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ABSTRACT 
 

This paper proposes a distribution voltage control method when a voltage increase condition occurs due to reverse 
power flow from the clustered photovoltaic (PV) system. This proposed distribution voltage control is performed a by 
distribution-unified power flow controller (D-UPFC). D-UPFC consists of a bi-directional ac-ac converter and transformer. 
It does not use any energy storage component or rectifier circuit, but it directly converts ac to ac. The distribution model 
and D-UPFC voltage control using the ATP-EMTP program were simulated and the results show the voltage increase 
control in the distribution system. 
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1. Introduction 
 

In present power systems, the generated power is 
assumed to feed into the system at a high voltage level and 
the power is consumed at a low voltage level. Thus, the 
power direction through a transformer would always be 
from the high voltage level to the low voltage level[1]. 

However, if the distributed generation (DG) like PV 
system connects with the grid, the reverse power flow can 
occur. When the reverse power flows from the PV side to 
the grid, the PV side voltage level is higher than the grid 
side. When a clustered PV system, and not a PV system, 
connects with the grid, a voltage increase condition occurs. 

The voltage curve of the clustered PV system with the grid 
is shown in Fig. 2. 

 

 
Fig. 1  Voltage curve of the present power system 

 

 
Fig. 2  Voltage curve of the clustered PV system connected with grid 

Manuscript received ; April 23, 2007; revised July 24, 2007 
†Corresponding Author: onnuri@cc.tuat.ac.jp  

Tel : +81-042-388-7445, Tokyo Univ. of Agriculture and Technology 
*Dept. of Electronics and Information Eng., Tokyo Univ. of 
Agriculture and Technology 



Proposed Distribution Voltage Control Method for Connected Cluster PV Systems                287 
 
 

So far, voltage control methods of the distribution 
system during voltage decrease and voltage increase have 
been researched. In the grid side voltage control methods, 
a static var compensator (SVC) has been used by 
controlling reactive power. However, the reactive control 
makes power loss in the distribution system. Line drop 
compensator (LDC) and scheduled voltage operation 
methods have been performed controlling substation 
voltage tap. But, it is known that it can not rapidly control 
the distribution voltage when voltage variation occurs. 
Also, a dynamic voltage restorer (DVR) has been used in 
the grid system. However, it depends on the capacitor size. 
If the power increases, the capacitor size will increase [2]. 
Autotransformer based step voltage regulator (SVR) has 
been used but it takes 100[ms] to several seconds to 
control the voltage. 

Also, PV side voltage control methods, which solve 
mainly voltage increase conditions, have been developed. 
The first method is to restrict the PV output power when 
the distribution voltage reaches the over-voltage limit. For 
the second method, the reactive power control from the 
PV inverter can avoid the over-voltage limit. Finally, the 
PV inverter with battery system can assist to prevent 
over-voltage conditions in the distribution system. Grid 
and PV side voltage control methods are summarized in 
Table 1. 

 
Table 1  Summary of grid and PV side voltage control methods 

Grid side voltage control methods 
Reactive power control – SVC 
Substation control - LDC, Scheduled operation 
Voltage tap control – SVR 

PV side voltage control methods 
Power restriction control - PV output power restriction 
Reactive power control - PV output power factor change
Battery control - PV output power to battery charge 

 
Here, the proposed D-UPFC is the grid side voltage 

controller. D-UPFC has advantages compared with other 
grid side voltage controllers. For example, it controls the 
distribution voltage during forward power flow and 
reverse power flow. It controls the distribution voltage 
within several cycles. It has linear voltage characteristics 
when the converter is performed because of PWM control. 

This paper begins by studying D-UPFC topology. 
Voltage control method and switching pattern of 
bi-directional ac-ac converter are analyzed. In the 
transformer, transformer power rating calculation is 
studied. Distribution model is simulated using the 
ATP-EMTP program. Finally, D-UPFC is injected into the 
distribution model in order to verify voltage increase 
control in the distribution system. 

 
2. D-UPFC Analysis 

 
2.1 Bi-directional ac-ac converter topology 
The bi-directional ac-ac converter consists of four 

MOSFET switches and input & output LC filters. The 
converter topology is shown in Fig. 3. 
 

 
Fig. 3  Bi-directional ac-ac converter topology 

 
Input and output voltage relation of the converter is the 

same as the dc-dc buck converter [3]. Thus, the ac-ac 
converter voltage equation can be expressed, 

 

1_ 1=tr o trV DV          (1) 

 
where, D is duty ratio of the ac-ac converter. 
 
2.2 Converter control 
In the bi-directional ac-ac converter control, the 

reference signal to inject PWM should be used after 
transforming the dc signal. So far, one of methods uses 
single phase direct-quadrature (d-q) transformation [4]. Its 
main advantage is that it can control the transient response 
quickly. The other option is to use root-mean-square 
(RMS) function. It is easy to design both in simulation and 
experiment. Here, the ac-ac converter uses rms function in 
the simulation. Bi-directional ac-ac converter control 
method is shown in Fig. 4. 



288                        Journal of Power Electronics, Vol. 7, No. 4, October 2007 
 
 

In the control method, ac-ac converter output voltage 
Vtr1_o is injected into RMS function and then it is 
transformed to dc signal. The reference dc voltage Vref 
compares with Vtr1_o_dc. The value of Verror is used through 
PI and PWM controls. Finally, the switching patterns from 
Sw1 to Sw4 are decided by phase detect function with logic 
circuit. 
 

 
Fig. 4  Bi-directional ac-ac converter control method 

 
2.3 Converter switching patterns 
The switching patterns in the bi-directional ac-ac 

converter offer safe commutation without high-voltage 
spikes using intelligent PWM switching patterns. Also, the 
switching patterns are decided by the polarity of the input 
voltage Vtr1. Figure 5 to 7 shows the switching patterns 
during forward power flow condition and the input voltage 
Vtr1 is positive. When Vtr1 is positive, Sw1 and Sw3 act PWM 
switching reversely. At the same time, Sw2 and Sw4 turn on. 
If the sign of the Vtr1 is changed, the switching patterns are 
reversed. In the switching patterns, active, dead-time and 
freewheeling modes are divided by converter operation. In 
the active mode, Sw1,3 perform PWM and Sw2,4 turn on as 
shown in Fig. 5. Thus, the inductor current flows through 
input voltage. The dead-time mode occurs during Sw1,3 as 
they turn off together. The current paths can be formed by 
the direction of the inductor current as shown in Fig. 6. In 
the freewheeling mode as shown in Fig. 7, the output filter 
inductor current flows to the load through switch Sw3,4

[5]. 
Figure 8 to 10 shows the switching patterns when 

reverse power flows from clustered PV system to the grid. 
The clustered PV system is regarded as the current source. 
Switching patterns from Fig. 8 to 10 are the same as Fig. 5 
to 7 because the sign of Vtr1 is the same. If the sign of Vtr1 
is changed, the switching patterns are also reversed. 

Switching patterns of the ac-ac converter from Fig. 5 to 

10 can be created using a logic circuit as shown in Fig. 11. 
This logic circuit of bi-directional ac-ac converter is 
performed in the simulation. 

 

 
Fig. 5  Active mode during forward power flow 

 

 
Fig. 6  Dead-time mode during forward power flow 

 

 
Fig. 7  Freewheeling mode during forward power flow 

 

 
Fig. 8  Active mode during reverse power flow 

 

 
Fig. 9  Dead-time mode during reverse power flow 

 

 
Fig. 10  Freewheeling mode during reverse power flow 
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Fig. 11  Logic circuit of the converter switching pattern 

 
2.4 Transformer power rating and D-UPFC 

voltage control 
The transformer is an essential component to design 

D-UPFC topology. In the D-UPFC voltage control, the 
transformer mainly takes charge of the input voltage in the 
distribution system. D-UPFC topology is shown in Fig. 
12. 

 

 
Fig. 12  D-UPFC topology 

 
D-UPFC consists of T1, which is transformer, and ac-ac 

converter. The primary side of T1 is connected with 
secondary voltage Vs of the pole transformer. The 
secondary side of T1 is divided two transformers and the 
upper transformer is connected with ac-ac converter and 
the lower transformer supplies a part of constant voltage to 
the converter[6]. 

In order to calculate the power rating of T1, the value of 
turns ratio n1, n2 and n3 are assumed to 1, 0.2 and 0.9, 
respectively. Considering the power rating of T1, 

 
=s s sP V I         (2) 

1 1 1=tr tr trP V I           (3) 

2 2 2=tr tr trP V I          (4) 
 
Total power of T1 is, 

 

1 2= +s tr trP P P          (5) 

1 1 2 2
1 9
5 10

= +s s tr tr tr trV I V I V I         (6) 

 
AC-AC converter input current Itr1 is decided by, 
 

1 2=tr trI DI          (7) 
 

If duty ratio D of ac-ac converter is 0.5 during normal 
condition, the equation (6) can be rewritten as, 
 

1 2 2 2
1 9

10 10
= +s s tr tr tr trV I V I V I         (8) 

 
If the value of load is decided, 
 

2= =s tr loadI I I          (9) 
 

Finally, equation (8) can be rewritten as, 
 

1 2
1 9

10 10
= +s s tr s tr sV I V I V I        (10) 

 
If the transformer is ideal, the transformer power rating 

can be calculated by equation (10). The relationship of the 
value of n2, n3 can be shown in Fig. 13. 
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Fig. 13  Transformer power rating calculated by n2 and n3 

 
In the D-UPFC voltage control from Fig. 12, the load 

voltage is decided, 
 

1_ 2= +load tr o trV V V         (11) 

 
where, Vtr1_o is output voltage of ac-ac converter and Vtr2 is 
output voltage of the secondary of T1. 
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5

=tr o sV V D         (12) 

2
9

10
=tr sV V        (13) 

 
where, n1:n2:n3 = 1:0.2:0.9. 
 
The goal of D-UPFC voltage control is, 

 
=load refV V         (14) 

 
where, Vref is the reference voltage. It is assumed 

202[V,rms] which is the pole transformer secondary voltage. 
If the increasing voltage condition occurs due to reverse 

power flow from the clustered PV system, the load voltage 
increases as, 

 
(1 )= +load refV n V         (15) 

 
where, n means the increasing voltage per unit. 

Rewrite from equation (11) to (15), 
 

1 9( ) ( ) (1 )
5 10

+ = +s s refV D V n V        (16) 

 
In the end, ac-ac converter duty ratio D is calculated as, 
 

(1 ) 9
1 2
5

+
= −ref

s

n V
D

V

        (17) 

 

3. D-UPFC Simulation Results 
 
In this section, the distribution model is simulated. In order 

to verify D-UPFC voltage control during increased voltage 
conditions, D-UPFC is injected to the distribution model. 

 
3.1 Distribution model 
The distribution model using ATP-EMTP program is 

shown in Fig. 14. The distribution model is assumed to be 
a residential area in Japan. Total feeders of the distribution 
model are eight. The length of one feeder is 10[km] and 
the pole tranformer is located every 2[km]. Each pole 
transformer connects with 20 houses and divided by 4 
nodes. The distance between node A21 and A22 is 40[m]. 
Each 5 houses connect with the node from A21 to A24 in 
parallel. The distance between node to each house is 
15[m]. The capacity of each PV output power is 3[kW]. 
Distribution model parameters are shown in table 2. 

 
Table 2  Distribution model parameters 

Substation 66kV/6.6kV, 20MVA 

Pole transformer 6.6kV/202V(101V), 
50kVA 

HV line impedance(Z1toZ5) 0.626+j0.754[Ω/2km] 
LV line impedance(Zd1to Zd3) 0.025+j0.020[Ω/40m] 
Lead-in wire imp.(Zi1toZi20) 0.0552+j0.037[Ω/20m] 

Light load 4.08[Ω] 
Total load

Heavy load 1.02[Ω] 
Each PV source(1 to 20) 3[kW] 

Fig. 14  Distribution model in the ATP-EMTP simulation 
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There are three constraints in the simulation: 
(1) Each feeder is radial topology. 
(2) Loads only consist of resistance. 
(3) PV output power factor is 1. 
 
3.2 Distribution model simulation results 
The pole transformer secondary voltage range is 

202±20(101±6) [V,rms]. In the light load condition, total 
power is consumed 20[%] of the pole transformer power 
rating. 80[%] of the pole transformer power is consumed 
during heavy load situation. In the reverse power flow 
condition, 20 PV systems from node A21 to A24 connect 
with pole transformer. Each PV system generates 3[kW] 
and thus, it totally generates 60[kW]. From clustered PV 
power supply 10[kW] for the load and remained about 
50[kW] flows to the pole transformer. 

It means that the reverse power flows to the pole 
transformer side with maximum power capacity of the 
pole transformer. 

The voltage curves during light load, heavy load, and 
light load with reverse power flow are shown in Fig. 15. In 
the light load condition, the pole transformer secondary 

voltage decreased 100.55[V,rms] at node A21 to 
99.65[V,rms] at node A24. In the heavy load condition, the 
voltage decreased 99.3[V,rms] at node A21 to 
95.75[V,rms] at node A24. In the light load with reverse 
power flow condition, the voltage increased 
101.45[V,rms] at node A21 to 106.15[V,rms] at node A24. 
Here, the A21 voltage is not the same as pole transformer 
reference voltage 101[V,rms] because the clustered PV 
system with loads are located in Tr6, which is 10[km] far 
from the substation. 

The pole transformer primary side voltage curves are 
also drawn during light load, heavy load, and light load 
with reverse power flow conditions which is shown in Fig. 
16. Similar with the pole transformer secondary side 
voltage, the voltage decreased during light and heavy load. 
In the light load with reverse power flow condition, the 
voltage increased 6600[V,rms] at Tr1 to 6627[V,rms] at 
Tr6. 

In the reverse power flow simulation, D-UPFC is 
injected to the distribution model. D-UPFC parameters are 
shown in table. 3. 
 

 

Fig. 15  Voltage curves at the pole transformer secondary side 

Fig. 16  Voltage curves at the pole transformer primary side 

Table 3  D-UPFC parameters. 

VS 202[V,rms] C1 & C2 50[µF] 
n1:n2:n3 1:0.2:0.9 Vref 202[V,rms]
Vtr1 40.4[V,rms] K gain of P 0.025 
Vtr2 181.8[V,rms] K gain of I 0.001 

L1 & L2 50[µH] Switching 
freq. 20[kHz] 

 
The reverse current increased 250[A,rms] from 0.02[s] 

to 0.1[s]. Figure 17 shows the reverse current waveform 
from the clustered PV system. 
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Fig. 17  Reverse current flow from the clustered PV system 
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Figure 18 shows D-UPFC voltage waveforms during 
voltage increase condition. Vtr2 is 181.8[V,rms] and ac-ac 
converter input voltage Vtr1 is 40.4[V,rms]. Vtr1_o is 
decided by D-UPFC control. Vtr1 and Vtr1_o of the 
bi-directional ac-ac converter are close to the same phase 
angle and thus, it does not generate reactive power to 
control the distribution voltage in the ac conversion. 
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Fig. 18  D-UPFC voltage waveforms during voltage increase 

control at node A24 
 
Fig. 19 shows the simulation results of D-UPFC voltage 

control in the distribution model. As mentioned from Fig. 
15, the pole transformer secondary voltage increased from 
101.45[V,rms] at node A21 to 106.15[V,rms] at node A24 
during reverse power flow condition. D-UPFC is injected 
into node A21 to A24. In the D-UPFC voltage control, the 
reference voltage is 101[V,rms], which is the pole 
transformer secondary voltage. When D-UPFC controls 
the distribution voltage at node A21, the controlled voltage 
is 101.7 [V,rms]. The controlled voltage is affected from 
the reverse power of the PV system thus, it does not 
follow the reference voltage 101[V,rms]. D-UPFC 
controls the distribution voltage to 101.7[V,rms] at node 
A22 and 101.25[V,rms] at node A23. In the node A24, 
D-UPFC controls the voltage to 100.95[V,rms]. 
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(a) D-UPFC installation at node A21. 
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(b) D-UPFC installation at node A22. 
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(c) D-UPFC installation at node A23. 
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(d) D-UPFC installation at node A24. 

 
Fig. 19  D-UPFC voltage control in the distribution model  

during reverse power flow condition 

 
Through the D-UPFC control simulation, D-UPFC only 

controls the distribution voltage at the installation area and 
it has a voltage control limit due to the distance. 

Vtr2 Vtr1 Vtr1_o 
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4. Conclusions 
 

Distribution model and D-UPFC using ATP-EMTP 
program for controlling voltage increase condition are 
simulated in this paper. D-UPFC consists of bi-directional 
ac-ac converter and transformer. The converter topology, 
control method and switching patterns are shown. 

Transformer power rating calculation is performed. 
Distribution model simulations show the voltage curves 
during load and reverse power flow conditions. D-UPFC 
partially controls the voltage increase when it is installed 
for each node. 
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