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Abstract Focused on the challenges raised by the large-

scale integration of renewable energy resources and the

urgent goal of energy saving, a novel control scheme for

the unified power flow controller (UPFC) series converter

is proposed to achieve line loss reduction and security

enhancement in distribution systems with a high penetra-

tion of renewable energy. Firstly, the line loss minimum

conditions of a general distribution system with loop con-

figurations are deduced. Secondly, security constraints

including the permissible voltage range, the line loading

limits and the UPFC ratings are considered. System secu-

rity enhancement with the least increase in line loss is

tackled by solving a much reduced optimal power flow

(OPF) problem. The computational task of the OPF prob-

lem is reduced by deducing the security-constrained line

loss minimum conditions and removing the equality

constraints. Thirdly, a hybrid control scheme is proposed.

Line loss minimization is achieved through a dynamic

controller, while an OPF calculator is integrated to gener-

ate corrective action for the dynamic controller when the

security constraints are violated. The validity of the pro-

posed control strategies is verified in a modified IEEE 33

bus test system.

Keywords Line loss minimization, Security enhancement,

Unified power flow controller (UPFC), Renewable energy

1 Introduction

With global warming issues drawing more and more

public concern, efforts to achieve reductions in greenhouse

gas emissions are made in various fields. As electrical

energy supplies are one of the largest contributors to car-

bon dioxide (CO2) emissions, power systems are expected

to become more environment friendly. Improvements can

be made in two ways.

1) Energy saving is a very efficient solution to reduce

greenhouse gas emissions. The power loss in devel-

oped countries is not more than 10%, and it is around

20% in developing countries [1]. A large amount of

the power loss occurs in distribution systems. There-

fore, line loss minimization in distribution systems is

critical to achieve energy saving.

2) Renewable energy resources such as wind and solar

energy are much cleaner than fossil fuels. Replacing

the conventional thermal power generation by increas-

ing the power generation from renewable energy is

also efficient in reducing CO2 emissions. The pene-

tration of renewable energy into distribution systems is

expected to increase dramatically [2–4]. However,
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renewable energy resources such as wind and solar

energy are characterized as variable and intermittent.

Voltage violations and line overload issues in distri-

bution systems integrated with high levels of renew-

able energy can be quite severe, if precautions are not

taken [4, 5].

The challenges raised by the large-scale integration of

renewable energy resources and the urgent goal of energy

saving require multi-functioned operational control,

including line loss reduction, voltage regulation and line

overload relieving. As the most versatile flexible AC

transmission systems (FACTS) device, and with a properly

designed control scheme, a unified power flow controller

(UPFC) is capable of achieving these operational goals

simultaneously.

Focused on the control objectives of this paper, some

valuable research has been done on real-time dynamic

control strategies. In [6], line loss minimization is experi-

mentally achieved by a UPFC in a laboratory prototype

system. Voltage regulation issues are commonly studied

and solved via control of shunt var compensators and filters

[7, 8]. Control strategies to regulate the voltage magnitudes

by series devices are studied in [5]. As suggested in [5], to

achieve the same voltage regulation goal, the rating of a

series regulation device can be much smaller than that of a

shunt device. Hence this paper tackles voltage violation

through the control of the series converter of the UPFC. In

[9], line overloads are alleviated by a UPFC through an

online interactive algorithm. Real-time dynamic control

strategies can achieve fast and efficient control. However,

the control is often single-goaled with the control objective

fixed.

On the contrary, optimal power flow (OPF) based cal-

culations are able to make the operation more optimized

and flexible with multi-objectives considered and multi-

parameters optimized. OPF algorithms have been used to

seek comprehensive optimizations of line loss, voltage

profile and power flow distribution using UPFC [10–13].

However, a big challenge of implementing OPF algorithms

in real-time operation is the computational task, which is

time consuming and generally hourly based [14]. Contin-

uously changing renewable energy outputs and loads

makes it very inconvenient to implement OPF algorithms

in real-time operation.

To combine the advantages of the two approaches above,

and to reduce the computational cost, a hybrid control

scheme consisting of a dynamic controller and an OPF

calculator is developed in this paper. Line loss minimization

is achieved through the dynamic controller based on phasor

measurement unit (PMU) measurements. The OPF calcu-

lator is to generate corrective action for the dynamic con-

troller to alleviate voltage violations, line overloads and

UPFC overloads. The computational task of the OPF

problem is much reduced by deducing the security-con-

strained line loss minimum conditions and introducing

PMU measurements into the OPF calculations. Through

state estimation techniques, full observability of the distri-

bution system can be achieved with fewer PMUs installed

[15, 16]. The accuracy requirement of the measurements for

real-time control and protection can be satisfied by data

processing and filtering [17]. Therefore, with the develop-

ment and the implementation of PMUs, real-time opti-

mization and control are becoming more achievable.

In order to develop the control scheme, the rest of the

paper is organized as follows. Line loss minimum condi-

tions are deduced in Section 2. In Section 3, based on the

deduced constrained line loss minimum conditions, system

security enhancement with minimum increase of line loss

is tackled by solving a much reduced OPF problem. Pro-

cedures to solve the OPF problem using PMU measure-

ments are also proposed. The control scheme is designed in

Section 4 to integrate the OPF calculation results for

enhancing system security with the dynamic controller for

line loss minimization. The case study in Section 5 proves

the validity of the proposed control strategies, and con-

clusions are made in Section 6.

2 Line loss minimum conditions

In distribution systems, radial configurations are often

preferred by distribution operators as these configurations

require simple protection schemes. On the other hand, loop

distribution systems perform better in reducing power loss,

improving voltage profile, and line loading balancing [4],

which are more favorable for saving energy and integrating

renewable energy resources. As a result, reconfiguring a

radial distribution system into a loop one has received a lot

of attention [18, 19]. More complicated configurations of

distribution systems, such as secondary grid networks and

spot networks, are suggested in [20] to provide reliable

power supplies for critical loads, where more than one loop

configuration is used.

A general distribution system with loop configurations is

shown in Fig. 1, where renewable energy resources are

integrated. The distribution system has a buses and b lines.

The voltage of Bus m (m = 1, 2, …, a) is _Vm. For Line k

(k = 1, 2, …, b), the line impedance is ~Zk ¼Rk þ jXk and

the line current is _Ik. A UPFC is installed on Line 1 and the

two ports of the series device are numbered Bus 1 and Bus

2. _IU denotes the current of the UPFC installed line. The

voltage integrated by the UPFC series device is _Vse.

The substations are represented by voltage sources and

the loads in the distribution system are represented by
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current sources. According to [20], distributed generators

cannot actively regulate voltage. The renewable energy

generations are represented by current sources. The current

flowing into the UPFC shunt converter is very small, and

thus is neglected for the sake of simplicity [6, 21]. Hence,

the UPFC is simplified to a current source _IU in series with

the UPFC installed line. After the power devices and the

UPFC are substituted by current and voltage sources, the

superposition theorem can be applied. Formulas in this

paper are deduced with variables in p.u. form.

The current phasor in the UPFC installed line can be

controlled at a reference value so that the designated power

system parameters are regulated at their desired settings

[21–23]. For the purpose of this paper, the control

scheme developed is to provide the current reference of the

UPFC installed line, controlled at which line loss mini-

mization and system security enhancement can be achieved

simultaneously.

Firstly, the relationship between the total line loss of the

distribution system Ploss and _IU is derived. Ploss is calcu-

lated as:

Ploss ¼
Xb

k¼1

RkI
2
k ð1Þ

where Ik is the magnitude of _Ik.

For Line k (k = 1, 2, …, b), the relationship between _Ik
and _IU can be obtained by applying the superposition

theorem:

_Ik ¼ ~Hk
_IU þ _Is;k ð2Þ

where _Is;k is the component of _Ik produced by other current

and voltage sources when the UPFC installed line is open;
~Hk is the coefficient between _Ik and _IU calculated by (3)

using electrical network theories [24]; ~Hk
_IU is the

component of _Ik produced by the current source in the

UPFC installed line alone.

~Hk ¼ �EkYbA
TZnA

TET
1 ð3Þ

where A is the incidence matrix of the associated graph of

the distribution system; Yb is the branch-admittance matrix;

Zn is the inverse matrix of the node-admittance matrix; and

Ek = [Ek1, Ek2, …, Ekb] (k = 1, 2, …, b) are defined as:

Eki ¼
1 i¼k

0 i¼ 1; 2;. . .; b; i 6¼ k

�
ð4Þ

By analyzing the real and imaginary components

separately ( _Ik¼Ikx þ jIky, _IU¼IUx þ jIUy, and

~Hk¼Hkx þ jHky), the partial differential equations of _Ik

with respect to _IU can be derived from (2):

oIkx ¼ HkxoIUx � HkyoIUy

oIky ¼ HkyoIUx þ HkxoIUy

(
ð5Þ

Ik is calculated as:

Ik ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2kx þ I2ky

q
ð6Þ

The partial derivatives of Ploss with respect to IUx and

IUy, PA and PB, are obtained from (1), (5) and (6):

PA ¼ oPloss

oIUx
¼ 2

Xb

k¼1

RkðHkxIkx þ HkyIkyÞ

PB ¼ oPloss

oIUy
¼ 2

Xb

k¼1

Rkð�HkyIkx þ HkxIkyÞ

8
>>>><

>>>>:

ð7Þ

Further, it can be derived from (5) and (7) that:

oPA

oIUx
¼ oPB

oIUy
¼ 2

Xb

k¼1

RkH
2
k

oPA

oIUy
¼ oPB

oIUx
¼ 0

8
>>><

>>>:
ð8Þ

where Hk is the magnitude of ~Hk.

It can then be deduced from (7) and (8) that the line loss

minimization of the distribution system is achieved if the

following conditions are satisfied:

PA ¼ 0

PB ¼ 0

(
ð9Þ

Subscript 0 is used to denote the values of the

corresponding variables at the line loss minimum

operating point satisfying (9), e.g., _Ik0, _Vm0 and
_IU0¼IUx0 þ jIUy0. Therefore the line loss minimum

conditions can also be expressed as:

IUx ¼ IUx0

IUy ¼ IUy0

(
ð10Þ

The control strategy to realize (10) will be elaborated in

Section 4.

~

~

R

R

Line k

Renewable
energy

Substation Load

UPFC
Bus 1Line 1 Bus 2

Bus m �
kI

�
UI

�
mV

�
seV+ −

Main grid

Fig. 1 Configuration of the studied system
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3 Security enhancement

3.1 Security-constrained line loss minimum

conditions

In distribution systems with a high penetration of

renewable energy, besides the line loss minimization

problem, voltage violations and line overloads due to the

variation of the renewable energy generation also need to

be taken care of. The line loss minimum conditions given

in (9) have to be violated in case the security of the system

is challenged. An optimal security enhancement strategy is

investigated in this section, by which the security of the

system is guaranteed with the least increase in line loss.

By considering a current deviation of the UPFC installed

line from the line loss minimum operating point,
_IU¼ _IU0 þ D _IU , it can be deduced from (8) that:

PA ¼ 0þ
Z IUx0þDIUx

IUx0

RalldIUx ¼ RallDIUx

PB ¼ RallDIUy

8
><

>:
ð11Þ

where DIUx and DIUy are the real and imaginary

components of D _IU respectively; Rall is calculated as:

Rall ¼ 2
Xb

k¼1

RkH
2
k ð12Þ

From (7) and (11), the increase of the total line loss from

the line loss minimum operating point, DPloss, is:

DPloss ¼
R DIUx
0

RallDIUxdDIUx þ
R DIUy
0

RallDIUydDIUy

¼ Rall

2
DI2U

ð13Þ

where DIU is the magnitude of D _IU .
As shown in (13), the security-constrained line loss

minimization problem can be solved by finding the value of

D _IU of the minimum magnitude that satisfies the security

constraints of the system, denoted by D _I�U¼DI�Ux + jDI�Uy.

The security-constrained line loss minimum conditions are

therefore given by:

IUx ¼ IUx0 þ DI�Ux

IUy ¼ IUy0 þ DI�Uy

(
ð14Þ

To determine the value of D _I�U , security constraints such

as the permissible voltage range, the line loading limits and

the UPFC ratings have to be considered.

1) Permissible voltage range

For Bus m (m = 1, 2,…, a), the relationship between _Vm

and _IU can be obtained from electrical network theories:

_Vm ¼ ~Gm
_IU þ _Vs;m ð15Þ

where _Vs;m is the component of _Vm produced by other

current and voltage sources when the UPFC installed line is

open; ~Gmis the coefficient between _Vm and _IU calculated

through electrical network theories as (16); ~Gm
_IU is the

component of _Vm produced by the current source in the

UPFC installed line alone.

~Gm ¼ Zm2 � Zm1 ð16Þ

where Zij (i, j = 1, 2,…, a) is the element in the ith row and

jth column of matrix Zn.

From (15), the voltage constraints D _IU has to satisfy are

given by:

Vm;min � _Vm¼ _Vm0 þ ~GmD _IU
�� ���Vm;max ð17Þ

where Vm,min and Vm,max are the lower and upper limits of

the permissible voltage range for Bus m (m = 1, 2, …,

a) respectively.

2) Line loading limits

Likewise, the line loading constraints D _IU has to satisfy

are deduced from (2):

_Ik¼ _Ik0 þ ~HkD _IU
�� ��� Ik;max ð18Þ

where Ik,max is the loading limit for line k (k = 1, 2, …, b).

3) UPFC rating constraints

Based on _Vm and _Ik, the operating parameters of the

UPFC can be easily deduced as _Vse ¼ _V1 � _V2,
_IU ¼ _I1,

and the real power transferred between the series and shunt

converters Pdc ¼ realð _Vse
�IUÞ, where �IU is the conjugate

current of _IU . The UPFC rating constraints D _IU has to

satisfy are given by:

_Vse

�� ���Vse;max

_IU
�� ��� IU;max

Pdc

�� ���Pdc;max

8
><

>:
ð19Þ

where Vse,max, IU,max, Pdc,max are the nominal series injec-

ted voltage, the rated current of the series converter, and

the rated real power transferred between the series and

shunt converters respectively.

With the objective and the constraints identified, the

security-constrained line loss minimization problem can be

translated to an OPF problem, by which the value of D _I�U
can be determined. The objective function is given by (20),

which subjects to the voltage constraints given by (17), the

line loading constraints given by (18) and UPFC rating

constraints given by (19).

min D _IU
�� �� ð20Þ
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Instead of calculating system parameters by the power

flow equations, the proposed OPF calculation uses a

selected operating point (the line loss minimum operating

point) to express the inequality constraints. Methods to

obtain the operating parameters at the selected operating

point ( _Ik0 and _Vm0) based on PMU measurements are

developed in the next subsection.

3.2 Procedures to solve OPF problem

The following procedures are used to solve the OPF

problem in this paper, and the flowchart of these proce-

dures are generalized in Fig. 2.

Step 1 Initialization. PMU measurements and constraints

are obtained.

Step 2 Pre-processing. _Ik0 and _Vm0are calculated. _Ik0 and
_Vm0 can be calculated by voltage and current measurements

of _Vs and _Ik:

_Ik0 ¼ _Ik � ~HkD _IU ð21Þ

_Vm0 ¼ _Vs �
Xb

k¼1; k2Km

~Zkð _Ik � ~HkD _IUÞSgnkm ð22Þ

where _Vs is the voltage of the substation (assumed to be

constant during the security enhancement process); Km is

the set of a path of lines from the substation to Bus m; if _Ik
is in the same direction as path Km, Sgnkm = 1, and

Sgnkm = - 1 if not; as shown in (11), D _IU can be

calculated by (23). Therefore, the values of PA and PB

are also required, which can be obtained by (7) from

current measurements.

D _IU ¼ PA

Rall

þ j
PB

Rall

ð23Þ

Step 3 OPF calculation. The OPF problem described by

(17)–(20) is solved. Many OPF algorithms such as the

genetic algorithm (GA) and the firefly algorithm (FF) have

been proposed to solve OPF problems and to improve the

calculation speed [13, 25]. However, the feasible region of

the optimization variables is quite small and the involved

constraints of the OPF problem are quite few. The OPF

problem can be solved easily and quickly even by

traversing through the feasible region. The feasible

region is defined as:

0�DIU �DIU;max

0� hU � 2p

�
ð24Þ

where DIU,max is the upper limit of the feasible region and

hU is the phase angle of D _IU .

Step 4 If a solution is found in the feasible region, output

D _I�U and finish; if not, relax the system security constraints

(17) and (18), and go back to Step 3.

The security-constrained line loss minimization problem

is reduced to a much simplified OPF problem in the fol-

lowing ways.

1) The objective function is simplified by deriving the

impact of a current deviation from the line loss

minimum operating point.

2) The inequality constraints considered in the OPF

calculations are expressed by the calculation results

from PMU measurements. The equality constraints are

removed.

3) The computational cost of the reduced OPF problem

mainly depends on the number of the inequality

constraints involved. The inequality constraints can be

further simplified by removing the inequality con-

straints with no risk of being violated in operation or

related to buses/lines remote from the UPFC.

It can be seen from 2) and 3) that, unlike the traditional

OPF calculations incorporating the power flow equations,

the computational cost of the reduced OPF calculations

does not necessarily explode with the system scale. Thus

the reduced OPF problem is more favorable for real-time

optimization. As shown in the case study, a large OPF

calculation delay is verified allowable for the proposed

control scheme. Other optimizations could also be involved

in the OPF calculations to achieve improvements in other

aspects of the distribution system.

Y

N

End

Start

Initialization

Pre-processing

OPF calculation Relax the constraints

*Δ IUOutput

Solution found?

·

Fig. 2 Flowchart of the proposed procedures to solve OPF problem
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4 Control scheme

Firstly, the dynamic controller for line loss minimization

is developed. The schematic of the line loss minimization

strategy is shown in Fig. 3a, where Ka and Kb are the gains

of the two integrators; IUx,set ? jIUy,set is the current set

value of the UPFC installed line in case the line loss

minimization strategy is disabled; and IUx,ref ? jIUy,ref is the

current reference value for the current control module of

the UPFC series converter.

As shown in (8), PA can be controlled to 0 through

feedback integral control of IUx. Through the action of the

integral controller, the steady state is reached when the

error signal is zero, i.e., PA = 0. Hence IUx ¼ IUx0 is

realized as shown in (11). Likewise, IUy ¼ IUy0 can be

realized by controlling PB to 0. In this manner, the line loss

minimum conditions are reached and the line current of the

UPFC installed line is controlled at (10). In order to

achieve line loss minimization and security enhancement

simultaneously, the OPF calculation results are applied to

generate corrective action to the dynamic controller for

system security enhancement. The overall control

scheme is shown in Fig. 3b. DI�Ux + jDI�Uy is determined

and generated by the OPF calculator. The steady state is

reached when PA ¼ RallDI�Ux and PB ¼ RallDI�Uy. In this

manner, the line current of the UPFC installed line is

controlled at (14) and thus security enhancement with least

increase of the total line loss is achieved.

The hybrid control scheme combines the advantages of

feedback dynamic control and OPF-based optimization.

The total line loss is reduced quickly and efficiently

through the dynamic controller, by which the optimization

task of the OPF calculation is shared and greatly reduced.

Corrective signals for the dynamic controller are generated

by the OPF calculator to guarantee the security of the

system. Through the proposed control scheme for security-

constrained line loss minimization, comprehensive opera-

tional control is realized in distribution systems with high

levels of renewable energy.

5 Case study

The validity of the proposed line loss minimization and

security enhancement strategies is verified in a modified

IEEE 33 bus test system, shown in Fig. 4. Three wind

power generators (WPGs), WPG1, WPG2 and WPG3, are

connected to the distribution system. A UPFC is installed at

Bus 15 side of Line 14–15. The data of the lines and loads

are presented in the Appendix A. The simulations are run

in the power system simulator for engineering (PSS/E).

The dynamic models and equipment ratings are also pre-

sented in the Appendix A.

The daily variation curve of the output power of all the

three WPGs in p.u. is shown in Fig. 5. Without control of

the UPFC, the total line loss of the distribution system, the

minimum voltage of the AC buses and the maximum

loading rate of the lines vary significantly under the natural

power flow distribution, as shown in Fig. 6. The line

loading rate is calculated as the magnitude of the line

current divided by its loading limit. As shown in Fig. 6,

operational characteristics of the distribution system are

considerably influenced by the integration of the variable

wind power generation, especially when the wind power

generation is low. As fluctuation and intermittency are two

inherent characteristics of renewable energy resources, the

security and economic operation of the distribution system

can be greatly challenged by the integration of high levels

of renewable energy.

The proposed line loss minimization and security

enhancement strategies are implemented to solve the above

issues. Firstly, the time-domain control process of the

KA
s

AP
0 ,setUxI

,refUxI

BP
0 setUy,I

Current 
control

UxI

UyI
0UyI

0UxI

Line loss minimization Distribution system

Δ UxI

Δ UyI

UPFC

,refUyI

(a) Schematic of the line loss minimization strategy
0 ,setUxI

0

OPF calculatorPB

Measurements
Constraints

*Δ UxI

*Δ UyI

,refUxI

(b) Overall control scheme

IUy,set

IUy,ref

KB
s

allR

allR

PA

PB

PA
KA
s

KB
s

allR

allR

Fig. 3 Control scheme of the proposed security-constrained loss line

minimization

UPFC

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17

16
18 19 20 21

22 23 24 25 26 27 28 29 30 31 32

Substation

~
Main grid

WPG1 WPG2

WPG3

R R

R

Fig. 4 Configuration of case-study system
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proposed strategies is studied. The proposed line loss

minimization strategy is implemented at 2.0 s (the output

of the OPF calculator is 0) and the security enhancement

strategy is implemented at 10.0 s (D _I�U is generated by the

OPF calculator to take corrective action). The total line loss

of the distribution system, the voltage magnitudes of key

AC buses at the receiving-end of the distribution system,

and the line loading rates of heavily loaded lines are shown

in Fig. 7.

In simulation, line current phasors of the lines and

voltage phasors of the buses are monitored by PMUs to

provide necessary measurements for the dynamic con-

troller and the OPF calculator. The control parameters used

are as follows: KA = KB = 0.2, IUx,set ? jIUy,set is given

the value of the current phasor in Line 14–15 under the

natural power flow distribution. Vm,min = 0.95 p.u., and

Vm,max = 1.05 p.u. for all the AC buses. The line loading

limits and the UPFC rating constraints are provided in

the Appendix A. DIU,max = 0.5 p.u.. The calculated

Rall = 1.93. The time-domain simulation is run when the

wind power output is at its lowest level, 0.04 p.u..

As shown in Fig. 7, the total line loss of the distribution

system is reduced from 154.2 to 140.4 kW after the line

loss minimization strategy is implemented. The voltage

profile and the power flow distribution of the system are

also improved. However, the voltage magnitudes of Bus 17

and Bus 32 are still under 0.95 p.u. (the maximum per-

missible deviation from nominal system voltage is typi-

cally 5% [20]) and Line 1–2 is still overloaded. After the

implementation of the security enhancement strategy, fur-

ther improvements in the voltage profile and power flow

distribution are made. The voltage magnitudes of Bus 17

and Bus 32 are raised above 0.95 p.u. and the loading rate

of Line 1–2 is reduced below 1.0. However, the total line

loss is increased only slightly, from 140.4 to 140.5 kW.

Therefore, using the line loss minimization and security

enhancement strategies together, security-constrained line

loss minimization is achieved.

Under the operation conditions considered in the simu-

lation process of Fig. 7, the simulated and calculated val-

ues of _Vm0= _Ik0 of the key buses and lines are compared in

Table 2 in the Appendix A. The simulated values are those

of _Vm= _Ik at 9.9 s, when the line loss minimum operating

point has been reached. The calculated values are obtained

from (21) and (22) in the pre-processing step of the pro-

posed OPF calculation procedures at 10.1 s, when the OPF

calculator has been applied to take corrective action. As

shown in Table 2, the calculated values of _Vm0= _Ik0 used in

the OPF calculations are identical to the simulated ones.

Operating parameters at the line loss minimum operating

point can be obtained from the pre-processing step of the

proposed OPF calculation procedures.

In Fig. 6, daily variation curves of the key parameters of

the distribution system after the proposed strategies are

implemented are compared with those under the natural

power flow distribution. The loss incurred by the UPFC is

considered in calculating the energy saved by the proposed

strategies, which is assumed to be 1% of the value of the

UPFC apparent power. The validity of the proposed

scheme is verified under different wind power generation

levels. As shown in Fig. 6, comprehensive operational

optimization and control are realized for energy saving and

security enhancement at all wind power generation levels.

In this manner, the integration of higher levels of renew-

able energy can be achieved without compromising the

security and economic operation of the distribution system.

Besides, the ability to reduce the total line loss, regulate the

bus voltages and relieve the line overloads intelligently

alleviates the operational complexity of a distribution

system.

The negative effects of the PMU measurement delay and

the calculation delay of the OPF algorithm have also been

studied. The time delay of the phasor obtained by a PMU is

less than 40 ms on average [26]. A 0.3 s PMU measure-

ment delay is assumed including the time consumed by

data processing and filtering. The computing time for

solving the OPF problem discussed in this paper is within

100 ms, even using a traversal algorithm. More severe time

delays are assumed in the time-domain simulations. The

responses of the total line loss and the voltage magnitude of

Bus 32 to the change of the wind power are shown in

Fig. 8. The power of the WPGs is reduced from 0.15 to

0.05 p.u. at 5.0 s. As shown in Fig. 8, the proposed control

scheme is still valid with a 0.3 s PMU measurement delay

and a 5.0 s OPF calculation delay. As the OPF calculator is

only used to generate corrective action for the dynamic

controller, a relatively long time delay of the OPF calcu-

lation could be tolerated. The feasibility of the proposed

line loss minimization and security enhancement strategies

in practical engineering is therefore confirmed.
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With the development of the modular multilevel con-

verter based UPFC (MMC-UPFC), the equipment

investment in the UPFC device is significantly reduced,

e.g., the equipment investment in the Nanjing UPFC pro-

ject is only 95 $/kVA. For ratings of the UPFC considered

in the case study, the equipment investment is about

Fig. 7 Time-domain control process of the proposed line loss

minimization strategy and security enhancement strategy

Fig. 6 Daily variation curves of key parameters of distribution

system

Security-constrained line loss minimization in distribution systems with high penetration of… 883

123



$11400. As shown in Fig. 6a, the amount of electrical

energy saved is 254.4 kWh per day. Hence, the cost of the

electrical energy saved is about $135570 assuming that the

cost of electrical energy is 73 $/MWh and the effective life

of the UPFC is 20 years. The economic benefit is signifi-

cant, let alone the operational benefits produced by the

system security enhancement.

6 Conclusion

In this paper, a novel control scheme for the UPFC

series converter is proposed to achieve line loss reduction

and security enhancement simultaneously in distribution

systems with high levels of renewable energy. The control

scheme is developed based on the deduced security-con-

strained line loss minimum conditions and the proposed

procedures to solve the reduced OPF problem. The control

scheme proposed in this paper sheds some light on how to

combine OPF calculation results with a dynamic controller

to realize fast and optimal control. An approach to reduce

the computational task of the OPF calculations by remov-

ing the equality constraints is also discussed.

With the proposed control scheme, the total line loss of

the distribution system is maintained at the minimum value

by the dynamic controller when no security constraint is

violated. Otherwise, corrective signals are generated by the

OPF calculator to guarantee the security of the system at

the least increase in line loss. In this manner, comprehen-

sive operational control is achieved for better integration of

higher levels of renewable energy. The challenges raised

by the large-scale integration of renewable energy resour-

ces and the urgent goal of energy saving are overcome. The

validity of the proposed control scheme is verified in the

case study.

The ability to reduce the total line loss, regulate the bus

voltages and relieve the line overloads intelligently alle-

viates the operational complexity of a distribution system.

The proposed control scheme can be incorporated into the

construction of smart distribution systems.
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Appendix A

1) Line and load parameters

The data of lines and loads are given in Table A1, all

expressed in p.u. (12.66 kV and 100 MVA based). In the

case study, the load data given in Table A1 are used in all

the time intervals of the day.

2) Dynamic models

a) The main grid is equivalent to a synchronous generator

modeled as constant internal voltage generator model

(GENCLS). The power rating is 100 MVA, the inertia

is 99 p.u. and the damping constant is 0.

b) The renewable energy resources in the distribution

system are modeled as a constant power source

operated at a constant power factor [20] of 0.9. The

power ratings of WPG1, WPG2 and WPG3 are 0.90

MVA, 0.54 MVA and 0.36 MVA respectively.

c) Loads in the distribution system are modeled as

constant power loads.

d) The UPFC is modeled using the dynamic model given

in [22]. The MVA rating of the UPFC is 60 kVA (the

nominal series injected voltage is 0.48 kV, the rated

current through the series converter is 72.2 A, and the

rated real power transferred between the series and

shunt converters is 40 kW). The equivalent resistor is

Fig. 8 Responses of total line loss and voltage magnitude to change

of wind power
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0.01 p.u. and the equivalent reactor is 0.2 p.u. The

current controller PI gains Kp1 and KI1 are 0.1 and 0.5

respectively. For the series converter, the reference

current is produced by the proposed control scheme.

For the shunt converter, the reference current is

produced by DC voltage and reactive power con-

trollers. The DC voltage regulation PI gains Kp2 and

KI2 are 2 and 10 respectively. The reactive power

control PI gains Kp3 and KI3 are 1 and 10

respectively.

3) Simulated and calculated values of _Ik0 and _Vm0

The simulated and calculated values of _Vm0 and _Ik0 of

the key buses and lines are presented in Table A2,

expressed in p.u. The angle of _Vs is assumed to be 0.
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