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Abstract: Fair distribution of generated power has a significant impact on the performance 

of the power system. Many methods have been proposed for the safe and secure operation 

of power systems under the uncertainties of distributed generators and system load. In this 

paper, we present an optimal power distribution algorithm for distributed generators against 

uncertainties and load changes of direct-current and alternating-current transmission 

systems. In this optimal algorithm, considering the stable-state constraints for all 

uncertainties is performed. In order to establish these constraints at the lowest cost, the 

adaptive droop coefficients are employed to optimize the power sharing, reloading and 

modifying the power coefficient of each distributed generator in the power system. 

Simulation results show the efficiency of the proposed method to improve the performance 

of the system and reduce the total cost. The voltage/power deviation from reference value 

in the proposed method is about 1-1.5% where in the conventional droop control, it is more 

than 2-3%. In addition, in the same uncertainty of the load/distributed generator power in 

the test system, proposed method requires 20% less power redistribution compared to the 

conventional droop method. Also, total cost increasing (due to uncertainty increasing) in 

the conventional droop method is higher than the proposed method (about 10-15%) which 

shows the robustness of the suggested method against uncertainty changes. 
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1 Introduction1 

N many power systems, load and power balance play 

an important role in the overall stability of the main 

parameters of the system such as frequency and voltage. 

Therefore, in many researches, the stable 

frequency/voltage performance of the system has been 

studied and many methods have been proposed. On the 

other hand, due to the uncertainty of power generation 

in distributed generators (DGs) such as 

photovoltaic (PV) and wind turbine (WT), different 
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probabilistic approaches are employed to overcome the 

fluctuations in the power flow due to these 

uncertainties, which leads to voltage/frequency 

deviation. In [1], the power dissipation algorithm under 

variable climatic conditions which affect the generated 

power of PV and WT is investigated. The real 3-year 

data is collected in this paper and tested on IEEE 30-bus 

system. The resistive load distribution based on the 

uncertainty of power generation is presented in the 

alternating-current/direct-current (AC/DC) microgrid 

system in [2]. Balanced power distribution has been 

focused in this paper considering high uncertainty of 

DGs power. In [3], the optimal power dissipation 

method for an islanded microgrid is discussed based on 

the convex problem and convex constraints using 

MOSEK and GAMS. It is shown that the performance 

of the proposed method is not dependent on the 

topology of the power system. Optimal charge diffusion 

based on the Newton-Raphson method is presented 

I 
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in [4, 5] considering the uncertainty of PV and its effect 

on the control of charge diffusion. Uncertainty analysis 

to better control and improve the reliability of the power 

system is presented in [6, 7]. In [8, 9], the power 

uncertainty of the WT is considered where the optimal 

power distribution is focused. 41-bus distribution 

system is considered on which the proposed method is 

tested while a nonlinear programming of the 

coefficients is assumed in the final cost function for the 

optimization process. In [10], using the Jaya algorithm, 

the optimization of power distribution is proposed based 

on minimizing the power generation costs and power 

loss and improving the voltage stability. IEEE 30-bus 

test system is considered where the performance of the 

proposed algorithm is compared with other optimization 

algorithms. The simulation test is based on the presence 

or absence of DGs in some buses where the approach of 

optimal DG placement is concentrated. In [11], Weed 

optimization algorithm and Powell search algorithm 

have been implemented for optimal power distribution. 

The cost function is based on fuel cost reduction and 

pollution factor minimization. In [12], various 

optimization methods such as artificial neural network 

and particle swarm optimization are used for power 

generation cost reduction and pollution minimization as 

well as voltage profile improvement. In [13], different 

methods of power distribution are tested in microgrid 

including different DGs. The effect of the flexible AC 

transmission (FACT) devices on the optimal power 

distribution using the particle swarm optimization is 

stated in [14] where the test system is IEEE 30-bus 

system. In [15], two types of load model as power-

based and pole-zero are presented to discuss the effect 

of these models on the power distribution. CONOPT 

solution method in GAMS has been used to solve the 

problem of power dissipation optimization in [16]. 

In [17], Locomotive optimization method is used to 

optimize the cost function based on fuel costs, pollution 

and losses which has been tested in IEEE 30-bus 

system. Ant-milk optimization algorithm is applied 

in [18] to solve the optimal power dissipation problem. 

Applying the renewable DGs such as WT and PV and 

optimal placement of them is discussed in [19] where 

their effects on the voltage stability and system cost is 

also analyzed. Considering the effect of energy storage 

on the performance of the microgrid is discussed 

in [20, 21]. The optimization is done by particle swarm 

optimization. Squirrel-cage search algorithm and Wall 

optimization algorithm are combined in [22-24] to 

optimize the load distribution in the microgrid with the 

assumption of energy exchange between load and DGs. 

In [25], intelligent optimal power flow controller based 

on Grasshopper optimization algorithm is proposed. 

Harmonic distortion and voltage deviation are 

minimized to improve the power quality of the grid-

connected microgrid. The problem of optimized control 

of power flow under energy constraints has been 

discussed in [26] where islanded and grid-connected 

modes have been studied. The existence of non-linear 

constraints in optimal power flow problem is focused 

in [27] where second-order cone relaxation method is 

suggested to realize linear transformation. Optimal 

approach based on cost minimization and model of 

electricity-gas integrated energy is stated in this paper. 

Forecasting renewable energy is a solution for more 

reliability of the power system, which is proposed 

in [28]. Forecasting–based, day-ahead dynamic optimal 

power flow is presented with the forecasting of PV/WT 

using artificial neural networks. Moreover, IEEE 30-bus 

transmission network has been used where Newton-

Raphson technique is used for load flow analysis. 

   In this paper, the optimal power distribution based on 

the adaptive droop coefficients is applied. Using 

adaptive droop method helps the system to redistribute 

the power variations to achieve the balanced state. Due 

to the robustness of the proposed method, redistribution 

occurs in more uncertainty rather than conventional 

droop method which leads to total cost reduction. 

Moreover, the uncertainty is modeled using 

probabilistic approach where in existence of the 

proposed method, the optimal power flow is done even 

in severe change and uncertainties of load and DGs 

power. Three types of uncertainties as norm 1, norm 2 

and infinite norm are assumed and the analysis of the 

control system performance is discussed in details. 

Thus, the main novelties of the paper can be 

summarized as follow: 

 Adaptive droop coefficient approach for balanced 

power flow 

 Uncertainty modeling of load and distributed 

generator power for more robust control of 

frequency and voltage 

 Three different types of uncertainty (norm 1, norm 

2 and infinite norm) consideration and analysis of 

the performance of the system using conventional 

and adaptive droop methods 

 Analysis of power redistribution in the power 

system when uncertainty variation occurs 

 Power/voltage profile analysis using the proposed 

adaptive droop and conventional droop methods 

   The rest of the paper is organized as follow. In 

Section 2, the main problem is stated where in 

Section 3, the proposed method formulation is 

presented. In Section 4, the test and simulation results of 

the proposed method and comparison with conventional 

droop method are stated where in the last section, 

Section 5, some conclusions and future works are 

presented. 

 

2 Problem Statement 

   Fig. 1 shows the global topology of the proposed 

system. In this figure, vi and pi are the voltage and 

injected power of i-th bus, respectively. For each line 

i-j, yij indicates the admittance of that line. In the 

assumed microgrid, yij, pi, vi are real numbers and 
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Fig. 1 Topology of the proposed power system. 

 

yij > 0. In this figure, transmission regulators based on 

the droop method are used to maintain the system in 

stable state at the lowest cost despite the uncertainty of 

renewable DGs and variable loads. In fact, the regulator 

does this control by the adjustment of droop coefficients 

in the presence of variable DGs at the certain times. 

These coefficients are time-variable and adaptive where 

this property leads to the selection of the optimal mode 

to reduce the total system cost and provide optimal 

power flow. For the optimization process, the AC and 

DC parts of the system are firstly modeled. Then, these 

models are combined with an appropriate uncertainty 

model to be optimized considering the adaptive droop 

coefficients and power system constraints. Therefore, 

the problem of optimizing the power distribution of the 

microgrid based on reducing the cost of the power 

generation function can be described as follow [12]: 
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fi(pi) represents the function of power generation costs 

and power losses (in buses with no DG) in each bus of 

the set N-bus and h(p) is the function of the total power 

cost. The power cost function can be represented as 

below [12]: 
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   The first sentence is related to the cost of the power 

generation capacity, the second sentence is related to the 

power loss cost and the third and fourth sentences are 

related to the active and reactive power cost in the base 

bus of the system, respectively. γ is the efficiency of 

power generation in the system. Loss power can be 

written as [12]: 
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where Gij is the real part of admittance of i-j line. 

According to the above equations, the purpose of the 

problem is to minimize the power cost function 

including power generation, losses, active and reactive 

power in the base bus. Power cost function can be 

considered as a linear function in the form of fi(pi) = aipi 

+ bi in which ai and bi are the linear cost coefficients. In 

this approach, the solution of the optimization problem 

can be modeled in a simpler form where the load 

distribution can be changed and written as 

follow [12, 2]: 
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   In which, the square of the bus voltage is denoted by 

A and the product of the voltage of the two buses is 

represented with B. In view of apparent power, the 

equations can be described as [12, 2]: 
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For the slack bus, it can be written as: 
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where in the P-Q buses, we have: 
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and for P-V buses, it can be written as: 
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Also, in P-V buses, below equation can be mentioned 

as: 
 

   *0 0 1;     i i P VV V i bus     (9) 

 

In linear-form description of voltage, polynomial-based 

function can be assumed as [12, 23]: 
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where in Taylor-based expansion of the voltage of 
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different buses, we have [12, 23]:  
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Using the auxiliary variable of voltage, it is assumed as: 
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For the active power in P-V buses, we have [12, 23]: 
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   Due to considering the uncertainties in the microgrid, 

the probabilistic models must be assumed for load and 

DGs power change. Therefore, probability function of 

load is considered as normal distribution [7, 23]: 
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and for the WT, we have Weibull distribution as [7, 23]: 
 

 
1

exp  ;    0

KK

WT

K x x
f x x

c c c


     

         
     

 

(18) 

 

where K and c are the constants in this function and the 

generated power can be approximated as below: 
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Vcut-in and Vcut-out are the wind velocity in lower and 

upper bound, respectively and Vr is the rated wind 

velocity. Also, moment method can be applied for the 

modeling of the probabilistic approach as: 
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   (20) 

3 Proposed Method 

   The power system model consists of two parts, AC 

and DC. The interface converters are responsible for 

converting these two parts to each other which can be 

modeled as current or voltage sources. To distribute 

power from the DC part to the AC part, positive 

direction is assumed as PDC,AC > 0. The power flow 

model is based on the droop equation in the converter as 

follow [12, 2]: 
 

0t V PP P L V L f      (21) 

 

The voltage and frequency droop coefficients are 

denoted by LV and LP. The reference power is Pt0 in the 

system where the power is varied due to the frequency 

and voltage droop coefficients. For DC/DC converters 

in the power system, the nominal voltages in the 

primary and secondary parts exist, which can be used in 

the active power regulation for the converter as [5]: 
 

0 1 1 2 2t V VP P L V L V      (22) 

 

Thus, according to equations (21) and (22), voltage and 

frequency changes can be adjusted due to the active 

power in AC and DC converters. Equations (21) 

and (22) can be written in matrix form as [12, 5]: 
 

AC V P

DC V

P L V L f

P L V

    

  

 (23) 

 

   Matrix-based equations are considered for all buses 

where frequency/voltage adjustment is done in buses 

with the power change. In the proposed problem, the 

redistribution of the power must be done to achieve the 

balanced power flow in the system. Thus, if the 

generated power of some DGs decreases, the generated 

power of some other DGs must be increased to 

compensate the power reduction. In fact, the balance of 

power generation can be described as: 
 

1 2 3G G G tP P P P    (24) 
 

which shows that the total power capacity has an upper 

bound (Pt) for limiting the power cost. 
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3.1 AC and DC Constraints 

3.1.1 AC Constraints 

1) The first AC constraint is as [12, 5]: 
 

 1

P VL P L V f       (25) 

 

which indicates that the frequency changes must be less 

than the preset average ( f ). 

2) The limit of the active power of the DGs is as follow: 
 

min maxACP P P   (26) 
 

3) The power which flows through the transmission line 

is directly proportional to the difference in voltage angle 

of the line, i.e.: 
 

ij ijP    (27) 
 

Δθij is the voltage phase of line i-j. 

 

3.1.2 DC Constraints 

1) The first DC constraint can be described as [12, 5]: 
 

 m nV V V    (28) 

 

Vm is the deviated voltage due to uncertainty in load/DG 

power change, and Vn is the DC reference voltage of the 

microgrid where the maximum variation must be 

limited due to this constraint. 

2) The limit of the active power of the converter is as 

follow, which indicates the upper power bound. 
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3) Uncertainty limit is described as the normalized 

summation (Sm) of the uncertainty vector including the 

uncertainty of the power generation and load of the 

system which must be limited as below [12, 23]: 
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where S is inside the convex set, Sm. U is also the set of 

uncertainties in the system where the above equation 

guarantees the stability of the system, because if there is 

more uncertainty in the system, voltage and frequency 

instability will occur. 

 

3.2 Branch Distribution Model 

   According to (4) and (16), Ai and Bij may be 

numerically very close to each other, because the node 

voltage range is small (usually 0.95 to 1.05 p.u.). The 

power distribution with conversion of Prob1 (Eq. (1)) to 

the branch distribution model is described as [12, 2]: 
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where k and c are the branch power distribution and 

squared branch current, respectively. Based on (31) and 

using load distribution of model u, the optimal load 

distribution problem can be presented as: 
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(32) 

 

where zij = 1/yij. In the sequel of the paper, optimization 

is done in the test system including DGs, converters and 

loads where uncertainty in loads and renewable DGs is 

considered. Optimizing of the defined problem (prob2) 

based on the balanced power distribution is performed 

using frequency and voltage droop coefficients and 

considering the constraints. The final goal is to achieve 

the optimal load or power distribution by applying the 

optimal adaptive droop coefficients. If uncertainty 

causes the stable point deviation, power redistribution is 

formed using adaptive droop coefficients, which leads 

to cost and loss reduction. Here, the linear-form power 

distribution model mentioned in (1), (16), and (32) is 

focused where efficient Opti toolbar in MATLAB is 

used for the optimization process. 

 

4 Simulation Results 

   To test the proposed method, the small power system 

consisting of two AC networks is considered and shown 

in Fig. 2. Two AC networks are connected to each other 

via DC/AC converter. A scenario is defined as 800 MW 

load is connected to bus 4 and three DGs are connected 

to buses 2, 3, and 5 where the connected lines with the 

capacity of 200 MW exist in the network. It is assumed 

that the connected DG to bus 2 can have an energy 

storage element while the DG in bus 3 cannot provide 

any storage. The goal is to minimize the cost of load 

redistribution and consequently the cost of the entire 

system under load uncertainty in bus 4. DC/AC 

converters are equipped with droop controllers and the 

load uncertainty of less than 70 MW is assumed. For 

load uncertainty higher than 70 MW, power lines 

between buses (1, 4) and (2, 4) are overloaded (due to
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Fig. 2 Small test system for the proposed optimization problem. Fig. 3 Minimum redistribution required as a function of load 
 

uncertainty in bus 4 for the test system of Fig. 2. 

 
Fig. 4 Complex test system including uncertainty in load and DGs. 

 

capacity bound of 35 MW for each line) and thus, 

redistribution is not prevented. Fig. 3 shows the 

dependence of the optimization results on the load 

uncertainty. Therefore, the optimization is done again to 

achieve the new stable point with increasing 

uncertainty. As can be seen from the figure, in the 

proposed method with adaptive droop coefficients, with 

increasing uncertainty, the redistributed power is less 

than the case of conventional droop coefficients (with 

no adaptive adjustment). Moreover, as can be seen in 

this figure, if the system load has more uncertainty than 

the specified value, the minimum number of power 

redistribution is increased, which means the main 

increase in system cost. 

   More complex test system is assumed in Fig. 4, which 

consists of three AC sections and three DC sections. 

Converters 6, 12, 13, and 17 are connected to WT and 

loads. Converters 2, 3, 8, and 16 only control the DC 

voltage used for adjusting the power distribution. Also, 

the converters 1, 5, 14, and 15 control the active power 

distribution depending on the AC frequency and DC 

voltage. The uncertainty is assumed in two locations of 

the network: bus 6 in part B and bus 5 in DSC2. Each of 

these buses has 150 MW uncertainty. When the load on 

the bus 6 of part B increases by 150 MW, the frequency 

of the part B is decreased by 0.25 Hz. In addition, if WT 

output is increased by 150 MW at DSC2 of bus 5, the 

frequency will decrease by 0.25 Hz. 

   The initial droop coefficients are presented in Table 1. 

Initial coefficients cannot guarantee the optimal control 

of frequency and voltage during changes in load and 

DGs power and thus, the cost of the system will 

increase. Adaptive droop coefficients based on 

optimization process and constraints are proposed in 

Table 2 to reduce the total cost of the system. Due to the 

control process, the initial storage in sections A and C is 

directed to part B where the power flow is done through 

K8 and K15 between bus 5 and 6 in DCS2. Also, in case 

of additional power generation of WT in bus 5, DSC2 

may be degraded in power balance. Therefore, the 

voltage and frequency coefficients in this bus must be 

adapted to these changes. 
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Table 1 Initial voltage and frequency droop coefficients. 

K8 K7 K6 K5 K4 K3 K2 K1  

5.40 5.20 5.40 19 4.20 19.15 19.10 17.20 LV 
19.05 19.17 19.2 13.8 18.77 7.4 6.5 0.3 LP 

K16 K15 K14 K13 K12 K11 K10 K9  

0.34 4.8 0.85 0.87 12.11 11.93 6.02 5.28 LV 
17.8 18.5 10.5 11.02 10.4 5.9 17.9 19.03 LP 

 

Table 2 Optimal droop coefficients in different 

parts of the system. 

 

AC Part 

A C 

Bus 3 Bus 4 Bus 3 Bus 4 

LP 19 19.15 9.3 19.1 
 

 

  
Fig. 5 Power redistribution in proposed method compared to 
 

initial droop coefficients. 

Fig. 6 Power redistribution in terms of different uncertainty 
 

scenarios, infinity, norm 1 and norm 2. 

 

   To demonstrate the efficiency of the proposed method 

in the higher uncertainty ranges, the generated power 

between bus 5 and 6 at DSC2 is reduced for 

redistribution of power in the system. Fig. 5 shows that 

with the proposed method, the required redistribution is 

minimized, while with the initial droop parameters, 

redistribution results in the high cost on the system. 

According to this figure, using the initial parameters, 

redistribution starts from uncertainty of 15 MW, but 

using the proposed method, power redistribution starts 

from uncertainty of 25 MW which indicates the 

reliability and robustness of the system by applying the 

proposed method. Indeed, this figure shows the 

robustness of the proposed method in high uncertainty 

of the system. 

   In the following, three types of uncertainties are 

assumed in the system to analyze the robustness of the 

proposed model in different uncertainty values. In the 

first scenario, it is assumed that all uncertainties are 

independent from each other (infinite norm). In the 

second hypothetical type, the uncertainties are 

interrelated, and in fact, there is a conditional 

probabilistic relationship between these uncertainties 

known as norm uncertainty (norm 1). In the third type, a 

combination of infinite norm and norm 1 is considered 

as uncertainty norm 2. Fig. 6 shows the result of power 

redistribution in these uncertainties. It can be seen that if 

infinite norm is considered, the most power 

redistribution in the system is required, while the lowest 

cost is obtained in the case of the dependence of 

uncertainties (norm 1). In norm 1, dependent 

uncertainties cause simpler analysis for power 

redistribution and adaptive droop coefficients. In this 

figure, the uncertainties are considered in bus 6 of part 

B and bus 5 in DSC2. Fig. 6 also shows the advantage 

of the proposed approach compared to initial droop 
 

 
Fig. 7 Computational time of power redistribution in different 

uncertainty scenarios. 

 

coefficients where the proposed method significantly 

reduces redistribution costs by optimizing the droop 

coefficients. 

   The required computational time is depicted in Fig. 7 

for the power redistribution of proposed method in three 

uncertainty scenarios. As can be seen, the computational 

time for norm 1 is less than other two scenarios. In 

addition, the computational time in norm 1 and norm 2 

is linearly dependent on the uncertainty value where in 

infinite norm, it is not linear. If the uncertainty is 

increased, more time is needed to solve the optimal 

power distribution and redistribution. Also, as the 

number of uncertainties increases, the set of constraints 

becomes more limited and thus, the convergence occurs 

with more time delay. 

   Fig. 8 shows the result of the required redistribution in 

term of average uncertainty in the test system. As can be 

seen, the proposed method needs less power 

redistribution compared to the conventional droop 

method. Thus, the total cost is reduced in the proposed 

strategy compared to the conventional droop control. 

Norm 1 uncertainty is assumed in this simulation. 
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Fig. 8 Required power redistribution versus average norm 1 
 

uncertainty. 

Fig. 9 Power redistribution of the proposed method by increasing 
 

the power constraint of DGs and loads. 
 

Table 3 Voltage, active and reactive power of sample buses of the system in proposed method and conventional droop method. 

Bus 

Proposed 

method 

voltage (V) 

Proposed 

method active 

power (P) 

Proposed 

method reactive 

power (Q) 

Conventional 

droop method 

voltage (V) 

Conventional 

droop method 

active power (P) 

Conventional droop 

method reactive 

power (Q) 

4   (DSC1) 1.01 (1%) 1.03 (1.5%) 1.02 (1.5%) 1.03 (2%) 1.045 (3%) 1.05 (3%) 

6   (DSC2) 1.015 (1%) 1.02 (1.5%) 1.02 (1.5%) 1.04 (2%) 1.05 (3%) 1.06 (3%) 

10 (DSC3) 1.02 (1%) 1.03 (1.5%) 1.03 (1.5%) 1.05 (2%) 1.05 (3%) 1.055 (3%) 

2   (DSC4) 1.03 (1%) 1.025 (1.5%) 1.03 (1.5%) 1.06 (2%) 1.04 (3%) 1.065 (3%) 
 

  
Fig. 10 Cost increasing versus uncertainty increasing using 
 

proposed method and conventional droop method. 

Fig. 11 Power profile in proposed method and conventional 
 

droop method. 

 

   Fig. 9 shows the required power redistribution in term 

of the constraints range in DGs and load power. As can 

be seen, more constraints cause more power 

redistribution because of more limitation imposed on 

the system performance. Thus, more time is needed for 

the convergence which leads to the total cost increasing. 

   In the next test, the voltage, active power and reactive 

power of several sample buses in conventional droop 

method and proposed method are described in Table 3. 

The deviation percent from reference value is denoted in 

parenthesis. As can be seen, the stability of voltage, 

active and reactive power using the proposed method is 

more than the case of using the conventional droop 

method. Thus, the proposed strategy can help the system 

to maintain the stability conditions where it is more 

robust to the parameter variations compared to the 

conventional droop method. 

   The effect of the proposed approach on the total cost 

of the system considering the uncertainty variation is 

depicted in Fig. 10. As can be seen, the cost increasing 

in proposed method is less than the conventional droop 

method where the uncertainties are increased in the 

power system. In addition, the power profile of two 

methods is compared in Fig. 11. As observable, the 

stability of the power profile using the proposed method 

is better than conventional method which verifies the 

robustness of the power distribution in the proposed 

approach. 

   The limitation of the proposed model is more 

convergence time related to the conventional droop 

method where in view of efficiency and improvement of 

the system, the proposed method is much better than 

conventional droop method which can be observed form 

the results. The suggested method can be used in many 

power systems with renewable DGs and variable loads 

which provides the stable frequency/voltage and optimal 

balanced power flow. 

 

5 Conclusion 

   In this paper, adaptive droop approach is proposed for 

stable power flow, frequency/voltage regulation and
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interesting power redistribution in various uncertainties 

of power of DGs and loads. Adaptive droop coefficient 

helps the system to optimally distribute the power to 

prevent the overload. The total cost is also reduced 

using the proposed method compared to the 

conventional droop method as shown in simulation 

results. In addition, using adaptive droop coefficients, 

the performance of the power system in various types of 

uncertainties as norm 1, norm 2 and infinite norm is 

improved with 20% more robustness in power 

redistribution compared to the conventional droop 

method. Moreover, voltage/power deviation from 

reference value is about 1-1.5% using the proposed 

method which is less than deviations in conventional 

droop method. 

   For the future works, the proposed method can be 

tested on the islanded microgrid and the results are 

compared to this paper. Frequency and voltage 

deviations can be the main challenges in these results. 

Also, evolutionary algorithms can be combined with the 

proposed adaptive droop method to evaluate the 

efficiency of the proposed method in both islanded and 

grid-connected modes. 
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