-UPFC voltage waveforms during voltage decrease.

4.3 Voltage increase control using D-UPFC

In the Fig. 13, D-UPFC voltage control during voltage
increase phenomenon of reverse power flow condition is
simulated. As mentioned Fig. 10, light load with reverse power
flow affects voltage increase in the distribution system. The
simulation condition is the same as Fig. 10. The voltage increase
from node A4; to 4, is 101[V,rms] to 105.7[V,rms], respectively.
The voltage increase from node Ay to Az, is 101.5[V,rms] to
106.2[V,rms], respectively. Fig. 13 (a) and (b) show the voltage
increase before injecting D-UPFC. In the Fig. 13 (c) to (j),
D-UPFC controls the voltage to 101[V,rms] at its installation
place. After D-UPFC control, the voltage patterns during voltage
increase are regulated. The controlled voltage ranges are
102.1[V,mms] at node 4; to 101[V,rms] at node Ap. Thus,
D-UPFC assists the voltage pattems with holding in the

distribution voltage range.
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Fig. 13 Voltage increase control using D-UPFC.

Figure 14 shows the D-UPFC waveforms at node A24 when
voltage increase happens due to reverse power flow from 0.02[s].

vi Vtrl Vtr2 Vtrz_o

200+

100+
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Fig. 14 D-UPFC voltage waveforms during voltage increase.
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5. Conclusion

This paper proposes distribution voltage control using
D-UPFC during forward power flow and reverse power flow
condition. D-UPFC consists of a transformer and bi-directiona}
ac-ac converter. The transformer maintains a part of reference
voltage and bi-directional ac-ac converter regulates the voltage to
keep the reference voltage. Bi-directional ac-ac converter
provides direct ac to ac conversion without storing energy. In the
case study, D-UPFC controls the voltage not all distribution
nodes but it controls the voltage at its installation site. Thus,
D-UPFC assists the voltage patterns with holding inside the
distribution voltage range. Finally, voltage sags or swells due to
rapidly changing irradiation and load condition in the clustered
PV system should be prevented using proposed D-UPFC. Thus,
dynamic characteristic of D-UPFC voltage control is verified in
the future study.

Acknowledgement

This research has been carried as a part of
“Autonomy-Enhanced PV Cluster” project and special thanks for
financial support of NEDO.

References

(1) D. M. Lee, T. G. Habetler, R. G. Harley, T. L. Keister, and J.
R. Ronstron, “A Voltage Sag Supporter Utilizing a
PWM-Switched Autotransformer,” IEEE Trans. Power Electron.,
Vol. 22, No. 2, pp. 626~635, March 2007.

(2) K. S. Lee, K. Yamaguchi, and K. Kurokawa, “Proposed
Distribution Voltage Control Method due to Connecting the
Clustered PV System,” Journal of Power Electronics, October
2007 (Accepted)

(3) E. C. Aeloiza, P. N. Enjeti, L.A. Moran, and I. Pital, “Next

Generation Distribution Transformer: To Address Power Quality

for Cirtical Loads,” Power Electronics Specialists Conference
PESC 2003, Vol. 3, pp. 1266-1271, June 2003.

(4) K. S. Lee, K. Yamaguchi, H. Koizumi, and K. Kurokawa,
“D-UPFC as a Voltage Regulator in the Distribution System,”
Renewable Energy 2006, pp. 1756~1759, Oct. 2006.

(5) B. Kwon, B. Min, and J. Kim, “Novel topologies of AC
choppers,” IEE Proc. Electr. Power Appl., Vol. 143, No. 4, pp.
323~330, July 1996.

(6) Frk 13 FEEEPERIRGHRE S AT AR LRE
Whge, FHo k¥ — - EEHNTRE B REE, pp. 89~119,
R 1443 H.

(7) E. C. Aeloiza, P. N. Enjeti, L.A. Morin, O. C.
Montero-Hernandez, and S. Kim, “Analysis and Design of a
New Voltage Sag Compensator for Critical Loads in Electrical
Power Distribution System,” IEEE Trans. Ind. Applicat., vol. 39,
No. 4, pp.1143~1150, July/August 2003.




