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Abstract: - Hybrid AC-DC microgrid (HMG) allows direct integration of both AC distributed generators (DGs) and DC DGs, AC 
and DC loads into the grid. The AC and DC sources, loads are separate out and are connected to respective subgrid mainly to 
reduce the power conversion, thus the overall efficiency of the system increases. This paper aims to introduce a novel hybrid 
AC-DC microgrid planning and design model within a microgrid market environment to maximize net social welfare (NSW). 
NSW is defined as present value of total demand payment minus present value of total planning cost including investment 
cost of distributed energy sources (DERs) and converters, operation cost of DERs and the cost of energy exchange with the 
utility grid subject to network constraints. Scenario Tree approach is used to model the uncertainties related to load demand, 
wind speed and solar irradiation. The effectiveness of the proposed model is validated through the simulation studies on a 
28-bus real hybrid AC-DC microgrid.  
 
keywords- Interlinking converter, distributed generator, hybrid microgrid, net social welfare, distributed energy sources. 

Nomenclature PLimit Flow limits between utility grid and microgrid 
RR Capital recovery rate 

Indices ER Rectifier efficiency 
y Index for year EI Inverter efficiency 
h Index for buses ρ  Market price 
s Index for scenarios Variables nh Index for number of hours 

Sets IC Investment cost 
OMG Operation and maintenance cost 

a Set of all DGs PMax Installed DGs capacity 
i Set of DC DGs PFexch Power exchange at  bus 
k Set of AC DGs PGexch Power exchange with grid 

Parameters W Binary decision variable for dc bus 

 f Binary decision variable for the connection of 
DG with bus CAC Generation price for AC DGs 

CDC Generation price for DC DGs d Binary decision variable for bus state CCa Annualized investment cost of  DGs 
CR Annualized investment  cost  of ac to dc rectifier 

 CI Annualized investment  cost  of dc to ac inverter 
R Discount rate 

1. Background, Motivation and Literature Review 
The demand of electricity is increasing which necessitates 
more penetration from the generating units and an efficient 
power grid operation [1]. Population increase, good living 
standards, pollution, decrease in production of traditional 
energy resources like (natural gas, petroleum, coal etc.) are 
the main contributors of present critical situation. There are 
many disadvantages of fossil fuel like emission of gases 
which causes global warming and pollution [2]. The arrival 
of the Climate Change Act in 2008 and the subsequent rollout 
of electricity market reforms saw the United Kingdom (UK) 
become a world leader in renewables, particularly wind 
power [3]. To meet these targets, the UK government has set 
five-yearly carbon budgets which currently run until 2032. 
They restrict the amount of greenhouse gas the UK can 
legally emit in a five year period [5]. 
       Microgrids are considered as a future of distribution 
system [5]. In Microgrids, a local grouping of energy 
generating sources and loads is formed which is able to feed 
its localized demand hence improves efficiency of the grid. 
In microgrid concept, there is a reduction in multiple reverse 

connections in an individual AC or DC grid but it also 
facilitates renewable AC-DC sources and loads to connect 
with the power system [6]. Although the AC power systems 
from the last few decades have improved a lot but the 
development in power electronics have completely 
revolutionized the major domains of power system and 
completely changed the load profile for end users. The 
modern appliances like laptops, mobiles, electric vehicles, 
TV, remote controllers, etc. operates on DC supply mostly 
fed through AC-DC converter [7]. Integration of DC 
technology into the existing system needs a smooth process. 
Especially, hybrid AC-DC microgrids can facilitate the DC 
power integration into existing AC system [8].  

Hybrid microgrids can benefits both AC and DC 
microgrid types. Moreover, there would be a huge reduction 
in the number of required power converters which would 
enhance the microgrid efficiency and reduce investment and 
operation costs [9]. The prior research so far on hybrid AC-
DC microgrid planning is limited and only few literatures can 
be found on modeling of individual DC or AC microgrid 
planning. In Ref. [10], different aspects of ac and dc 
microgrids were discussed. A planning model was developed 
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which determines optimized DG generation mix and the type 
of microgrid, i.e., ac or dc. In Ref. [11], an inclusive review 
on technologies used in AC and DC microgrid is provided 
and different parameters, topographies, merits and demerits 
of each technology are discussed. It is described that DC 
microgrid has more advantages over AC microgrid especially 
for longer distances. For example, DC lines exhibits less line 
losses and more transmittable power. Conversely DC 
protection system is more expensive as compare to AC 
protection system. The standardization and islanding control 
techniques of DC systems needs more research. It is 
suggested at the end that hybrid microgrid could be more 
viable solution than DC microgrids.  In Ref. [12], a 
decentralized multiagent-based real-time control model of 
hybrid microgrid is proposed without considering 
uncertainties. In Ref. [13], the uncertainties in microgrid are 
studied. In Ref. [14], dynamic assessment for hybrid 
microgrid is studied. In Ref. [15], different sources of 
uncertainties are studied. The planning solution for microgrid 
is divided into an investment and operation sub problems. In 
Ref. [16], a coordinated real time control algorithm of hybrid 
AC-DC microgrid’s sources is presented and simulation 
results are validated with experimental results.  In Ref. [17], 
authors proposed energy management and operational 
modeling of hybrid microgrid. They studied the optimal 
operation of hybrid microgrid by investigating the time 
dependence impacts on the network over the period of 24 h. 
In Ref. [18], it is presented that the hybrid microgrid can 
provide reliability to customer’s nodes by appropriate DG 
allocation considering its size, location and type.  In Ref. [19], 
a microgrid planning objective is to determine optimal size 
and type of DG that is to be installed having the mixture of 
heat and power systems is investigated.  In Ref. [20], authors 
presents a hybrid microgrid which can integrate different 
small-size DGs into existing power system. A decoupled 
control model for hybrid microgrid is developed and its 
performance is analysed. In Ref. [21], the integration of DGs 
in hybrid microgrids model is proposed. Additional dc line is 
assumed at the connection point of DGs. In Ref. [22], 
planning of hybrid AC-DC is discussed. In Ref. [23], a 
comprehensive review of control strategies is given focusing 
on modeling, power management and control, stability, 
protection strategies and power quality. In the end, research 
gaps are identified and possible solutions are proposed.  

The existing studies lack planning of hybrid AC-DC 
microgrid under uncertainties as most of the research is 
mainly focused on operation of HMG. Authors in Ref.[11-14] 
and [16-21] has discussed operation of microgrid while 
authors in [15] discussed planning of AC microgrid. Authors 
in [13,15] discussed uncertainty modeling in AC microgrids.   
Comparison of the existing studies and the proposed model is 
shown in Table 1. To the best of Authors knowledge, there is 
no literature available that considers the planning of HMG 
within the electricity market. This paper proposes a novel 
approach for planning of hybrid AC-DC microgrid within a 
novel microgrid market environment by maximizing net 
social welfare (NSW) considering uncertainties associated 
with DERs and dispatchable load demand.   

 
 
 
 

Table 1. Proposed model comparison with existing ones. 
Reference Microgrid Type Planning  Uncertainty 

modeling 
Power 
market 

[11] Hybrid AC-DC No No No 
[12] Hybrid AC-DC No No No 
[13] AC Microgrid No Yes No 
[14] Hybrid AC-DC No No No 
[15] AC Yes Yes No 
[16-21] Hybrid AC-DC No No No 
[22] Hybrid AC-DC Yes No No 
Proposed Hybrid AC-

DC microgrid 
Yes Yes Yes 

 
     The rest of the paper is organized as follows. Section 2 
presents author’s aim and approach. Section 3 includes the 
study related to uncertainties associated with wind speed and 
solar irradiations Section 4 presents planning and design of 
hybrid AC-DC microgrid. Section 5 presents hybrid 
microgrid electricity model. Section 6 includes a case study 
for a test microgrid and discussion on the proposed model 
results and finally conclusions are provided in section 7.   

2. Aim and approach 
It is evident that the prior work on microgrid planning is very 
limited and to the best of authors’ knowledge there is no 
literature available regarding the planning and design of 
hybrid AC-DC microgrid within a market environment 
considering uncertainties and power flow of interlinking 
converters. This paper proposes a novel approach for 
planning of hybrid AC-DC microgrid within a novel 
microgrid market environment by maximizing NSW 
considering uncertainties associated with DGs and 
dispatchable load demand subject to network constraints and 
power flow of interlinking converters. Scenario Tree 
approach is used to model the uncertainties related to load 
demand, wind speed and solar irradiation. The method 
evaluates the optimal amount of active power generated by 
WT and PV over the planning horizon.    

3. Uncertainty Modelling 

3.1 Wind speed modeling 
  The wind speed variation modeling is done using Weibull 
PDF [24-27]. The PDF function that gives relationship 
between the speed of wind and the output power of WTs is 
given by [28]. 

1( ) ( )( ) exp ( )k kk v vPDF v
c c c

−  = −  
                             (1) 

where v represents speed of wind, c is the Weibull PDF scale 
index and k represents the shape index. The WT’s generated 
power can be evaluated by using its power curve as follows 
[29, 30]: 

0, 0

,
( )

,
0,

ci

ci
rated ci r

r ciw

rated r co

co

v v
v v

P v v v
v vP v

P v v v
v v

≤ ≤
 − × ≤ ≤ −= 
 ≤ ≤
 ≤

               (2) 

where Pw is WTs generated power, Prated  represents the rated 
power, vci  represents the cut-in speed, rated speed of WTs is 
represented by vr and vco is cut-off speed. The WTs Speed 
power curve is shown in Fig 1.  
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Fig.1. WTs Speed power curve. 

At the bus i and for scenario s, the active wind power is 
calculated as follows: 

, , ,0 w w w
i s i s i ratedP Pγ≤ ≤ ×                                                             (3)                                                                                                                

where ,
w
i sγ  represents the percentage of the WT’s generated 

active power. 
 
3.2 Modelling of Solar irradiance 

The solar irradiance modelling is done by using Beta PDF 
which is described as follows: 

( )
( ) ( )

( ) 11 1 ,     0 1,0 ,
( )

0                                                          

s s s
PDF s

else

βαα β
α β

α β
−− Γ +

× × − ≤ ≤ ≤ = Γ + Γ 
 
 

  (4)                                                           

where s is the solar irradiance (kW/m2).  α  and β  are the 
parameters of Beta PDF which are derived as follows: 

( ) ( )
2

1
1 1

µ µ
β µ

σ
 × −

= − × − 
 

                                    (5)                                                     

1
µ βα

µ
×

=
−

                                                             (6)                                                                                        

where µ is the mean and σ  is the standard deviation of the 
random variable. The output power of PV is calculated with 
the help of Eqs. 7 and 8 respectively, the solar irradiance and 
the cell temperature as follow [31, 32]: 

( ){ }1 25
1000pv STC cell

GP P Tδ= + −                               (7)                                            

20
800cell amb

NOCTT T G− = +  
 

                                   (8)                                                      

where Ppv represents the  PV output power in MW, PSTC 
represents the power under standard test condition in MW, δ
represents the power- temperature coefficient in (%/°C), cellT
represents the cell temperature in °C, ambT  represents the 
ambient temperature in °C,  NOCT  are the national 
operating cell temperature conditions in °C, G is the solar 
irradiance in (W/m2). 
 
3.3 Load demand uncertainty modeling 

To model load demands at each bus, Normal PDF is used. 
The normal distribution PDF for uncertain load l  is [33-34]: 

( )2

2

1( ) exp
22

l

ll

l
PDF l

µ
σσ π

  −
  = × −    

                     (9) 

The genetic algorithm (GA) and support vector machine 
(SVM) based load forecasting uses point forecasts that does 
not estimates the full distribution of the future values while 
probabilistic forecasts provides the full distribution of the 
possible future values in such a way that it quantifies the 

uncertainties  in the forecasts. Monte Carlo simulation and 
analytical state enumeration are the two existing techniques 
for DG system reliability assessment. The existing studies 
considered that all uncertainties related to DGs can be 
expressed by random variables X, described in terms of 
probability density function (PDF), f(x) [35]. 
 
3.4 Modelling approach 

To model the uncertainties related to wind speed, solar 
irradiance and load demand, hourly data for one year (8760 
h) consisting of load demand, wind speed, solar irradiance 
and price must be known. The following steps describes the 
methodology for uncertainty modeling. 
Step-1: The whole data is divided into four seasons [summer 

(June-August), spring (September-November) winter 
(December-February) autumn (March-May) 2190 h 
each season]. A factorized data is obtained by dividing 
data into peak load demand, wind speed and solar 
irradiation.    

Step-2: The demand curve is built by arranging daily 
historical demand data for 8760 h in descending order 
while keeping the hourly correlation between demand, 
wind and PV production. The ordered demand curve 
shows zones where high values have strong impact on 
NSW and consequently on network investment.    

Step-3:  The wind speed and solar irradiation curves are also 
built by arranging data form higher to lower value in 
each zone block. A cumulative distribution function is 
calculated for each time zone which is then divided 
into levels or segments, high, medium and low. The 
formulation of levels is similar for load demand, wind 
speed and solar irradiation. 

Step-4: For each demand block, all combinations of demand, 
wind power factor and PV power factor levels are 
considered. Each combination is assigned a 
probability within the demand block equal to the 
probability of the demand factor level times the 
probability of the wind power factor and the PV power 
factor levels 

Step-5: The formulation of scenarios is done for time blocks 
through the combination of the different levels of the 
data. Each load level ll consist of a scenario s that 
contains average demand factor µ𝒍𝒍𝒍𝒍,𝒔𝒔𝒅𝒅 , maximum wind 
power level µ𝒍𝒍𝒍𝒍,𝒔𝒔𝒘𝒘𝒘𝒘𝒘𝒘𝒅𝒅and PV power level µ𝒍𝒍𝒍𝒍,𝒔𝒔

𝒑𝒑𝒑𝒑 . For the 
present case study there are 108 scenarios in total 
obtained by multiplying 4 demand blocks, 3 factor 
levels for demand, 3 factor levels for wind power and 
3 levels for PV power.  

 
Fig.3 shows scenario-tree associated to each single 
considered variable (demand, wind and PV irradiation). The 
scenario tree represents the dynamics of the random 
parameters and the non-anticipatively of the decisions. In this 
modeling, it is assumed that there are n number of probable 
future scenarios s where each scenario represents relevant 
source of uncertainty. 



4 
 

 
 

W
in

d 
in

ten
sit

y 
(p

u)

2000 4000 6000 8000
0.00

0.20

0.40

0.60
,

wind
ll sµ

Time blocks(hours)  
 

So
la

r 
ir

ra
di

an
ce

 f
ac

to
r(

pu
)

2000 4000 6000 8000
0

0.2

0.3

0.1

0.4 ,
pv

ll sµ

Time blocks(hours)  
 

Lo
ad

 d
em

an
d 

fa
ct

or
(p

u)

2000 4000 6000 8000

0.70

0.80

0.90

1.00

0.60

Time blocks(hours)

,
d

ll sµ

 
Fig. 2. Load, wind, and irradiation curves 
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Fig. 3 Scenario tree 

4. Planning of hybrid AC-DC microgrid 
   In this proposed hybrid AC-DC microgrid design, 
renewable-based distributed generators (DGs), controllable 
DGs, DC and AC loads are connected through separate DC 
and AC links. An operation model of hybrid microgrid is 
proposed in which mixed integer nonlinear model is 
suggested to balance the generation and load taking into 
account the interconnection of DC and AC subgrids for 
maximizing the social welfare. The efficiency of the proposed 
model is established through the simulation studies on a test 
hybrid AC-DC microgrid.  

A) Net social welfare: The objective of HMG planning 
problem is to maximize the net social welfare (NSW) (10). It 
jointly maximises the consumers’ benefits and minimises the 
total planning cost (13). The total planning cost consists of 
investment cost (IC) of all DGs and converters, operation and 
maintenance cost (OMC) of all DGs as well as the power 

exchange with utility grid.   The cost for one planning year is 
the sum of IC and OMC.  

, , , , , , , ,
1 1 1 1 1 1

, , , , , , , ,
1 1 1 1 1

MaximiseSW ( )  

                        (

                   

NB NS NY NB NS NY
LAC LAC LDC LDC
h s y h s y h s y h s y

h s y h s y

NS NY NB NS NY
WIND WIND

slk s y slk s y h s y h s y
s y h s y

c P c P

c P c P

= = = = = =

= = = = =

= + −

+ +

∑∑∑ ∑∑∑

∑∑ ∑∑∑

, , , , ,
1 1 1 1 1

       C )       
NB NS NY NS NY

PV PV PG
h s y h s y s y

h s y s y
c P

= = = = =

+∑∑∑ ∑∑

  (10) 

where CPG= RR(IC + OMC)                    (11) 

Note that capital recovery rate RR is present in cost function, 
calculated as 

1

1RR=  
(1 )tr ++

                                                      (12) 

where t is the planning horizon and r is the discount rate and 
the planning horizon is considered to be for ten years period. 

, , , ,
1 1 1 1 1 1 1 1

, , , ,
1 1 1 1 1 1 1

, ,

IC =

      (1 ) {

      (1 )}

NG NB NS NY NG NB NS NY
MAX WIND

a h s y ha h s y ha h
a h s y a h s y

NG NB NS NY NB NS NY
PV LAC

h s y ha h h s y h
a h s y h s y

LDC LIM
h s y h

CC P f CR P f d

CI P f d CIP d

CRP d CIP

= = = = = = = =

= = = = = = =

+ +

− + +

− +

∑∑∑∑ ∑∑∑∑

∑∑∑∑ ∑∑∑
                                               ITW

(13) 

 

, , , ,
1 1 1 1

1
,

1 1

, , ,
1 1

 

OMC

                                                       

NB NS NY NB NS NY

h s y h s y
h s y h s y

NB NS NY

h s y
y

F

h

exch

s
h s y

C C

P

ostAC CostD

ρ

= = = = = =

= = =

= + +∑∑∑ ∑∑∑

∑∑∑
         (14) 

where   Gwind Gpv
AC DCCostAC C P and CostDC C P= × = ×   (15) 

B) Constraints: The objective function is subject to following 
investment and operation constraints.  

1) DER Connectivity: Each DER is connected to only 
one feeder.  

1
1

NG

ha
a

f
=

≤∑                                                           (16)    

2) Installed capacity: Installed capacity is greater than 
peak load demand is shown in Eq. (17). 

, , , , , , , ,
1 1 1 1

{ }
NG NG NB NG

LAC LDC WIND PV
h s y h s y h s y h s y ha

a a h a
P P P P f

= = = =

+ ≤ +∑ ∑ ∑∑              (17)                    

3) Power balance: Equation (8) represents the power 
balance equation which has to be satisfied at each 
bus.  

, , , ,
1 1

( (( / ) (1 )) (  (1 ) / )
NG NG

LAC LDC
h s y h h h s y h h

a a
P d EI d P d d ER

= =

× + − + + −∑ ∑  

, , , ,
1 1

( (1 )) (
NG NG

WIND PV
h s y h h h s y h

a a
P ER d d P d

= =

= × × + − + +∑ ∑       (18) 

, ,(1 )) (1 )( )Fexch
h sh hy hEI R dE dPd ×− + + −                                 

4) AC Power generation limit: Power generated by 
AC based DGs is limited by their installed capacity 
is shown in Eq. (19).   

, , , ,0  WIND MAX
h s y h s yP P≤ ≤                                  (19)                       
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5) DC Power generation limit: Power generated by DC 
based DGs is limited by their installed capacity. 

, , , ,0 PV MAX
h s y h s yP P≤ ≤                                                  (20)                                                    

6) Maximum Power: Total installed capacity of all 
DGs is equal to sum of total generated power. 

, , , , , ,
1

NG
MAX WIND PV

h s y h s y h s y
a

P P P
=

= +∑                                  (21)                         

7)  Voltage limits: Voltage at each bus is limited by the 
boundary values. 

min max
h h hV V V≤ ≤                                                 (22)                                                                 

where h is the number of AC and DC buses, a is set of 
generators buses. It is assumed that WTs are installed at buses 
2, 3, 6 and 8 while PVs are installed at buses 16, 17, 20 and 
22. It should be noted that buses 1 to 14 belong to ac subgrid 
and buses 15 to 28 to dc subgrid. . , ,

LAC
h s yc and , ,

LDC
h s yc  are the bid 

prices for AC and DC load demands, respectively at bus h, 
scenario s and year y. , ,

LAC
h s yP and , ,

LDC
h s yP are the active power 

for ac and dc load demand respectively at bus h, scenario s 
and year y. The investment cost (13) comprises of DG 
investment cost (first term) and the cost of converters (rest of 
the terms). The investment cost of DG is calculated as 
installed power capacity 

, ,
MAX

h s yP  times the capital cost CCa of 
distributed energy resources (DER). The 

, ,
MAX

h s yP will be 
determined at the time of planning. A binary decision variable 
fha is also introduced in the investment cost of DG. The fha has 
two functionalities, first it gives information that DG is 
installed and secondly it also gives information about the bus 
to which DG is connected. If fha is 1 in planning, this means 
DG a will be installed and will be connected to bus h. The 
next four terms in the investment cost are modelled using 
binary decision variable dh that determine the type of bus, i.e. 
AC or DC. If dh is 1 in planning it means it is dc feeder and 
for ac feeder dh is set to zero. If dh is zero it means feeder is 
ac and an additional cost of inverter (CI) will be added if dc-
based DG is to be used in planning to connect with ac grid. 
Similarly if dh is set to 1 in the planning problem then feeder 
is said to be dc and an additional cost of rectifier (CR) will be 
added if AC DG is to be used to connect with dc feeder. The 
second and third terms in (13) represents the cost of converter 
and inverter on the generation side, respectively. While fourth 
and fifth terms in (13) represent the cost of converter and 
inverter on the load side. The last term in (13) represents the 
cost of inverter required to connect dc feeder with utility grid. 
A binary decision variable W is also introduced in last term. 
If W is set to zero it means there is no dc feeder but if W is set 
to 1 it means at least one feeder is dc. PLimit is the flow limit 
between the microgrid and the utility grid.  
The operation and maintenance cost (14) includes three parts, 
the first and second terms represents the generation cost of 
DGs while third term represents the cost of energy purchased 
from the grid. The generation cost of DGs is the sum of 
amount of energy produced by each DG (CostAC/CostDC) 
times the price of its generation Ch,s,y. The third term in (14) 
represents the total energy exchange with the grid times the 
market price at the time of exchange of power. The total 
energy exchange with the grid (PM) is equal to the sum of 
energy exchange at each feeder ( , ,

Fexch
h s yP ).   

5. Hybrid microgrid electricity market model  
    A hybrid AC-DC microgrid electricity market model is 
proposed in this section. The hybrid microgrid market 
operator (HMMO) is a platform that enables market activities 
for end user customers, controls the operational facilities and 
it buys active power from bilateral contracts or through the 
pool. Dispatchable loads (DLs), WTs and PVs sends offers 
and bids prices of active power in form of blocks to the hybrid 
microgrid market (HMM) every hour. To maximize the NSW, 
the HMMO combines offers and bids prices. 
 

Hybrid Microgrid Market(HMM) 
       Seller                             Buyer

AC/DC 
Renwable

DGs

AC/DC 
loads

Hybrid Microgrid Market 
Operator(HMMO)

 
Fig. 4 Proposed Hybrid Microgrid Electricity Market 

Structure 
 

Two major responsibilities of the HMMO within this 
structure are:  
1) To receive demand bids from HMM and offer an 

aggregated bid to the wholesale energy market. 
2) From the wholesale energy market, it will receive 

schedule of WTs, PVs and DLs according to the market 
prices one day ahead. WTs, PVs and DLs will provide 
offer and bid prices and active power quantity 
information for every 24-hour trading period one day 
ahead. 

HMM would submit their bids to the HMMO and later be 
notified by HMMO on the amount of awarded power. The 
amount of power exchange with distribution network is 
assigned by HMMO, hence it is known to the HMMO in 
advance which minimizes uncertainties caused by the HMM. 
Once the power exchange with the utility grid and HMM is 
known in advance for the 24 hours of the next day, the HMM 
would solve a market-based scheduling problem to optimize 
the scheduling of its DGs and loads.   

6. Case study 
The effectiveness of the proposed method is verified through 
the simulation studies on a 28-bus real hybrid AC-DC 
microgrid based in , Pakistan [36]. The single-line diagram of 
a 28-bus real hybrid AC-DC microgrid is shown in Fig. 5. It 
constitutes of an AC subgrid with conventional DG sources, 
DC subgrid with DC sources and an interlinking converter 
(IC) which links the two subgrids together. Each of the 
subgrids includes their individual loads. The hybrid AC-DC 
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microgrid is connected to the utility grid during normal grid 
operation. The proposed hybrid AC-DC microgrid reduces 
multiple power conversion processes in an individual AC or 
DC grid. The market-based optimal power flow is used to 
maximize the NSW in order to find the optimal capacity of 
WTs and PVs. The load increment is assumed to be 3% yearly 
over the planning horizon. In this paper, it is assumed that 
buses 2, 3, 6 and 8 are four possible locations for WTs to be 
installed at AC subgrid and 8, 15, 16, 17, 20 and 22 are five 
possible locations for PVs to be installed at DC subgrid, 
respectively. It is notable that the selection of possible 
locations of WTs and PVs relies on non-technical factors such 
as legal requirements, space/land availability and other 
amenities. It is assumed that four 660kW WTs at buses 2, 3, 
6 and 8 while five 440kW PVs at buses 15, 16, 17 18 and 20 
are installed. WTs and PVs can be allocated at AC and DC 
buses, respectively. For each scenario, this is represented by 
three blocks in the WT’s and PV’s offer with the following 
price presented in Tables 2 and 3 respectively.  
 

Table 2 Active power bid prices for the WT’s 
 
    
Bus 
No. 

Active power bid price list for WT’s 
Blocks (MW@£/MWh) 

b1 b2 b3 
2 2.51@280 1.90@270 1.46@250 
3 1.10@270 0.70@260 0.15@250 
4 0.02@260 0.03@250 0.01@240 
5 1.18@250 1.12@240 1.15@230 
6 01.9@240 0.61@240 0.32@230 
7 0.91@250 0.59@230 0.49@230 
9 0.21@240 0.52@220 0.29@220 
10 1.41@240 0.89@210 0.42@220 
11 1.50@230 0.90@210 0.49@210 
12 0.45@220 0.21@200 0.34@190 
13 0.69@220 0.21@190 0.22@180 
14 0.35@190 0.15@180 0.17@170 

 
Table 3 Active power bid prices for the PV’s 
 
    
Bus 
No. 

Active power bid price list for PV’s 
Blocks (MW@£/MWh) 
b1 b2 b3 

15 0.81@240 1.60@230 1.16@220 
16 1.13@240 0.70@230 0.15@210 
17 0.92@230 0.03@220 0.01@210 
18 0.78@220 6.12@220 3.15@200 
19 1.90@220 0.61@220 0.26@200 
20 0.91@210 0.59@220 0.51@190 
21 0.21@200 0.20@210 0.19@190 
22 1.41@200 0.89@210 0.52@180 
23 1.50@190 0.90@200 0.49@180 
24 0.45@190 0.21@200 0.14@170 
25 0.69@190 0.21@190 0.31@170 
26 0.35@190 0.15@180 0.09@160 
27 0.35@180 0.35@170 0.39@160 
28 0.35@180 0.35@170 0.35@160 

 

Assuming a load growth of 3% for each year of the planning 
horizon, the dispatched wind active power increases 
proportionally to the load demand growth. This is mainly due 
to the proportional relation between wind generation and the 
size of the blocks in the WT’s offer and to the assumption of 
a proportional load increase at all buses that alleviates voltage 
and thermal constraints as shown in Fig. 6, 7, 8 and 9 
respectively. The total yearly active power dispatched by 
WTs at all candidate buses is shown in Fig. 10. The 
dispatched PV active power at each candidate bus also 
increases proportionally to the load demand growth as the 3% 
load growth for each year is also assumed for each year of the 
planning horizon as shown in Fig. 11. As expected, due to the 
WTs and PVs installations, the NSW also increases 
proportionally to load demand wind and solar generation 
during each year of the planning horizon, as shown in Fig. 12.           
In Fig.13, the comparison of the social welfare for first twenty 
scenarios for year 1 and year 10 is shown. It can be seen in 
that social welfare increases in each scenario in the last year 
compared to one in the first year. 
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Fig.5. Single-line diagram of real Hybrid ac-dc microgrid 

               
Fig.6. Total yearly dispatched Wind active power at bus 2 

   
Fig.7. Total yearly dispatched Wind active power at bus 3 
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Fig.8. Total yearly dispatched Wind active power at bus 6 

 
Fig.9. Total yearly dispatched Wind active power at bus 8 

 
Fig.10. Total yearly dispatched Wind active power 

 
Fig.11. Total yearly dispatched PV active power 

 
Fig.12. Total Net Social Welfare over the planning horizon 

 
Fig.13. Social welfare for 20 scenarios in year 1 and year 

10 of the planning horizon  
 

7. Conclusion 
    In this paper, a novel stochastic approach for planning and 
design of hybrid microgrids within a market environment was 
proposed. The method evaluates the amount of active power 
generated by WT and PV that can deliver to the load and the 
amount of active power injected or absorbed from the grid. 
Scenario based approach is used to model the uncertainty 
related to the wind speed, solar irradiation and load demand. 
     The proposed model numerical simulation proves the 
viability of hybrid AC-DC microgrid in supplying loads. The 
objective of hybrid AC-DC microgrid planning problem is to 
maximize NSW to simultaneously maximise consumers’ 
payments and reduce total planning cost. 
     The proposed configuration will help hybrid AC-DC 
microgrid planners to estimate planning cost with flexibility 
to consider any type of load ac/dc and the type of DERs. 
Different components of hybrid AC-DC microgrid were 
explained, followed by developing the hybrid AC-DC 
microgrid planning model with the objective of determining 
the optimal DERs generation mix and reduced planning cost. 
    Our future work is to develop a model for the network 
reinforcement and design of hybrid AC-DC microgrid. In this 
paper, for the sake of simplicity, AC based conventional DG 
sources are placed on AC subgrid and DC sources are placed 
on DC subgrid. However, we aim to develop the proposed 
formulation to be able to accommodate AC based 
conventional DG sources and DC sources on both AC and DC 
subgrids and in optimal locations. Authors are also working 
on active network management (ANM) schemes that includes 
coordinated voltage control (CVC) of on-load tap changers 
(OLTCs) and adaptive power factor control (PFC) which will 
offer a feasible solution for HMMO for optimal active 
management and optimal planning and operation of the HMG. 
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