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Abstract—This paper presents a novel distributed consensus 
control strategy for stabilization of the buses voltages and energy 
balancing of the storage in DC microgrids. The proposed strategy 
works based on sparse communication graph in which the agents 
possess fractional order proportional integral (FOPI) dynamics. 
The FOPI controller is used for energy balancing energy storage 
(ES) systems and to regulate the average DC microgrid buses 
voltages. The proposed control strategy operates in both 
operation modes of DC microgrid:  1) islanded mode, -2) grid 
connected mode. In both modes the average voltage of DC 
microgrid converges to the microgrid desire reference voltage. 
The energy storages systems are controlled independently of the 
operating mode to achieve and maintain a balanced energy level. 
The simulation results demonstrate the performance of the 
control strategy in a case study of a 10 bus 380 V DC with 
intermittent photovoltaic generation. 

Index Terms— Consensus control, DC microgrid, distributed 
control strategy, Fractional order PI control. 

 

I. INTRODUCTION  

DC microgrids have gained wide acceptance and 
significant acceleration in distribution power systems. This is 
because they provide several advantages over their AC 
counterparts such as eliminating the AC/DC conversion steps 
and not have reactive power, which leads to the reduction in 
energy loss and further economic savings [1], [2]. 
Three well-known control strategies for microgrid are [3]:  

• Centralized 
• Decentralized 
• Distributed 

In centralized control strategy, all data should be collected 
by a central controller. Therefore, the computational 
complexity is increased and the system exposes a single point 
of failure that leads to reduced reliability of the system.  In 

decentralize control strategy, each controller operates based on 
only the local information. In this strategy, there are a set of 
controllers in the microgrid such as distributed generation 
(DG) controllers, converter controllers and load controllers. 
There is no direct communication between controllers. This 
strategy has disadvantages such as steady state voltage offset 
and inadequate response time for load variation, which leads 
to instability of the microgrid [4]. In distributed control 
strategies, autonomous agents use local information and 
neighbor-to-neighbor communication over a sparse 
communication network to achieve cooperative objectives [5]. 
Distributed control strategy improves the system performance 
compared to decentralized control as well as the central 
control. This strategy has advantages such as robustness, 
scalability, high flexibility, reduction in computational 
complexity, no single point of failure and distribution of the 
tasks among the local controllers in the DC microgrid [6], [7]. 

In recent years, due to the advent of fractional calculus, the 
classical models, which were based on integer order 
derivatives have been replaced with models that are using 
fractional order integrator. In this regard, the number of its 
applications has been rapidly grown [8], [9]. 

Fractional order PID (FOPID) has higher freedom degree 
for the existence of two extra adjustable parameters (ߣ,  .(ߤ
Therefore, a wide range of parameters are available to control 
the target [10]. 

In this paper we present a novel distributed control strategy 
with fractional order PI controller agents. The voltage of buses 
and the energy per-unit level of the ES systems are controlled 
in a distributed manner. After the distributed average 
consensus protocol, the FOPI controller is applied as the 
feedback signal to control the converters output. The voltage 
of buses and the energy per-unit level of the ES systems are 
controlled in a distributed manner. 
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Figure 1. DC microgrid with its component. 

 
The voltage of buses and the energy per-unit level of the 

ES systems are controlled in a distributed manner. After the 
distributed average consensus protocol, the FOPI controller is 
applied as the feedback signal to control the converters output. 
Finally, the converters stabilize the voltage of the buses. The 
effectiveness of the proposed method is verified by the 
simulation using Matlab Simulink software to control the 
buses voltage of the DC microgrid.   

The rest of the paper is organized as follows. First, in 
section II the DC microgrid and its components are described.  
In section III an introduction of fractional calculus and 
fractional order PID controller discussed. In section IV, 
distributed average consensus protocol is illustrated. In section 
V, the distributed control strategy is presented.         In section 
VI, the case study DC microgrid is described. In section VII, 
the simulation results are provided. Finally, in section VIII, the 
conclusion are drawn.   
 

II. DC MICROGRID 

In general, a DC microgrid consist of four main 
components. These components are DGs, power converters, 
ES systems and loads. DGs include PV generations or wind 
turbines, the converters are DC-DC and DC-AC and the 
usually used devices for ES systems consist of flywheel, 
electromechanical batteries and super capacitor. These are 
easily implemented in the DC microgrid for their inherent DC 
output. Load fluctuation causes the fast voltage dynamics and 
the main task of ES systems are to compensate this fast voltage 
dynamics. DC microgrid with general configuration have 
shown in Fig 1. DC microgrid are generally consist of two 
islanded mode and connection to the grid mode. In this paper 
our simulation includes both two operation mode.  
In this research for distributed energy resources for example 
PV used of a maximum power point tracking (MMPT) 
scheme. Meaning that the PV working with 100% of its 
capacity. 

III.   FRACTIONAL ORDER CONTROLLER 

A. Introduction of Fractional Calculus  

The fractional calculus is an extension of integration and 
differentiation to non - integer order operators ु௧ఈ௔	 . Where the 
limits of operation denoted by ݐ	and ܽ [8]. The continuous 
integro-differential operator of order ߳ߙℝା is defined in the 
following way:   
 

                        ु௧ఈ = ൞dα dtα								⁄ , α > 01																			, α = ׬0 (dτ)−αtα 					 , α < 0	௔	                                 (1) 

 
In fractional calculus the basic functions is Euler's Gamma 

function which is defined by: 
 
                         Γ(z) = ׬ eି୲t୸ିଵஶ଴                                   (2) 
 
which converges in the right half of the complex plane,	ܴ(ݖ) > 0. 
Some definitions of fractional differ-integral are provided. 

Three well-known definition of them are the 
Riemann_Liouville, Caputo definitions and Grünwald-
Letnikov. 

The Riemann-Liouville integro-differential is a commonly 
used definition [9] and it is as follows: 

 ु௧ఈ = (ݐ)݂ = ଵ୻(௠ିఈ) ቀ ௗௗ௧ቁ௠ ׬ ௙(ఛ)(௧ିఛ)ഀష೘శభ ݀߬௧ఈ௔	 		             (3) 

 
for ݉ − 1 < ߙ < ݉,݉߳ܰ, where ߁(. ) is Euler’s gamma 

function. 
The Grünwald-Letnikov definitions as follow: 
 ु௧ఈ = (ݐ)݂ = lim௛⟶଴ ଵ௛ഀ ∑ (−1)௝ ቀ݆ߙቁ ݐ)݂ − ݆ℎ)௞௝ୀ଴௔	         (4) 

 
Where ܽ = 0, ݐ		 = ݇ℎ, 		݇ is the number of steps, and h is 

the step size. 
The Caputo fractional derivative of order ߙ	of a continuous 

function ݂: ܴା → ܴ is defined as follows [11]:  
 

ु௧ఈ = ۔ۖەۖ
ۓ 1Γ(݉−ߙ)	׬ 1+݉−ߙ(߬−ݐ)(߬)(݉)݂ ߙݐ										߬݀ , m− 1 < α < m	d݉݀݉ݐ ,																																					(ݐ)݂ α = m	௔	      (5) 

 
Where m is the first integer larger than ߙ. 
As we know the Laplace transform of α-th derivative with ߳ߙℝାof (ݐ)ݔ relaxed at ݐ = 0	with the assuming zero initial 
condition is given by: 

׬                   ݁ି௦௧ ु௧ఈ݂(ݐ)݀ݐ = ஶ଴	଴(ݏ)ܨఈݏ                      (6) 

Where  is Laplace transform variable.  

Therefore, transfer function form in Laplace domain of a 
fractional-order differential equation can be write as follows: 

(ݏ)ܩ             = ௕೘௦ഁ೘ା௕೘షభ௦ഁ೘షభା⋯ା௕బ௦ഁబ௔೙௦ഀ೙ା௔೙షభ௦ഀ೙షభା⋯ା௔బ௦ഀబ                       (7) 

s jω=
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B. Fractional Order PID Controller 

In time domain the control low of FOPID controller define 
as following: 

 
(ݐ)ݑ  = .௣ܭ (ݐ)݁ + .௜ܭ ׬ (ݐ)݁ + ௧ିܦ.ௗܭ ఈ݁(ݐ)ఒ௧                 (8) 
 
Where the integral and derivative components are	ߣ and ߤ	respectively. Error signal is ݁(ݐ) and the fractional order 

signal is define as׬ (ݐ)ݔ = ु௧ି ఈ(ݐ)ݔఈ௧ . The parallel form 
transfer function in Laplace domain is the following: 

 

(ݏ)ܥ       = ௣ܭ + ௄೔௦ഊ+ܭௗ. ,			ఒݏ ,ߣ		  (9)                       (0,2)߳ߤ

 
FOPID controller has five adjustable control parameters ܭ௣, ܭ௜, ܭௗ,ߣ,  Therefore, in comparison with classical PID .ߤ

controller which has only three adjustable parameters               ܭ௣, ܭ௜, ܭௗ, the FOPID controller has more ability. With respect 
to the lambda and gamma values in Eq (9), it can be found that 
the traditional PID controller is a special case of FOPID 
controller. In Fig 2 this cases are denoted. 

 

 
Figure 2. Different case of fractional order PID controller 

 

IV. DISTIBUTED AVERAGE CONSENSUS PROTOCOL 

     In proposed distributed strategy each of ES systems has 
average state estimator. In another world this state estimator   
use of the local information and measurement from the 
neighboring ES systems. Then use of them to update the local 
estimate of average ES system per-unit energy level ݁௜ as well 
as average microgrid bus voltage ݒ௜ . A distributed average 
consensus protocol implement in average state estimator for 
for tracking dynamic signals from [12]. 
     Using a sparse communication graph ࣡(ࣰ, ℰ), ES systems 
are connected together. Which ࣰ = {1,… , ܰ}  represent nodes 
and ℰ is represent the edges. So that, nodes show the ES 
systems and edges show the communication link between 
them. If there is a direct communicate between the nodes, they 
are connected. To a certain number of nodes that are connected 
to node i, they are called the neighborhood of node i and are 
denoted by	 ௜ܰ. A diagonal matrix D represent the degree 
matrix of graph and its elements are ݀௜ , which ݀௜ = | ௜ܰ| . The 
matrix A denote the adjacency matrix of the graph and defined 
by ܽ௜௝ = 1  if and only if (݅, ݆)߳ℰ, and ܽ௜௝ = 0 otherwise. The 
Laplacian matrix of graph denoted by ܮ = ܦ −  In .ܣ
undirected graphs, the Laplacian matrix has a single zero 

eigenvalue as well as another eigenvalues have greater value 
of zero 0 = (ܮ)ଵߣ < (ܮ)ଶߣ  .(ܮ)ேߣ…≥
The distributed average consensus protocol as following:  
(ݐ)௜ݔ           = (ݐ)௜ݔ + ∑׬ ܽ௜௝൫ݔ௝ − ௜൯௝ఢே೔ݔ                        (10) 

Therefore, For the  ES system, let ݔ௜ be a local state 
variable, and let ݔ௜ be the local estimate of the average value 
of that state for the microgrid ES systems. The i-th ES system 
receives average state estimates from its neighbors, and its 
average state estimator implements mentioned distributed 
average consensus protocol. 
The global dynamics of the distributed average consensus 
protocol are given by: 
തሶܠ                                = ሶܠ −  ത                                          (11)ܠۺ
Where ܠ = ሾݔଵ, ,ଶݔ … , തܠ ேሿ andݔ = ሾ̅ݔଵ, ,ଶݔ̅ … ,  .ேሿݔ̅
By converting Laplace from Eq (11), we come to the following 
equation: 

                      ۶ୟ୴୥ = ܆ഥ܆ = s(s۷୒ +  ଵ                           (12)ି(ۺ

Which represents transfer function matrix for the 
distributed average consensus protocol [12]. ܆ഥ and	܆ are the 
Laplace transforms of ܠത and ܠ, respectively. For a balanced 
communication graph with a spanning tree, the steady-state 
gain of the average consensus protocol is given by the 
averaging matrix [13]: 

                lim௦⟶଴۶௔௩௚ = ሿ௜௝ۿሾ	݁ݎℎ݁ݓ,ۿ = ଵே                       (13) 

The final value theorem shows that for a vector of step 
inputs, the elements of ܠ converge to the global average of the 
steady-state values xୱୱ: 
      lim௧⟶ஶ തܠ (ݐ) = lim௦→଴ ۶௔௩௚ lim௦→଴ ܆ݏ = ܳ ௦௦ܠ =  1         (14)〈௦௦ܠ〉

 

V. DISTIBUTED CONTROL STRATEGY 

      To regulate the DC-DC converter output voltage a voltage-
current droop control used as following: 
∗௜ݒ                     = ௠௚ݒ − ௜௩ݑ−௜(݅௜ݎ௜ܨ −  ௜௘)                       (15)ݑ

Where , ݒ௠௚  is microgrid voltage reference and ݅ ௜ is locally 
measured output current. It is known from the equation (15), 
two extra control signals ݑ௜௩, ݑ௜௘ are added to droop equation. ݑ௜௩ is voltage stabilization control signal and ݑ௜௘ is power 
sharing control signal. They are defined to balance the energy 
level between the ES systems and to maintain it through the 
load sharing and regulate the average microgrid bus voltage. 
In order to use the maximum capacity of the ES systems to 
maintain the microgrid voltage with maximum deviation from ∆ݒ the microgrid reference, the virtual resistance is designed 
as following: 

௜ݎ                                    = ∆௩ು೔೘ೌೣೡ೘೒                                           (16) 

In decentralized drop control, the load is usually divided by 
the inverse ratio of the virtual resistance ݎ௜ in the ES systems. 
The DC microgrid have high frequency harmonics for the 
switching of converters. To avoid the high frequencies, a low-
pass filter is used with cut-off frequency of ߱௜௖. 

௜ܨ                                     = ఠ೔೎௦ାఠ೔೎                                         (17) 

The current regulation is done in two stage [14].  

thi −
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A proportional-integral (PI) voltage controller ܩ௜௩ at the 
first stage design as following: 

                    ݅௜∗ = ∗௜ݒ)௜௩ܩ − ,(௜ݒ ௜௩௣݌=௜௩ܩ + ௣೔ೡ೔௦                      (18) 

This controller defined to set the converter current 
reference to regulate the output voltage of the ES system. At 
the second stage the current controller sets the duty cycle of 
the PWM switching to control the bipolar junction transistors 
(BJTs) of the converter, and to regulate the output current. For 
power sharing control signal ݑ௜௘ applied a fractional PI 
controller in (19) to set the energy level ݁௜ to the local estimate 
of the average energy level of ES systems. Due to the 
difference between the capacities of energy storage systems, 
the per-unit energy level is used for power sharing balance. 

௜௘ݑ                  ௜௘(݁௜ܩ = − ݁௜), ௜௘௣݌=௜௘ܩ + ௣೔೐೔௦ഊ                         (19) 

Moreover, for voltage stabilization control signal ݑ௜௩applied a fractional PI controller in (20) to voltage 
regulation of the microgrid, where the local estimate of the 
average bus voltage is regulated to the voltage reference of the 
microgrid. 

௜௩ݑ              = ௠௚ݒ)௜௩ܩ − ,(௜ݒ ௜௩ܩ = ௜௩௣݌ + ௣೔ೡ೔௦ഊ_ೡ                  (20) 

A block diagram of control strategy is shown in Fig 3.  
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Figure 3. Control strategy 

 
DC - DC converters operate at a high switching frequency 

with a switching period delay (Tୱ). The used DC-DC converter 
shown in Fig 4. 
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Figure 4. Model of the DC-DC converter and its controller: (a) DC-DC 
converter circuit; (b) block diagram of the local converter controller. 

   

  To design the external loop control, the closed loop voltage 
regulation dynamic between the output voltage reference of the 
ES system and the local bus voltage can be modeled by the 
following transfer function [15]. 
 

௜௩೎೗ܪ             = ு೔ೡ೚೗ଵାு೔ೡ೚೗ , where  ܪ௜௩೚೗ = ೔ீೡ௦஼೔( ೞ்௦ାଵ)              (21) 

 
Therefore, the dynamic balancing of the local bus voltage 

of the microgrid is obtain as: 
 
܄              = ۶௩೎೗܄∗ , where		 ۶௩೎೗ = diag{ܪ௜௩೎೗}            (22) 

 
The bus voltage and ES systems output current   are related 

to each other using the admittance matrix. 
 
                               ۷ =  (23)                                               ܄܇

 
The admittance matrix is obtained using the impedance of 

the lines and loads. The first-order model is used for batteries 
energy level dynamic [15]. 
 

                                  ሶ݁௜ = − ௩೔௜೔௘೔೘ೌೣ                                       (24) 

 
Where ݁௜௠௔௫is the maximum energy capacity of i-th ES 
system. The global energy dynamics is following: 
 

            ۳ = ,		܄܇ۻ ۻ	 = ݀݅ܽ݃{− ௩೘೒௘೔೘ೌೣ௦}                            (25) 

 
The global closed-loop voltage regulation dynamics by 

multiple output linear system can be described as follow: 
܄  = ቂ൫(۶௩௖௟)൯ିଵ + ۵௩۵௔௩௚ܚ۴ − ۵௘(۷ேܚ۴ −																															۵௔௩௚)܇ۻቃିଵ ܸ௠௚(۷ே +  ۵௩)1             (26)ܚ۴

 

VI. CASE STUDY DC MICROGRID 

The case study DC microgrid have shown in Fig 5. This 
case study is 10 bus DC microgrid that have a PV as a 
distributed generation that connected to bus 1, 10 batteries as 
ES systems and 10 loads that each of them is connected to its 
bus. A 150 kW rated rectifier provides main grid connection of 
the microgrid at bus 1. The value of batteries capacity and 
loads provided in Table I. The loads connected to the buses of 
1 to 5 are 15 kW and the loads connected to the busses 6 to 10 
are 5 kW. The batteries capacity for buses 1 to 7 are 25kWh 
and for busses 8 to 10 are 12.5kWh. The PV generation with 
MPPT was simulated based on the modeling approach from 
[17]. PV irradiance data is shown in Fig 6. The battery ES 
systems are connected by a sparse communication network and 
this communication network are bidirectional. If there is 
connection link between the buses the elements a୧୨ of 
adjacency matrix are ‘1’ and if there isn’t connection link 
between the buses the elements ܽ ௜௝  of adjacency matrix are ‘0’. 
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The communication link between ES systems are shown in 
Fig 5. Based on the analysis of conventional wiring 
configurations of the DC microgrids shown in [18] for data 
centers, 50݉ × 24݉݉ cables are selected to connect the load 
buses to bus 1. 
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Figure 5. Model of the DC-DC converter and its controller. 

 

 
Figure 6. Data of the PV solar irradiance used in this case study. 

 
Bus Batteries 

Capacity 
Load 
Power 

Bus Batteries 
Capacity 

Load 
Power 

Bus 1 25 kW 15 kW Bus 6 25 kW 5 kW 
Bus 2 25 kW 15 kW Bus 7 25 kW 5 kW 
Bus 3 25 kW 15 kW Bus 8 12.5 kW 5 kW 
Bus 4 25 kW 15 kW Bus 9 12.5 kW 5 kW 
Bus 5 25 kW 15 kW Bus 10 12.5 kW 5 kW 

Table I. Value of load and batteries capacity at each bus. 
 

VII. SIMULATION RESULT 

   To simulate, we have considered a scenario. In this scenario, 
the PV power can be less than the power consumption of the 
microgrid (100 kW). In this case, the microgrid is connected to 
the main grid and receives the remaining power from the grid, 
hence we can verify the microgrid operation in both islanding 
and grid-connected mode. The parameters of simulation have 
shown in Table II. 
    As indicated from Fig 7, the voltage of each bus at less than 
20 s converges to the microgrid reference voltage 380 V. When 
the power of PV is less than 100 kW, there is a very slight 
variation in the voltage of buses, after that they converge to the 
microgrid reference voltage 380 V. The variation value is less 
than 0.5 V and this indicates the performance of the used 
algorithm. 
     In Fig 8, the energy level of the ES systems is shown. As it 
is known that in less than 1 second, each ES system runs from 
their initial values to the value of 1 and charge completely. 
When the PV power is less than 100 kW, the batteries supply 
the power required loads and save the balancing voltage of the 
buses. Also, the convergence of the per-unit energy level ES 
systems have a per-unit energy level in each step of the 
scenario. 
    In Fig 9, the voltage deviation of each bus is shown. As it is 
clear that at all times of operation, the voltage deviation does 
not exceed 0.5 V. In designing the virtual resistance value, we 
set the voltage deviation value equal to 3% which is equal to 
11.4 volts for the 380 V microgrid. With the proposed control 
strategy, the voltage deviation of each bus is much lower than 
the allowable value of voltage deviation. This is for good 
performance of the proposed control strategy. 

 
                    Figure 7. Voltage of buses under proposed strategy. 
 
 ܴௗ௖ 36mΩ p୧୴୮ 10  λୣ 0.7 Lୢୡ 7μH  p୧୴୧ 10   p୧୴୮ 5 rଵ-ହ 0.2786 ω୧ୡ 100 rad/s p୧୴୧ 20 r଺-ଵ଴ 0.8365 p୧ୣ ୮ 50 λ୴ 1.5 

Voltage 380 p୧ୣ ୧ 100   
Table II. Simulation Parameters. 

Authorized licensed use limited to: Queen Mary University of London. Downloaded on November 05,2020 at 13:08:23 UTC from IEEE Xplore.  Restrictions apply. 



2019 Smart Grid Conference (SGC) 
 

 

 
Figure 8. Per-unit energy level of ES systems. 

 

Figure 9. Deviation Voltage of buses from 380 V reference. 
 
 

VIII. CONCLUSION 

      This investigation has thoroughly presented the design and 
performance evaluation of a novel distributed control strategy 
with fractional PI controller. The objective of this strategy is 
to stabilize the voltage of the microgrid buses at a reference 
value of 380 volts that are carried out by the DC output voltage 
control of the DC-DC converters. The controller has the ability 
to balance the energy level of the ES systems and the microgrid 
output voltage regulation. The fractional order controllers 
perform well in this strategy. The speed of voltage and the 
energy level convergence against the changes from islanding 
mode to grid-connected mode are the properties of these 
controllers and this is because of the higher degree of freedom 
of these controllers than traditional PI controllers. Simulation 
results show well the performance of this control strategy. The 
stabilization of the microgrid voltage and low voltage 
deviation against the mode changes as well as the balance at 
the energy level of the ES systems is the advantages of this 
strategy. 
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