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A B S T R A C T  
 

 

Traditionally, conventional generation units were used to provide ancillary services e.g. reactive power 
support, and spinning reserve. Nonetheless, with the emergence of highly penetrated distributed energy 

resources (DERs) systems and considering how beneficial they can be; it appears reasonable to use 
them as reactive power providers. Therefore, this paper introduces a new procedure for DERs to 

participate in the reactive power market. To do that, an algorithm is proposed to calculate the 

deliverable reactive power capability of DERs from distribution networks to transmission systems. 
Furthermore, a reactive power procurement model is introduced to consider DERs participation in the 

reactive power market. Finally, to show the effectiveness, and validity of this method many case 

studies are carried out on 33-bus distribution and CIGRE 32-bus transmission test systems 

doi: 10.5829/ije.2019.32.08b.09 
 

 

1. INTRODUCTION1 
 
Ancillary services, like reactive power supply and 

spinning reserves, are crucial for the reliable, and safe 

operation of power systems. Therefore, there have been 

discussions regarding the secure/optimal provision of 

ancillary services during power systems operation for 

decades, especially about reactive power supply. With 

power system restructuring and the emergence of 

electricity markets, system operators have been 

encouraged to initiate/merge reactive power markets, 

where a fair competition in the reactive power provision 

sector is available for the suppliers [1]. However, 

because of the high reactive power’s losses over long 

distances, it is provided locally. Due to this localized 

aspect of reactive power, the full development of a 

competitive market is very challenging [2]. 

Correspondingly, a limited number of local providers 

may prevent competition and lead to market power. 

These suppliers can submit excessively high price offers 

or withhold supply to increase the market price to its 

advantage. As a result, reactive power markets have not 
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been fully developed all over the world and no unified 

and universally accepted framework is yet proposed for 

reactive power management [1]. 

To address these concerns, a uniform price auction 

based on a novel methodology is suggested, where it 

figures the optimal reactive power prices across the 

entire system. A pay-as-bid (PAB) market structure is 

proposed, where only market power holders receive 

higher payments; however, not only there are PAB 

structure deficiencies, but the market power problems 

also remain unsolved [3]. A localized reactive power 

market is introduced, which uses voltage control area 

concept to divide a large-scale power system into 

multiple smaller sub-systems where a uniform pricing is 

issued in each sub-system [4]. The proposed method 

reduces the power market impact on the corresponding 

areas, but it cannot be fully removed in some scenarios. 

A long-term contract-based reactive power market is 

proposed; but, since the network topology and market 

players remain constant in either long-term or short-

term market, the powerful providers will still be able to 

enact market power [5]. 

Today, with modern DER technologies, a faster and 

dynamic reactive response can be provided. These new 

technologies are considered as a promising tool in 
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meeting reactive power demands [6-8]. Furthermore, 

since most DERs are located at the distribution level, 

the required reactive power can be provided locally by 

these resources. Accordingly, few studies so far have 

explored DERs’ potentials in providing reactive power 

by participating in distribution level reactive markets [9-

12]. A reactive market for medium voltage distribution 

systems is proposed by Madureira and Peças Lopes [10] 

to involve distributed generation units and microgrids in 

reactive provision. Similar to Madureia and [10], a 

clearing procedure for a reactive market considering 

wind turbine generators in distribution systems is 

proposed by Calderaro et al. [11]. A coordinated local 

control approach is presented by Rueda-Medina and A. 

Padilha-Feltrin [12] to obtain benefits of offering the 

voltage regulation ancillary service to DSO and 

maximizing allowable active power production for each 

DER unit. A VAr market at the distribution level is 

developed by Samimi et al. [13, 14], in which DERs 

could offer their reactive power prices and actively 

participate in the Volt/VAr control of distribution 

network.  

Based on the literature, DERs can play an active role 

in reactive power provision at the distribution level. In 

this paper, advantage of RESs was motivated. We 

extended our previous, Doostizadeh et al. [15] presented 

an optimized algorithm, such that DERs can offer their 

reactive power capacity into HV transmission networks. 

To do so, a new procedure is introduced to calculate the 

deliverable DERs’ reactive power from distribution 

networks to participate in the reactive power market on 

the high voltage (HV) transmission networks. This is 

done by considering DERs’ reactive power capability 

and distribution network voltage security. Moreover, the 

method can offer a priority list to show the best reactive 

power dispatch scenario in a distribution system. Then, 

a reactive market model based on the proliferation of 

the players and the increased share of DERs at the 

distribution level is presented. The proposed market is 

cleared through a mixed-integer nonlinear optimization 

problem (MINLP). To solve the resulted MINLP 

optimization problem, Benders decomposition is 

employed. 

Rest of the paper is on the following order: Section 2 

presents DERs reactive power modelling. The proposed 

reactive power market is introduced in Section 3. 

Section 4 presents case studies to demonstrate the 

efficiency of the proposed method. Finally, Section 5 

showcases the main findings of this study. 

 
 
2. DERS’ REACTIVE POWER MODELLING 
 

DERs’ impact on reactive power provision depends on 

their technology, and reactive power capability [7]. 

Broadly speaking, DERs and their technologies, can fit 

into two major categories: 

• Power Electronic Interfaced DERs (PEIDERs): These 

DERs (e.g. photovoltaic cells, energy storage systems, 

fuel cells, etc.) are connected to the network with the 

help of power electronic interface devices. They can 

simultaneously produce active and reactive power, 

based on the control strategy used in PEIDERs. The fast 

response of PEIDERs makes them suitable to 

compensate for reactive power shortages immediately 

[9]. 

• DERs that are directly connected to the network: The 

output voltage and frequency of this type of DERs are 

designed to be capable of being directly connected to 

the network. These DERs are either a synchronous or 

asynchronous generator (e.g. squired cage induction 

generators (SCIGs) and doubly-fed induction generators 

(DFIGs)). SCIGs can only use reactive power, and not 

producing; thus, they cannot be utilized for network 

reactive power support [8]. 

Overall, all DERs technologies (except traditional 

SCIGs) can provide a fast, dynamic reactive power 

response (like a synchronous condenser), which can be 

useful for system operators during reactive power 

shortages. To make the best of these unique features, 

this paper models the reactive capability of various 

DERs first, and then a methodology is proposed to 

calculate the maximum deliverable reactive power by a 

DER at distribution-level to the main substation (HV 

transmission level) where the network criteria like 

voltage and power transfer limits, are enforced. 

 
2. 1. DERs Reactive Power Capability      To extract 

the capability of each DER, it is necessary to consider 

the limitations that are enforced during 

injection/absorption of power to/from the network. 

Thus, the reactive power production capability of 

different types of DERs in distribution systems are 

presented. 
1) Directly connected DERs: The capability curves of a 

synchronous generator (SG) and a DFIG are 

respectively shown in Figure 1(a) and (b), and the 

following equations represent these curves limitation: 
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Equation (1.a) represents the armature current limit of 

both SG and DFIG, where 𝑈𝑔 is terminal rated voltage, 

𝐼𝑎 is the maximum armature current and 𝑃𝑎𝑐𝑡is actual 

active power. Equation (1.b) denotes the under-

excitation bound related to the steady-state stability of 

SGs, where 𝛿̅ is the maximum angle between the 

quadrature axis of SG and the terminal voltage, and 𝑋𝑠is 

synchronous reactance. Equation (1.c) represents the 

rotor current limit of SG, where 𝐸̅𝑞is maximum internal 

voltage. Equation (1.d) is the rotor current limit of 

DFIG, where 𝐼𝑓̅ is the maximum field current. 

2) Photovoltaic (PV) units: The reactive power capacity 

curve of the PV generator is defined by current inverter 

limit, voltage inverter limit, and PV active power limit 

as depicted in Figure 2 [16]. The feasible operation 

region of a PV unit is gray marked. Therefore, the 

reactive power of PV is formulated as follows: 

2 2 2

g i act
Q U I P −  (2.a) 

2 2
2

2 g g i

act

U U U
P Q

X X
+ + =
   
   
   

 (2.b) 

Equation (2.a) denotes the current inverter limit; where 

𝐼𝑖  is maximum current injection by the inverter, 𝑃𝑎𝑐𝑡is 

the power output of PV, and 𝑈𝑔 is the gride-side 

voltage. The maximum voltage of PV inverter (𝑈𝑖) 

imposes an additional limit on Q, and it is described by 

equation (2.b), where 𝑋 is the reactance seen from the 

inverter terminals. 

 

 
Figure 1. Reactive capability curves: (a) SG, (b) DFIG [12] 

 

 

 
Figure 2. Reactive power capacity of the PV unit [16] 

3) Energy storage resources: The capability curve of an 

energy storage system such as batteries and electric 

vehicles is mostly similar to PV units except in their 

active power limit. As shown in Figure 3, the storage 

can absorb/inject active power from/to the network, 

while also inject/absorb reactive power to/from the 

network at the same time. Meaning, energy storage 

resources can be considered reactive power providers. 

 
2. 2. DERs’ Deliverable Reactive Power to the 
Market      In Section 1.1, reactive power production 

capabilities of different types of DERs, and limitations 

in distribution networks were presented. The purpose of 

this section is to use reactive power production 

capabilities of DERs as a tool for DSO participation in 

the reactive power market. To do so, a new method is 

introduced to calculate DERs reactive power provision 

at the main substation bus. Then, the effect of DERs in 

establishing transmission-level reactive power markets 

is assessed, by employing this method, in the next 

section. 
In normal operating conditions, nodal voltages 

should be kept within their limits. The generated 

reactive power by DERs should not force voltages to 

violate their constraints. It is also possible that the 

reactive power injection at one bus, regulate the voltage 

level of so many more buses, while the same injection at 

another bus only regulate a limited number of buses. So, 

the following steps are taken to simulate reactive power 

production of DERs at the main substation bus, while 

DERs technical constraints and network limitations are 

satisfied: 

• A base case power flow is run. It is assumed that all 

reactive network demand is provided by the 

substation. In other words, DERs do not produce 

reactive power. 

• A set of scenarios for DERs reactive provision is 

defined.  

• For each scenario, DERs technical limitations are 

modelled. Voltage levels of DER buses are set at base 

value (calculated through base case power flow). 

 

 

 
Figure 3. Capability curve of an energy storage resource 
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• The reactive power received from the main substation 

is decreased step-by-step. As a result, the bus voltages 

drop across the network. So, DERs start producing 

reactive power to keep its connecting bus voltage. 

This compensated reactive power is referred to as 

“equivalent reactive compensation” (ERC) [17]. The 

total compensated reactive power (𝑄𝐸𝑅𝐶
𝑡𝑜𝑡 ) is calculated 

as follows: 

1
 

DERsNtot k

ERC ERCk
Q Q

=
=  (3) 

where 𝑄𝐸𝑅𝐶
𝑘  is the produced reactive power by kth 

DER. Besides, a qualified load index (QLI) [17] is 

used to determine a priority list of DERs to 

compensate for reactive power. 

1
 

LN

i Lii
QLI V P

=
=   (4) 

where 𝑃𝐿𝑖and 𝑉𝑖  are active power and voltage of load 𝑖 

in per unit. The main purpose of applying this index is 

to keep the highest possible amount of loads at higher 

voltages. 

• This procedure will continue until a violation occurs 

either in network criteria or DERs technical 

limitations. 

• The total compensated reactive power and the 

incoming reactive power reduction from the main 

sub-station (𝑄𝑡𝑟𝑎𝑛𝑠 = 𝑄𝑠𝑢𝑏0 − 𝑄𝑠𝑢𝑏1) are recorded. In 

which, 𝑄𝑠𝑢𝑏0is the main substation’s produced 

reactive power in the base case, and 𝑄𝑠𝑢𝑏1 is the main 

substation’s produced reactive power when DERs are 

participating in reactive power compensation. 

This process is iterated for each scenario. Then, 

based on total compensated reactive power 𝑄𝐸𝑅𝐶
𝑡𝑜𝑡  and 

QLI, the best scenario is selected for DERs participation 

in the reactive power market. Consequently, the 

proposed reactive power by DSO (on behalf of DERs) 

for participation in the reactive power market is 𝑄𝑡𝑟𝑎𝑛𝑠. 
 
 

3. LOCALIZED REACTIVE POWER MARKET 
MODEL 
 
In this section, a novel procurement market model is 

introduced to minimize the total cost overall voltage-

control areas, while recognizing the DSO as a reactive 

market participant. It is worth noting, that because of 

the existing FERC regulations, this paper only reflects 

on reactive power support from synchronous generators 

for financial reimbursement. However, this method can 

be easily extended to include other types of reactive 

power resources (e.g. capacitor banks, FACTs, etc.). 

The reactive market participants, depend on their 

exploitation range, incur different costs. Hence, the 

expected payment function (EPF) is introduced in the 

reactive market to compensate market players’ cost. 

3. 1. Offer Structure of Market Participant 
1) Synchronous generators: Using the general 

capability curve of the synchronous generator, the 

reactive power offer parts of each generator is made of 

four components as illustrated in Figure 4. Thus, the 

EPF of generator g can be formulated as bellow [4]: 

0

0, 1, 2, 3,
. . ( . )

A B

min base A

Q Q

g g g g

Q

g g g g

Q

g

Q

EPF m m dQ m dQ m Q dQ= + + +    (5) 

where 0,gm ($) is the availability price offer; 1,gm

($/MVAr-h) is the loss price offer for under-excited 

mode (
min 0Q Q  ); 2,gm  ($/MVAr-h) is the reactive 

power production price offer in (
base AQ Q Q  ) region 

that no changes in active power are needed; 
3,g

m

($/(MVAr-h)2) is the lost opportunity price offer in the 

B AQ Q Q   domain that needs active power 

adjustment. 

2) DSO expected payment function: As explained in 

Section 2, DERs reactive power can be modeled at the 

main substation bus by a pseudo compensator through a 

Qtrans. So, EPF for dth pseudo compensator (DSO) can 

be formulated as: 

0

0, 1, 2,

0

   .   .
max

min

Q

d d dd d d

Q

EPF m m dQ m dQ= + +   (6) 

where 0,dm ($) is the availability price offer, 1,dm / 2,dm  is 

price offers for the reactive power 

absorption/production costs in ($/MVAr-h). Given that 

DSOs are a generally reactive consumer, no obligatory 

region is considered for DSOs. 

 

3. 2. Reactive Market Clearing in Voltage-control 
Areas                  To pay more attention to the local 

aspects of reactive power support, a localized reactive 

power market with a reactive power price for each local 

area, Zhong et al. [5] have employed for clearing the 

reactive market. Accordingly, to clear the market, the 

independent system operator (ISO) should collect 

reactive power offers from all generators and DSOs 

 

 

 
Figure 4. Reactive power offer components of a synchronous 

generator [4] 
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considering their EPF structures. Once this process is 

done, an auction can be settled by the ISO, to minimize 

the total payment to the reactive power market 

participants under the system prevailing constraints. 

These prevailing constraints may include, the power 

system’s physical and logical limitations of overall 

voltage-control areas. The objective function of this 

optimization problem is the minimization of the total 

payment to the generators and DSOs formulated as 

bellow: 

0 0, 1 1, 2 2,
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(7) 

where a

GenTP and a

DSOTP  are total payment to the 

generators and  DSOs in area a, respectively; 
a

GN  and 

a

DN  represent the number of contracted generators and 

DSOs, respectively. The reactive power output of the gth 

generator in the area a is divided into Qa
1,g, Qa

2,g and 

Qa
3,g that represent the regions (Qmin,0), (0, QA) and (QA, 

QB), respectively. Wa
1,g, Wa

2,g and Wa
3,g are binary 

variables related to three operating regions of gth 

generator in the area a. Besides, the DSOs reactive 

output in the area a is divided into Qa
1,d and Qa

2,d, and 

Wa
1,d and Wa

2,d are binary variables related to the these 

two operating regions of dth DSOs. Additionally, 𝜌0 and 

𝜌1 are the uniform availability price and the uniform 

operating price for absorbing reactive power for the 

whole system, respectively. And, 𝜌2
𝑎 and 𝜌2

𝑎are 

respectively the uniform operating prices for producing 

reactive power and the uniform opportunity prices in the 

area a.  

The equality and inequality constraints of the 

optimization model are as follows: 

1
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3, 3, 3 .  aa

g g

am W   (27) 

where constraints (8)-(12) are load flow equations, 

voltage limits, line flow limits, and generator power 

output limits, respectively. Suitable reactive power 

operating regions of generators and DSOs are defined 

by (13)-(16) and (18)-(20), respectively. These 

constraints ensure that only one of the operating regions 

will be nominated at a time. The reactive power support 

from generators and DSOs are determined by (17) and 

(21), respectively. Equations (21) and (22) ascertain 

whether the generators and DSOs are eligible to receive 

the availability payment or not, respectively. 

Limitations (23)-(27) guarantee that the market price, 

for a given set of offers, is equal to the highest accepted 

offer price. 

 
3. 3. Solution Methodology     In the proposed 

optimization problem (7)-(27), the presence of nonlinear 

equations and binary variables result in an MINLP. The 

MINLP problem is very difficult to be solved and even 

they are infeasible in some scenarios [18]. The well-
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known Benders decomposition technique is applied in 

this paper. Accordingly, the resulted MINLP 

optimization problem is handled by decomposing the 

problem into two levels. The first level (master 

problem) is a mixed-integer linear problem and the 

second one is a nonlinear subproblem. Figure 5 

illustrates the proposed procedure including the steps. In 

the beginning, initial power flow is accomplished to 

find initial voltages and reactive power output 

accompanied by the initial values of the Jacobian 

matrix. Now, the iterative Benders decomposition 

method begins. The master problem minimizes total 

expected payment function, operating regions of energy 

providers and reactive power outputs, while the sub-

problem solves an AC power flow and checks the 

feasibility of master problem. So, required updated 

parameters are added to the master problem. The 

mathematical formulation of master and slave problems 

are presented below. Further details of Benders 

decomposition method are given in [19].  
1) Master problem formulation: To decompose the 

optimization problem into a mixed-integer linear 

programming (MILP) master problem and non-linear 

programming (NLP) subproblem, some changes should 

be made. To do this, the objective function is changed to 

offer minimization instead of payment minimization. 

So, the uniform prices are determined after market 

clearing. Moreover, the quadratic opportunity cost 

component is approximated by a linear one. Hence, 

these modifications remove nonlinearity of the objective 

function, and it can be rewritten as in (28). 

( )

0, 0, 1, 1, 2, 2,   2, 3, ,

1

*

3, 3, 3, , 0 0, 1, 1, 2, 2,

1

 .    .    .    .  . 

1
  . .  .    .   . 

2
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g g g g g g g g A g
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g g g A g d d d d d

d
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m Q W Q m W m Q m Q 

=

=

= − + +

+ − + − + +





 (28) 

The first sum of the objective function represents the 

linearized total EPF of generators. The second sum is 

the total EPF of DSOs. The last term (
* ) denotes the 

feasibility cost of each hourly subproblem, and it is 

determined by the Benders cuts constraint formulated 

as:  

( ) ( )

( ) ( ) ( )
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  

− − −
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− − −

=

 + − + − +

− + − + −





 
(29) 

where 
1m −
 is the subproblem cost at iteration m-1, and 

the remaining terms are Benders linear optimality cuts 

which couple master and subproblem to each other. The 

cuts are updated at each iteration as depicted in Figure 

5. In addition to the constraint (29), the master problem 

is subjected to constraints (13)-(21), (30) and (32)-(34) 

(which are described in the following). 

According to the problem formulations, load flow 

equations (6) and (7) form a system of nonlinear 

equations. Since the active power has been optimally 

determined through energy market; thus, at this stage, 

real power generation at each bus is constant except at 

the slack bus. Assuming that the bus voltage angles 

remain constant at each iteration of optimization, 

generator reactive power outputs can be considered as a 

function of voltage changes. The correlations between 

these variables can be given by a modified Jacobian 

matrix: 

Q H V =   (30) 

where H is modified Jacobian matrix which gives the 

relation between voltage correction ( V ) and reactive 

power injection mismatch ( Q ) vectors. Notice that in 

(30), the elements of H  are the partial derivatives of 

iQ with respect to jV  in a linearized model of the power 

system. Using the above assumption and load flow 

equations, we will have: 

( )

( ) ( )

sin       

2 sin - sin    

i

ij i ij ij i j

j

i

ii i ii ii j ij ij i j

j ii

Q
h V Y j i

V

Q
h V Y V Y

V

  

   



= = − − + 



= = − − +




 (31) 

where ijh  is the ijth element of matrix H calculated after 

solving subproblem. Each element of the matrix Q  is 

either the generator’s reactive power mismatch (
gQ ) or 

DER’s reactive power mismatch (
dQ ) which are 

formulated as below. 

Q H V =   (32) 

where 
1, 2, 3,,  and g g gQ Q Q  are generator’s reactive power 

at each operational region obtained from subproblem at 

the previous iteration; 
1,dQ and 

2,dQ  are DER’s reactive 

power at each operational region obtained from 

subproblem at previous iteration. In addition to 

constraints (30) and (32), the variation range of V  

and Q  should be within their limits. Accordingly, the 

constraints (33) and (34) are added to the master 

problem. 

,  i

min max

i i iV V V iV +    (33) 

stepQ Q    (34) 

where iV  is the voltage magnitude at bus i obtained 

from subproblem at previous iteration. Based on the 

master problem’s formulation, the master problem is a 

MILP problem that is solved at each iteration, and the 

solution is transferred to the subproblem. 
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2) Subproblem formulation: The feasibility of the 

master problem’s solution is checked through 

subproblem employing an AC power flow. Then, any 

violations can be relieved by adjusting the generators’ 

reactive power output. The objective function presented 

in (35) minimizes the cost of deviations from the master 

problem solution (
1, 2, 3, 1, 2, 1, 2, 3, 1,, , , , , , , ,g g g d d g g g dW W W W W Q Q Q Q  

and 
2,dQ which are fixed by the master problem): 

( ) ( )
1 1

Min 
G D

up dn up dn

g g d d

g d

Q Q Q Q
= =

+ + +   (35) 

where , ,  and up dn up dn

g g d dQ Q Q Q  are slack variables of the 

optimization problem which are added to load flow 

equations to make the subproblem always feasible. 

The sub-problem objective function is subjected to 

constraints (8)-(12) and the following constraints: 

1, 1, 2, 2, 3, 3,g

up dn

g g g g g g g gG W QQ W Q W Q Q Q=  +  +  + −  (36) 

1, 1, 2, 2,+ 
d

up dn

d dDER d d d ds W Q W QQ Q Q  + −=  (37) 

min, ,gg G B gQ Q Q   (38) 

max

2 1d

min

d DG dQ Q Q   (39) 

1 1 1

1, 1, 1, 2, 2, 2, 3, 3, 3,

1 1

1, 1, 1, 2, 2, 2,

; ;

;

m m m m m m

g g g g g g g g g

m m m m

d d d d d d

W W W W W W

W W W W

  

 

− − −

− −

=  =  = 

=  = 
 (40) 

Constraint (40) provides the marginal data (
1m

g
−

 and 

1m

d
−

) of the master problem solution (  and g dW W ) at the 

same iteration. The marginal data are employed in the 

Benders cuts formulation as given in (29). The 

subproblem cuts are updated in each iteration to 

improve new master problem solution and this iterative 

procedure continues until the master problem solution is 

feasible. 

 
 
4. CASE STUDY 
 
In this section, several case studies are accomplished to 

demonstrate the validity and effectiveness of the 

proposed model. First, the ability of DERs’ reactive 

power provision is examined using the well-known 33-

bus radial distribution network [20]. Then, the impact of 

DERs reactive power support on the development of a 

fair and competitive reactive power market is studied on 

the CIGRE 32-bus test system [21].  

 

4. 1. DERs Reactive Power Support on 33-Bus 
Radial Distribution Network                     The 33-bus 

 
Figure 5. Flowchart of the solution method 

 

 

distribution network, as well as DERs’ buses, are 

depicted in Figure 6. It is worth noting that only 

network limitations are enforced, and DERs constraints 

are neglected in this study to further illustrate DERs 

impact on network’s reactive power support. According 

to the proposed method, the main substation’s reactive 

power injection is decreased, and DERs compensate the 

reactive power shortage to keep their connecting bus 

voltage until a violation occurred. The 𝑄𝐸𝑅𝐶  and main 

substation’s bus voltages variation for different 

individual and collective set of DERs participation in 

reactive provision are respectively shown in Figure 7 

and Figure 8. The total receiving reactive power from 

the main substation (under initial conditions) is 2.43507 

MVAr. As it is evident from Figures 7 and 8, 1.70455 

MVAr of this reactive demand can be provided by the 

DER at bus 28, while the substation voltage will reach 

0.972 p.u. Besides, when DERs at buses 18, 28 and 33 

produce reactive power and regulate voltages at the 

same time, they can satisfy the total reactive power 

demand of the network without forcing bus voltages out 

of their limitations. Also, this combination can inject 

2.24 MVAR that almost meets the total system reactive 

demand. Although such a reactive power provision 

requires substantial penetration of DERs in the 

distribution network, this study reveals the importance 

of DERs capability in system reactive support. Finally, 

QLI index for different scenarios is shown in Figure 9. 

As it can be seen, this index is almost identical for all 

scenarios. Hence, a suitable scenario can be selected 

based on its ERC value. 
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Figure 6. 33-bus radial distribution network 

 

 

 
Figure 7. Equaivalent reactive compensation of DERs  

 

 
Figure 8. Main substation’s voltage for each scenario 

 

 
Figure 9. QLI index for different scenarios 

 

 

4. 2. Establishing a Reactive Power Market in the 
CIGRE 32-bus Network with the Presence of DERs      
The CIGRE 32-bus test system is shown in Figure 10 

[21]. This case contains 20 generator buses and 12 load 

buses, and 9 LV-side load buses connected to tap- 

changer transformers. Based on the system electrical 

distance, it is separated into three voltage control areas 

(zone A, zone B, and zone C) [5]. Generators’ price 

offers are based on the data presented in [22]. It is 

assumed that all load buses can provide reactive power 

service. DERs penetration level at each load buses is 

considered up to 20% of its apparent power demand (i.e. 

 0.2√𝑃𝑙,𝑖
2 + 𝑄𝑙,𝑖

2 )  where Pl,i and Ql,i are respectively the 

active and reactive demand at bus i). DSOs’ price offers  

are assumed to be identical for all the DSOs (i.e. 𝑚0,𝑑 =

1.5 and 𝑚1,𝑑 = 𝑚2,𝑑 = 2). In [2], buses 4072 in zone A, 

2032 in zone B and 1042 in zone C are recognized as 

market power buses. These generators can significantly 

hike market prices. Therefore, the reactive power 

market settlement under the gaming of these market 

power holder with and without the presence of DERs is 

examined in the following. 
To show the impact of DERs on the effectiveness of 

reactive power market, five scenarios are studies. At 

first, the market has been clear without DERs 

participation (named as the base case). Then, it is 

assumed that the possible reactive market power holders 

(i.e. buses 4072, 2032 and 1042) one by one increase 

their price offers up to ten times. Finally, it is assumed 

that all of the gaming generators raise their price offers 

up to ten times, simultaneously. Figure 11 compares 

total payment in reactive power market for the five 

market power scenarios. As it is evident, DERs 

participation in reactive power market considerably 

reduce the total market payment, and improve market 

efficiency. Note that the non-acceptance of DERs in the 

base case is due to the consideration of the high bid 

price of DERs. Selecting high prices for DERs would 

better illustrate the impact of DERs in market power  
 

 

 
Figure 10. CIGRE 32-bus test system 
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Figure 11. Total payment in reactive power market for market 

power scenarios  

 

 

mitigation. Also, the market-clearing results for the last 

scenario that all the gaming generators exercise their 

potential market power are presented in Table 1. As it 

can be seen, DERs participation in the reactive market 

leads to 59.4% reduction in total payment and at least 

165% reduction in areas’ uniform prices. Therefore, 

DERs successfully address the market power, and ISO 

can easily take advantage of these new resources to 

effectively handle reactive market issues. Also, total 

system losses of HV transmission system are reduced, 

when DERs participate in the reactive market. 
 

 

TABLE 1. Market clearing results for gaming of 3 generators 

Areas 
Bus 

No. 

Area’s uniform prices 

𝝆𝟎  𝝆𝟏  𝝆𝟐
𝒂 𝝆𝟑

𝒂 

No 

DER 

With 

DER 

No 

DER 

With 

DER 

No 

DER 

With 

DER 

No 

DER 

With 

DER 

A 

4072 

5.8 1.5 0.88 0.88 5.7 2 0 0 

4071 

4011 

4012 

1013 

1212 

1014 

B 

4021 

8.7 1.5 0.91 0.91 8.6 2 0 0 

4042 

4041 

2032 

1022 

1021 

C 

4062 

5.8 1.5 0 0 5.3 2 0 0 
4063 

4051 

4047 

1043 

1042 

Total payment ($) 
With DER 1609.5 

Without DER 3972.4 

Total losses (p.u) 
With DER 4.162 

Without DER 4.24 

Winner DSOs 4072, 2032, 1042, 1041, 51, 63 

 

 

5. CONCLUSION 
 

A new procedure for reactive power provision from 

DERs is presented in this paper. To do so, an algorithm 

is proposed to determine the equivalent reactive 

compensation of DERs from the distribution network to 

the main substation. This method guarantees the 

network limitation and DERs generation capability 

constraints. Then, a reactive power market settlement is 

proposed to effectively model the aggregated DERs 

reactive compensation at the transmission level. To cope 

with the complexity of the model, a Benders 

decomposition is applied. Simulation results show that 

local compensation of reactive power by a set of DERs 

would successfully support the system reactive demand. 

Also, the participation of DERs in reactive power 

market substantially mitigate market power exercise by 

gaming generators, reduce total payments, and provide 

new revenue for DERs. 
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 چکیده 

 

 

های فرآهم کردن توان راکتیو و ذخیره چرخان در سیستمبه طور سنتی، واحدهای نیروگاهی برای ارائه خدمات جانبی مانند 

های متنوع  توانمندی( و DERsقدرت بکار گرفته می شوند. با این وجود در حضور نفوذ گسترده منابع انرژی پراکنده )

ین مقاله یک  رسد. بر این اساس، در ا، بکارگیری آنها بعنوان ارائه دهندگان توان راکتیو امری منطقی به نظر میاین منابع

شود. بدین منظور ابتدا یک الگوریتم جهت محاسبه در بازار توان راکتیو معرفی می DERs روش جدید برای مشارکت

شود. سپس، یک های انتقال پیشنهاد میهای توزیع به سیستماز طریق شبکه DERs بهینه توان راکتیو قابل تحویل توسط

شود. در نهایت، مطالعات موردی در بازار توان راکتیو معرفی می DERs کتمدل جهت خرید توان راکتیو ناشی از مشار

باسه سیگره برای نشان دادن اثربخشی و   32باسه و شبکه نمونه انتقال  33ی توزیع متنوعی بر روی شبکه نمونه

 اعتبارسنجی مدل پیشنهادی انجام شده است.
doi: 10.5829/ije.2019.32.08b.09 

 
 

 


