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Abstract— For the operation of distribution systems, 

loading balance of distribution feeders is important 

for reducing power loss and mitigating power flow 

overloading. In this paper, a loop power controller 

(LPC) is applied for the control of real power and 

reactive power flows by adjusting voltage ratio and 

phase shift so that the loading balance of distribution 

feeders can be obtained. To incorporate photovoltaic 

(PV) power generation in feeder loading balance, a 

Taipower distribution feeder with large PV installation 

is selected for computer simulation. Daily loading 

unbalance i s  determined by analyzing  PV power 

generation recorded by the SCADA system and by 

constructing daily power load profiles based on 

distribution automation system (DAS) data. The load 

transfer required to achieve loading balance and the line 

impedance of distribution feeders are used to derive 

the voltage ratio and phase shift of the LPC. Computer 

simulations indicated that loading balance can be 

achieved in distribution feeders with large PV  system  

installation by  using  loop  power  controllers 

according to the variation of solar energy and power 

loading of study feeders. The system power loss 

reduction resulting from feeder loading balance by LPC 

is also investigated in this paper. 

Index Terms— Distribution automation system, loop 

power con- troller, photovoltaic. 
 

 

I.INTRODUCTION 
ENEWABLE energy resources such as wind and solar 

energy are increasingly integrated in power system 

plan- 

ning and operation to achieves 

to reduce consumption of fossil fuels by conventional 

thermal power generation. Penetration of wind power 

generation and PV power generation into distribution 

systems is expected to increase dramatically, which raises 

concerns about system impact by the intermittent power 

generation of DG [1]–[3]. Com- pared to large-scale wind 

power and conventional bulk generation, the generation cost 

of a PV system is relatively higher. 

However, many countries offer significant financial subsidies 

to encourage customers to install PV systems. To achieve 

the goal of 1000 MW PV installed capacity by 2025, the 

Taiwan government has launched a promotion program to 

subsidize 50% of the PV installation cost and has increased 

the selling price of PV generation to 40¢/kWh [4]. 

It is critical for distribution systems to achieve loading 

balance of  

main transformers and feeders to prevent the system 

overloading problem during the summer peak period due to 

the usage of air conditioners. Loading balance is also 

important for both schedule outages and service restoration 

after fault isolation to perform load transfer between 

distribution feeders. To achieve better distribution system 

planning, loading balance is designed by the optimal 

reconfiguration of distribution networks so that system 

load demand can be evenly allocated among feeders and 

main transformers in substations. For distribution system 

operation, the loading balance is obtained by  changing the  

open/closed status  of  line  switches along distribution 

feeders so that partial loading of heavily loaded 

feeders/transformers  can  be  transferred to  relatively  

lightly loaded  feeders/transformers with  the  adjustment 

of  service zones. 

           However, feeder loading varies from time to time, 

which will make it very difficult to obtain the desired load 

balance with the network configuration in the system 

planning stage. Fur- ther, with more and more renewable 

distributed generation such as wind power and PV power 

being installed in distribution feeders, loading balance of 

distribution systems becomes more of a challenge due to the 

injection of intermittent power generation. Applying power 

electronics based flexible AC trans- mission system 

(FACTS) has been proven highly effective for controlling 

the load transfer between feeders to achieve loading balance 

[5]. 

 

Considerable efforts have been proposed in the previous 

works to solve the loading balance of distribution systems. 

The distribution static compensator (DSTATCOM) was 

considered for compensation of loading unbalance caused by 

stochastic load demand in distribution systems [6]. The 
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control algorithm for static var compensation (SVC) has 

been developed for loading balance at any given power 

factor [7]. Fuzzy multiobjective and Tabu search have been 

used to optimize the on/off patterns of tie switches and 

sectionalizing switches to achieve feeder loading balance in 

distribution systems with distributed generators [8]. A 

heuristic-expert system approach for network reconfiguration 

to enhance current balance among distribution feeders was 

presented by Reddy and Sydulu [9]. A Petri-Net algorithm 

has also been proposed for loading balance of distribution 

systems with open loop configuration by identifying open-

tie switches [10]. 

For the distribution system with large capacity of PV 

installation, the feeder loading will be varied dramatically 

because the power injection by PV generation is varied with 

the intensity of solar radiation. The load transfer between 

feeders with an open-tie switch must be adaptively adjusted 

according to PV power generation. Due to the intermittent 

power generation by PV systems, it becomes very difficult to 

achieve loading balance with conventional network 

reconfiguration methods by changing the status of line 

switches. With the advancement of power electronics, the 

back-to-back (BTB) converters can be applied to replace the 

open-tie switch for better control of real power and reactive 

power load transfer by changing the voltage ratio and phase 

shift between two feeders according to the power unbalance at 

any time instant [11]. For the distribution system with high 

penetration of renewable energy sources, voltage pro- files 

and loading balance have to be enhanced by improving the 

power exchange capability between feeders. This study 

propose a loop power

controller (LPC) [12], [13] to replace the conventional open-

tie switch so that loading balance of distribution feeders can 

be obtained by power flow control in a more active manner. 

A transformerless converter with snubber- less insulated gate 

bipolar transistor (IGBT) is applied to the proposed LPC 

using an active-gate-control (AGC) scheme. The AGC 

scheme can balance the collector voltage of IGBTs 

connected in series and allow the converter to connect 

directly to distribution feeders with a high enough AC voltage 

output [14]. Additionally, LPC can reduce the voltage 

fluctuation and system power loss by enhancing reactive 

power compensation. In this paper, the three-phase balanced 

flow condition is assumed for both distribution feeders to 

perform the load transfer by LPC. 

The design of the LPC control strategy must consider inter- 

mittent power injection by PV generation and varying feeder 

loading so that the loading unbalance and system power loss 

can be minimized in each study hour. This paper is organized 

as follows. First, Section II introduces the distribution 

automation system with a loop power controller. Section III 

presents the feeder loading balance simulation and LPC 

control algorithm. In Section IV, the impact of the PV 

system on feeder loading balance and loss reduction of the 

distribution system is investigated. Finally, Section V gives 

conclusions. 

 

II. D I S T R I B U T I O N  AUTOMATION 

SYSTEM WITH LOOP POWER 

CONTROLLER 
To enhance reliability and operation efficiency of distribution 

systems, the fully integrated distribution automation system 

(DAS)  in  Fig 1  has  been  implemented by  Taiwan  Power 

Company (Taipower). The DAS consists of a master station 

(MS) with application software, remote terminal units 

(RTUs) in the substations, feeder terminal units (FTUs), and 

automatic line switches along the primary feeders [15]. 

The distribution feeders from substations are connected as 

the open loop configuration with one of the automatic line 

switches being selected as the open-tie switch. To achieve 

loading balance of distribution feeders for normal operation 

with variation of feeder loading, the non-interruptible load 

transfer is executed 

by closing the open-tie switch and opening one of the 

normal close switches. When a fault contingency occurs, 

the feeder circuit breaker trips, and the over-current fault 

flags of all upstream FTUs are set due to the large fault 

current flows. After the MS retrieves all fault flags, the fault 

location can therefore be determined according to the 

combination of fault flags and the network topology. The 

MS then sends the command to open all line switches 

around the faulted section to complete the fault isolation 

and followed by reclosing the feeder circuit breaker to 

restore power service to upstream customers. After 

verifying the reserve capacity of the supporting feeder, the 

open-tie switch is closed to fulfill the service restoration of 

downstream customers [16]. 

Although the DAS has been applied for fault restoration 

effectively in Taipower, the loading balance is difficult to be 

per- formed for distribution system with large DG facility 

because too frequently the switching operation is required to 

accommodate the dramatic fluctuation of DG generation.  

To solve the problem, Fig. 1 shows how the proposed 

LPC is applied to re- place the open-tie switch by achieving 

adaptive power flow control for load transfer. The 

distribution feeder-pair with LPC pro- vides the following 

advantages: 1) improved controllability and operational 

flexibility of the distribution system; 2) mitigation of 

voltage fluctuation with fast reactive power compensation; 3) 

control of the real and reactive power flow; 4) reduced 

power system loss with improved loading balance of the 

distribution system; and 5) enhanced system robustness for 

integration with more renewable energy [11]. 
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Fig. 1.  Distribution automation system with a loop 

power controller. 

 

 

III. CONTROL MODEL OF LOOP POWER      

CONTROLLER 

To derive the voltage ratio and phase shift of LPC for the 

control of load transfer, the equivalent circuit model of LPC 

is proposed by considering the branch impedances of distribu- 

tion feeders for the simulation of feeder loading balance. Fig. 2 

shows the overall process to derive the LPC control algorithm 

to enhance loading balance of distribution feeders. 

 

A.  Simulation of Feeder Loading Balance 

 

In this study, the LPC is considered as the combination of 

tap changer and phase shifter with a circuit model as shown 

in Fig. 3. By adjusting the voltage ratio and phase shift be- 

tween both sides of the LPC according to the branch impedance 

and loading unbalance of distribution feeders, the real and reac- 

tive power flows through the LPC can be controlled to achieve 

the loading balance. 

 

 

 
 

 

Fig. 4.  Modified equivalent circuit model of LPC. 

 

 
 

Fig,3.Circuit modal of PL
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Fig. 2.  Flowchart of LPC control algorithm. 

 

The equivalent injection currents are solved as 

    

  
2' ( 1) (1 )s rsdI n yV n yV           (4) 

' (1 ) srdI n yV                                      (5) 

                                                                                                             

To derive the injection current due to the change of phase shift 

by LPC, the node currents are represented by assuming a fixed 

voltage ratio of 1.0 as follows: 

(1 ) ( )j j
s r r ss rI yV ye V e yV y V V              (6) 

(1 ) ( )j
srI e yV y Vr Vs                                           (7) 

 The equivalent injection currents are solved as: 

 

 dI s’’=-(1-eˉjᵠ)yVr 

                                                                (8)  &  (9)

The equivalent circuit model can be represented as an ideal 

transformer with turn ratio of 1:   and a series admittance 

y. 

The mathematical model of LPC can be illustrated in (1) to 

represent the relationship between the node injection currents 

and voltages: 

2 2*
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                                       (1) 

                          

Where   = . 

To simplify the process to determine the voltage ratio and 

phase shift of LPC, this paper proposes a modified equivalent 

circuit with dependent currents source and   as shown 

in Fig. 4. Here, the dependent current sources are revised ac- 

cording to the adjustments of turn ratio and phase shift during 

the iteration process. To derive the injection currents due to the 

change of voltage ratio by LPC, the node currents are repre- 

sented by assuming zero phase shift as follows: 

        

2

s

2
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                                    (3)

dI r’’=-(1-eˉjᵠ)yVs 

 

Therefore, the equivalent currents due to the change of both 

voltage ratio and phase shift by LPC in Fig. 4 are determined as 

follows: 

      
' ''

s s sdI dI dI                                                     (10) 

' ''

r r rdI dI dI                                                            (11) 

2)(1 ( 2)

( 1) ( 2)

j
s s

j
r r
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Vd I n y n e y

 

 

      
                

         (12)       

By this way, the network impedance matrix remains unchanged 

during the iteration process to solve the voltage ration and 

phase shift of LPC. 

B.  LPC Control Algorithm 

To illustrate the proposed control algorithm for LPC to 

achieve feeder loading balance, consider the two sample radial 

feeders connected with an LPC in Fig. 5. The desired real 

and reactive power flows through the LPC for feeder loading 

balance are defined as 
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If the branch impedances of Feeder 1 and Feeder 2 are (R1 X1) 

And (R2 X2) , respectively, the total impedance of 

two feeders is defined as   
1 2

1 2

t

t

R R R

X X X

 

 
         (14) 

 

Fig. 5.  Incremental circuit model of distribution 

feeders with LPC. 

 

 

 

Fig. 6.  Taipower distribution feeders for 

computer simulation. 

 

In order to perform the LPC control strategy to have the proper 

load transfer between both feeders for loading balance, the 

terminal voltage  at the primary side of LPC is assumed to  

have a fixed value of 1.0. The terminal voltage at the 

secondary side of LPC is derived in (15):         

' 2 2

2 (1 ) ( )l LPC t LPC t LPC t LPC tV P R Q X P X Q R    

 

2lV V                                         (16) 

1tan
1

LPC t LPC t

LPC t LPC t

P X Q R

P R Q X

 
 

 
       (17) 

The incremental terminal voltage and phase shift are therefore 

calculated as follows in (16) & (17). 

 

 

IV. CASE STUDY OF TAIPOWER DISTRIBUTION 

SYSTEM 
To demonstrate the effectiveness of the proposed LPC for 

loading balance of distribution feeders with PV facility, a 

Taipower distribution system serving Kaohsiung Stadium for 

2009 World Games in Taiwan has been selected for computer 

Simulation as shown in Fig. 6. A large-scale PV system with 

8844 pieces of solar panels has been installed on the roof 

with total capacity of 1027 kWp. Feeder MF65 is supplied by 

Bei-Ying substation to serve Kaohsiung Stadium and other 

low-voltage customers. The feeder is connected to Feeder 

MU67 with an open line switch so that the load transfer can be 

executed for service restoration during fault emergency. With 

such a large PV system being installed, it is expected that total 

annual PV electricity energy of 1.37 GWh can be generated 

[17]. Fig. 7 shows the one-line diagram of the power system 

in the stadium. There are 179 units of DC/AC inverters which 

are used to convert the solar panel generation to 380 Vac. Be- 

sides serving the local loads in the stadium, the surplus power 

generated by the PV system is also sold to Taipower system.  

 

 
Fig. 7.  One-line diagram of Kaohsiung Main Stadium 
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Fig. 8.  Actual PV power generation of Kaohsiung Stadium 

(June 30, 2009). 

 

The daily power generation of the study PV system has been 

recorded by the SCADA system as shown in Fig. 8. It is found 

that the PV power generation is increased with solar irradiation. 

The maximum power generation was 768 kWh at 12 PM, and 

the total harvesting energy of 6702 kWh has been obtained for 

June 30, 2009. 

Fig. 9 shows the daily profiles of real and reactive power 

loading of Feeders MF65 and MU67 without considering the 

power injection by the PV system. The peak loading of Feeder 

MF65 was 3724 kW/1232 kVAR at 8 PM and the peak loading 

of Feeder MU67 was 4483 kW/1485 kVAR at 2 PM. Feeder 

MF65 serves the residential area with customers consuming 

most of the power demand during night time period when people 

stay at home with heavy air conditioner loading. Feeder MU67, 

however, serves the commercial area with customers consuming 

most of power demand during daytime business hours. 

Fig. 10 shows the reduction of real power loading of Feeder 

MF65 during daytime period after integrating PV power gener- 

ation in the distribution system. 

 

A.  Loading Balance of Distribution Feeder by a Loop 

Power Controller 

With the variation of customer loading profiles and the in- 

termittent generation of PV systems, an adaptive LPC control 

algorithm is derived to adjust the voltage ratio and phase shift 

between both feeders according to the feeder loading and PV 

generation for each study hour. To illustrate the effectiveness 

of LPC for system loading balance, an LPC is assumed to be 

installed to replace the open-tie switch between Feeders MF65 

 

 
 

Fig. 9.  Power profiles of Feeder MF65 and MU67 

(without PV system). 

 

 

 

 
 

Fig. 10.  Power profiles of Feeder MF65 and MU67 

(with PV system). 

 

 

 
 

Fig. 11.  Loading balance of both feeders with the control of 

LPC (w/o PV system). 

 

 

and MU67 in Fig. 6. After executing the loading balance by LPC 

for the distribution system without considering the PV system 

of Kaohsiung Stadium, Fig. 11 shows the real power and re- 

active power profiles of both feeders. By comparing to Fig. 9, 

it is found that the loading balance of the study system is sig- 

nificantly improved by LPC to achieve proper control of power 

transfer between both feeders. The differences of real power and 

reactive power loadings between Feeders MF65 and MU67 at 3 

PM have been reduced from 1864 kW/1715 kVAR to 170 

kW/71 kVAR after implementing LPC for power flow control. 
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Fig. 12.  Voltage ratio and phase shift for the power transfer by LPC (without the PV system). 

 

 

Fig. 12 shows the corresponding voltage ratio and phase shift for each study hour, which are derived in (16) and (17) for LPC 

control to achieve the load transfer between both feeders. At 3 

PM, a phase shift of  is applied for real power transfer of 1012 kW from MU67 to MF65 while the voltage ratio of 

0.013 p.u. is applied for reactive power transfer of 890 kVAR from MU67 to MF65. On the other hand, a phase shift of 0.27  is 

used for real power transfer of 450 kW from MF65 to MU67 at 

6 AM, and the voltage ratio of 0.001 p.u. is applied for reactive 

power transfer of 190 kVAR from MU67 to MF65. 

When the PV system of Kaohsiung Stadium is integrated in the distribution system, the power loading of Feeder MF65 is re- 

duced as PV power generation is injected into the system during the daytime period. To achieve the loading balance, the voltage 

ratio and phase shift by LPC have to be revised as shown in Fig. 13 according to the variation of PV power generation. By 

comparing to Fig. 12, the voltage ratio of LPC remains the same because the PV system does not generate reactive power. How- 

ever, the phase shift of LPC required for real power balancing is increased during the daytime period when the real power gen- 

erated by the PV system is injected. For instance, a larger phase shift of  is applied for real power transfer of 897 kW from 

MU67 to MF65 at 3 PM. With the control of LPC, the loading balance of test feeders by including the PV power generation has 

been obtained as shown in Fig. 14. By comparing to Fig. 10, the mismatches of real power and reactive power loadings between 

Feeder MF 65 and Feeder MU 67 at 3 PM are reduced from 2574 kW/1727 kVAR to 191kW/79 kVAR after loading balance. 

 

B.  Distribution Feeder Loss Analysis 

 

To investigate the effectiveness of LPC for the reduction of system power loss by loading balance, a three-phase power flow 

analysis is performed for both feeders MF65 and MU67 by con- sidering the daily feeder power loading profiles before and after 

loading balance. Also, the loss incurred in LPC is assumed to be 

1% of the power transfer by the LPC which has been included in the system loss analysis for each study hour. For the test distri- 

bution system with PV system, Fig. 15 shows the system power loss as percentages of feeder loading. Without applying the LPC for 

loading balance, the feeder power loss varies from 1.2% of the feeder loading during the light load period to 3.3% during 

the peak load period. The power loss over the daily period is re- duced from 3457 kWh (2.8%) to 2970 kWh (2.3%) after loading 

balance by LPC. The system power loss reduction has therefore been obtained after implementing the LPC for loading balance
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Fig. 13.  Voltage ratio and phase shift with the control of LPC 

(with PV system).  

 

 

 
Fig. 14.  Loading balance of both feeders with the control of 

LPC (with PV system). 

 

 

 
 

Fig. 15.  Percentage of system power loss before and after 

applying LPC for loading balance (with PV system). 

 

 

 

  V. CONCLUSIONS 
This study evaluates a power electronics-based loop power 

controller to replace the open-tie switch for the control of real 

power and reactive power transfer between distribution feeders 

to achieve loading balance of distribution system. The voltage 

ratio and phase shift adjusted by LPC are derived according 

to mismatches of real power and reactive power loadings be- 

tween test feeders for each study hour. To demonstrate the 

effectiveness of LPC for the enhancement of loading balance, 

a Taipower distribution system consisting of two feeders with 

a large-scale PV system has been selected for computer 

simulation. The power loadings of the study feeders and the PV 

power generation have been recorded. By applying the control 

algorithm of LPC to adjust the voltage ratio and phase shift 

be- tween both feeders, the proper amount of real power and 

reactive power can be transferred from the heavily loading 

feeder to the lightly loading feeder for each study hour. 

According to the computer simulation, it is concluded that the 

loading balance of distribution systems with intermittent PV 

power generation can be obtained effectively by the 

implementation of LPC to achieve adaptive control of load 

transfer between distribution feeders. The power loss 

reduction of test feeders after loading balance by LPC has also 

been derived in this paper. 
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