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Abstract 

This paper proposes a robust method for frequency control in an islanded microgrid facing solar 

unit uncertainties. Here, microgrids with photovoltaic panels, battery energy storage systems, 

diesel generators, and fuel cells are considered. This paper focuses on the frequency constancy of 

stand-alone microgrids for reaction to these uncertainties. There are so many ways to control the 

frequency of microgrids, such as the PI control method, but these methods can't be useful in the 

case of uncertain systems. Due to the small scale of energy generation, the microgrid inertia 

changes with these uncertainties. Robust control is a method for frequency control that can be 

used in a situation of uncertainties, perturbations and frequency instability. In this article H_∞ 

frequency control is used for a microgrid with a dual peak load profile in the case of different 

coefficient penetrations of the solar panel. The results demonstrated that the battery energy storage 

system's coefficient penetration and the solar cell significantly affect microgrid frequency. A 

smart algorithm is proposed to determine the best coefficient penetration value for battery energy 

storage system available electricity and solar panels. 

 

Keywords: Battery energy storage system, Islanded microgrid, Robust frequency control, Solar cell 
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1. INTRODUCTION 
 

The use of distributed generation resources  

 

 

 

has flourished in recent decades so that due 

to the tremendous benefits of this type of 

energy generation, there is a global focus on 

the use of these resources. One of the issues *Corresponding Authors Email:     
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in using of these distributed energy resources, 

according to their problems, is to provide a 

suitable platform for the optimal use of these 

resources. Due to these resources' random 

generation profile, using them is a very 

important subject [1]. Microgrids are an 

economically and functionally optimal 

platform for exploiting distributed generation 

resources. In addition to good energy 

efficiency, this structure provides greater 

reliability and economic and environmental 

benefits [2]. Microgrids are low voltage 

distribution systems with distributed energy 

sources. Microgrids can be coupled to the 

main grid or islanded from the main grid 

based on the working situations, the 

microgrid's status, and the main power grid 

[3]. Because the structure of distributed 

generation resources and their position in the 

network is flexible, microgrids require an 

intelligent control system. However, 

variations in distributed generation resource 

production pose serious challenges, 

especially in microgrids' islanding mode [4]. 

Without support from the leading network, 

the control of an independent operation MG 

is often more intricate than the grid-

connected one. The direct connection of 

various renewable energy sources, such as 

WT, PV, BESS, MT, and FC, to the utility 

grid, may cause problems of frequency 

control [5]. During the islanded operation, in 

the absence of an effective power balance 

strategy, the frequency may get into high 

fluctuations and inconsistencies due to the 

high permeation of renewable resources. In 

these situations, micro-grids' control is 

essential to enhance the micro-grid act in 

real-time, mainly under a high penetration 

level of DG resources [6]. A widely used 

control technique for the distributed energy 

resources inverters is the droop control, 

which was initially proposed in [7] to 

coordinate synchronous generators. The 

droop control permits properly supporting the 

power demands without communication 

among the inverters.  

 In recent years, attention to the multi-

agent system technique has been growing to 

deal with the complexity and distributed 

problems in electrical power engineering [8]. 

The multi-agent system technology is being 

investigated in various power engineering 

applications, including system restoration, 

disturbance diagnosis, and secondary voltage 

control. 

 The microgrid's primary droop control 

preserves the voltage and frequency 

permanency while balancing the generation 

and load with appropriate power-sharing. 

The secondary controller recompenses the 

voltage and frequency deviations from their 

reference values [9]. To dominate the 

detriments of the existing microgrid control 

approaches, various challenges associated 

with robustness to load uncertainties, the 

design of decentralized controllers with 

minimum communication links between 

DGs, and the low-complexity of the local 

controllers must be addressed [10]. 

 Due to the small size and consequently 

small inertia of microgrids, changes in the 

production values of distributed generation 

resources or loads can cause changes in 

system model parameters. As a result, robust 

control methods are used that are resistant to 

these changes. In [11] and [12], robust 

frequency control methods for microgrids 

have been investigated. The fundamental 

theory of the 𝐻∞ control is finding a 
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controller which is based on data in measured 

outputs and generates control signals which 

neutralize the impact of disturbances on 

controlled outputs. The 𝐻∞ control method is 

applied to be robust and steady against load 

disturbances, a random outage of slave units, 

error in the operation of circuit breakers, 

measurement transmission data error and MG 

parameters uncertainties [13], [14]. 

 In [15] and [16], a robust controller 

designed for a power system and its 

performance is examined. However, due to 

the importance of microgrids and their 

operation's upward trend, the use of this 

control method for microgrids has been 

considered [17], [18]. In [19] and [20], the 

effect of the type of resources and loads 

(including the use of dynamic loads and 

electric vehicles) in a power system has been 

investigated. Also, in [21] and [22], 

frequency control methods in networks with 

variable inertia have been investigated. The 

H∞ control method of robust control methods 

has been studied in [23] and [24]. One of the 

factors that can affect microgrids' frequency 

is the discussion of cybersecurity and the 

destruction of cyber-physical systems [25]. 

In [26] and [27], studies have been conducted 

on the performance of power system 

converters used in power systems' structure. 

In [28] and [29] (unlike this paper, which 

studies the control method for a microgrid), 

examine the frequency control of multistage 

power networks. Robust control methods 

have many applications in controlling various 

systems. In [30] and [31], this type of 

controller's performance in different 

structures has been investigated. One of the 

important issues that should be considered in 

microgrids discussion is the controller's 

steady-state performance [32], [33]. 

 The weighting functions used in the 

controllers' structure play an important role in 

their proper performance [34], [35]. Different 

microgrid structures, including provisional 

microgrids, are among the topics that have 

been considered [36], [37]. In [38], an 

algorithm is proposed to select the 

appropriate weighting functions in a 

provisional microgrid. 

 A DG system based on a PV array 

generation is considered in this paper. 

Finding such a structure is because solar 

energy is a widespread and environment-

friendly energy resource readily available in 

most areas. The periodic feature of the power 

generated and the random character are two 

imperfections of the solar irradiance that 

have adverse effects on the microgrid 

system's performance. Also, a fuel cell 

energy generator and a diesel generator are 

used to generate power and compensate for 

photovoltaic generation's absence at night. 

BESS is also used to save additional power 

and release DG power when production is 

decreased [39], [40]. 

 A 𝐻∞ controller is also used to control the 

power produced by these DGs based on the 

loads in each time period. Furthermore, the 

controller resists against undesirable events 

and unmodeled system parameters or 

parameters that may have been overestimated 

or underestimated in their valuation and 

calculation. 

 In all the references mentioned, 

information on frequency control methods is 

provided, but the effect of microgrid structure 

and DG coefficient penetration on frequency 

control has not been studied in any of the 
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references. One of the microgrid design 

problems is regulating the penetration of DGs 

according to the microgrid frequency status. 

The microgrid frequency in the islanding 

mode is directly related to the DGs' 

penetration and type in the microgrid. It 

should be noted that the control method 

adopted for the microgrid also affects its 

frequency status. 

 Due to the low inertia of microgrids 

(because of the small scale of production and 

consumption), the microgrid control model 

parameters are changed. In this paper, to 

minimize the effect of changing control 

parameters on the microgrid frequency, a 

robust control method has been used. But this 

does not mean that changes in load and 

generation of microgrids do not affect the 

frequency variations. To find the effect of 

coefficient penetration on the frequency, 

different coefficients have been simulated, 

and the results have been investigated. 

Finally, using the proposed algorithms, the 

best coefficient penetration of these sources 

is obtained according to the microgrid 

frequency condition. 

 This paper uses a robust method for 

frequency control of a microgrid with a dual 

peak load profile. Load variation is one factor 

that affects the frequency stability, and a dual 

peak load profile has more load changes in a 

day and during the microgrid islanding mode. 

Simulations are carried out under different 

coefficient penetration of solar panels. In 

each case, the frequency deviation from the 

desired amount is calculated, and the results 

are compared. BESS available energy is a 

factor that can affect the frequency along 

with the solar coefficient penetration. 

However, it must be noted that the BESS 

available energy has economic constraints 

and can't increase as much as desired. An 

intelligent algorithm proposed, which 

determines the best value of the BESS and 

PV capacity according to frequency 

variation. This algorithm determines the 

percentage of power required (relative to the 

total power consumption of the micro-

network) from the BESS by the IOE for the 

system operator. One of the items discussed 

in simulations is the amount of energy 

storage capacity in the microgrid and its 

effects on the maximum frequency 

deviations. Simulations test the effectiveness 

of the proposed method in the 

MATLAB/SIMULINK environment. 

 

 
Fig. 1. Microgrid structure. 
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Fig. 2. Dynamical frequency model of a microgrid system [12]. 
 

 

2. MICROGRID STRUCTURE 
 

In this study, a microgrid with the 

construction of Fig. 1 has been investigated. 

PCC is the point of microgrid connection 

with the main network. Opening the circuit 

breaker will change the microgrid mode to 

the islanding mode. 

 The dynamical frequency model of such 

a microgrid is shown in Fig. 2 [12]. Block 

K(s) demonstrates 𝐻∞ frequency controller 

gain, which is discussed in the next section 

on its calculation. The frequency fluctuations 

of such a microgrid are controlled by 

adjusting the power generated by fuel cell 

and diesel generator units. Due to frequency 

fluctuations, the BESS may generate or store 

electrical power. The load fluctuations and 

the production of a solar unit are 

uncontrollable factors in this model. These 

values are considered as uncertainty 

parameters of the system. Using this model, 

the system conversion function can be 

obtained. 

 

3. H∞ FREQUENCY CONTROL 

METHOD 
 

The 𝑀 − 𝐾 standard block diagram of the 𝐻∞ 

control method is as Fig. 3 [13]. 

 The purpose of the 𝐻∞ method is to find 

suitable 𝐾(𝑠), so that 𝑧(𝑠) will be minimized 

for arbitrary input 𝑤(𝑠). In other words, 

changes in the input do not affect adjustable 

 

 
Fig. 3. The M-K standard display. 
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outputs. Matrices that can be obtained from 

the Fig. 3 are given in (1). 
 

[
𝑧
𝑦] = 𝑀 [

𝑤
𝑢
]

= [
𝑀11(𝑠) 𝑀12(𝑠)
𝑀21(𝑠) 𝑀22(𝑠)

] [
𝑤
𝑢
] 

 

(1) 

 

 The conversion function from exogenous 

inputs to adjustable output (𝑇𝑧𝑤) is defined as 

Equation (2). 
 

𝑧(𝑠) = 𝑇𝑧𝑤(𝑠)𝑤(𝑠)  (2) 
 

 In which 𝑇𝑧𝑤 according to Fig. 3 is as (3) 

[14]. 𝑇𝑧𝑤 is an important transformation 

function in the 𝐻∞ method. 
 

𝑇𝑧𝑤

= 𝑀11

+ 𝑀12𝐾(𝐼 − 𝑀22𝐾)−1𝑀21 

 

(3) 

 

 The state-space equations of a continuous 

linear time system are considered in Equation 

(4). 
 

�̇�(𝒕) = 𝑨𝒙(𝒕) + 𝑩𝟏𝒘(𝒕)

+ 𝑩𝟐𝒖(𝒕) 

𝒛(𝒕) = 𝑪𝟏𝒙(𝒕) + 𝑫𝟏𝟏𝒘(𝒕)

+ 𝑫𝟏𝟐𝒖(𝒕) 

𝑦(𝑡) = 𝐶2𝑥(𝑡) + 𝐷21𝑤(𝑡)

+ 𝐷22𝑢(𝑡) 

 

(4) 

 

𝑀 is defined as Equation (5). 
 

𝑀 = [

𝐴 𝐵1 𝐵2

𝐶1 𝐷11 𝐷12

𝐶2 𝐷21 𝐷22

]

= [
𝑀11(𝑠) 𝑀12(𝑠)

𝑀21(𝑠) 𝑀22(𝑠)
] 

 

(5) 

 

 From the above matrix, it is found that the 

transfer functions 𝑀11, 𝑀21, 𝑀12 and 𝑀22 in 

(1) are as (6) [15]. 

 

𝑀11 = 𝐶1(𝑆𝐼 − 𝐴)−1𝐵1 + 𝐷11 

𝑀21 = 𝐶2(𝑆𝐼 − 𝐴)−1𝐵1

+ 𝐷21 

𝑀12 = 𝐶1(𝑆𝐼 − 𝐴)−1𝐵2 + 𝐷12 

𝑀22 = 𝐶2(𝑆𝐼 − 𝐴)−1𝐵2

+ 𝐷22 

 

(6) 

  

 If state-space equations were given, 𝑀 

matrix and as a consequence 𝑇𝑧𝑤 can be 

calculated. The ideal value for 𝑇𝑧𝑤 is zero, 

but this value isn't possible. Therefore, a 

Threshold value is considered to have a 

possible manner. Thus, the objective of the 

𝐻∞ manner is to determine the 

implementation of 𝐻∞ based frequency 

controller for an islanding microgrid [41]. In 

this method, the 𝐾(𝑠) must be found to 

minimize the infinity norm of 𝑇𝑧𝑤. 

 𝐻∞ based frequency control is an 

appropriate method for microgrid frequency 

control due to a rapid reaction against 

consumption and generation active power 

variation. 

 Also, there are two advantages to 𝐻∞ 

controller consisting of modeling fault and 

uncertainty response. 

 It must be noted that uncertainties will be 

so crucial in the islanding mode of the 

microgrid. Thus, the 𝐻∞  method, which is a 

robust control method, can respond 

appropriately to these uncertainties. Fig. 4 

represents a closed-loop block diagram for a 

microgrid, including structural uncertainty. 

This structure is achieved according to Fig. 2 

and the topics discussed in this section for the 

mentioned microgrid. The parameters of the 

M-K standard mode for Fig. 2 are given in the 

appendix. 

 As shown in Fig. 4 𝑊1(𝑡) and 𝑊2(t) are 

solar variation and load deviation, 
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Fig. 4. Closed loop block diagram of a microgrid. 

 

 

respectively, that microgrid frequency is 

changed by their time variations. 𝑧1, 𝑧2 are 

signals related to the power variation of 

uncontrolled inputs. 𝑧3 is the signal that is 

related to system frequency changes and 𝑧4 is 

the desired performance signal of controlled 

input. 

 ∆(𝑠), 𝐺(𝑠) and 𝐾(𝑠) blocks indicate 

existence distortion conversion function, 

system conversion function and controller 

conversion function, respectively. 𝑊𝑑1(𝑠), 

𝑊𝑑2(𝑠), 𝑊𝑒(𝑠) and 𝑊𝑢(𝑠) are weighting 

functions that provide output signals weight 

to achieving system optimal behaviors 

variation via system dynamic characteristics. 

These weighting functions are playing an 

important role in controller design. Due to the 

above weighting functions, a controller 

conversion function 𝐾(𝑠), is created that can 

be used to control the frequency of a 

microgrid with a low inertia coefficient.  

 However, it should be noted that different 

coefficient penetration of solar cells and BES 

(battery energy storage) available charge 

amount can affect microgrid frequency 

stability. An excessive increase in solar 

penetration cannot always improve the 

frequency profile and may be challenging 

when radiation is less. Furthermore, at times 

that the amount of solar radiation is 

insufficient and also the capacity of the BES 

charge isn't great, high penetration of solar 

units can cause inadequate supply in MG. 

 Considering these cases, one of the 

critical factors influencing the microgrid 

frequency in islanding condition is the 

amount of solar cell coefficient penetration. 

Hence, an algorithm is proposed to determine 

the best coefficient penetration for the solar 

cells and BES charge capacity to have 

minimum frequency deviation. This 

algorithm makes decision-based on 

frequency deviation from the acceptable 

value in each situation. The maximum 

frequency deviation of the grid, in each case, 

is given to the algorithm as input. Also, 

possible percentages of solar cell penetration 

and BES charge capacity are assigned to the 

algorithm as input.  

 In the Fig. 5 algorithm, the parameter 

'Time' is the time intervals of a day that can 

be from 1 to 24. 'PV mode num' is the 

𝑊1(𝑡) 

𝑊2(t) 
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different percentages of coefficient 

penetration of PV that can have different 

numbers based on structural constraints of 

the microgrid. 'BES mode num' is also 

different coefficient penetrations of BES.' 

calculated df' is the maximum frequency  

 

 

 
 

Fig. 5. Algorithm for calculating minimum frequency deviation for each time period. 
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Fig. 6. Optimal mode computing algorithm. 
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deviation caused by a specific error that 

occurs at any time obtained from the 

simulation results for a specific amount of PV 

BES coefficient penetration. Also, in this 

algorithm, i, P are indices related to PV and 

j, V, are the indices related to the BES states. 

 Fig. 5 shows the algorithm that calculates 

the minimum frequency deviation for each 

time period of a day. The output information 

of this algorithm is used in the second 

algorithm, and finally, the second algorithm 

determines the best mode. 

 In Fig. 5, 𝑣(𝑇𝑖𝑚𝑒) and 𝑤(𝑇𝑖𝑚𝑒) indicate 

modes in which the lowest frequency 

deviation occurs for each time period. As can 

be seen, outputs of the second algorithm are 

acceptable solar penetration and battery 

capacity, which is obtained according to the 

microgrid structure, load and production of 

other units’ conditions. 

 

 
Fig. 7. Load profile (𝑾𝟏(𝒕)) and solar radiation (𝑾𝟐(𝒕)) for the simulation. 
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Fig. 8. Load frequency profile in the absence of diesel generator. 

 

 

4. RESULTS AND DISCUSSION 
 

𝐻∞ frequency control results for the 

microgrid presented in the previous section 

have been studied in the following scenarios. 

Undetermined factors are system 𝑀 and 𝐷 

parameters, that 𝑀 is the system inertia, and 

𝐷 is microgrid damping coefficient, which is 

applied to the system as feedforward ∆(𝑠). In 

order to obtain 𝐾(𝑠) the range of changes to 

these parameters is considered to be 50%. 

The load profile and solar radiation for this 

simulation are as Fig. 7. 

 One of the most critical factors affecting 

the controller design is the determination of 

weighting functions. There is no 

mathematical method or a particular 

algorithm for obtaining these weighting 

functions. The trial and error method and 

observation of these functions' effects on the 

output are used to get them. Weighting 

functions that use for the case study network 

of this article are as Equation (7). 
 

𝑊𝑒(𝑠) =
. 007𝑠3 + 𝑠2 + 10𝑠 + 40

2𝑠3 + 10𝑠2 + 150𝑠 + 6
 

𝑊𝑢(𝑠) =
6(. 2𝑠 + 1)

𝑠2 + 500𝑠 + 1000
 

𝑊𝑑(𝑠) = [
. 15 0
0 . 15

] 

 

(7) 

 

 In this study, the values of 𝑀(𝑝𝑢/𝑠) and 

𝐷(𝑝𝑢/𝐻𝑧) are 0.2 and 0.015, respectively. 

Also, the time constants 𝑇𝐷𝐺, 𝑇𝐹𝐶(𝑠), 𝑇𝑃𝑉(𝑠) 

and 𝑇𝑃𝐸𝑉(𝑠) are 2, 3, 1.8 and 0.5, 

respectively. 

 

4.1. First Scenario: Diesel Generator 

Outage 
 

In this scenario, after the network goes to 

islanding mode, the diesel generator unit is 

departed from the network. Fig. 8 represents 

the simulation results of microgrid load 

frequency in the absence of a diesel 

generator. 

 In this simulation, the amount of solar 

radiation is 3000w/m^2. As can be seen from 

the figures, in this case, frequency deviation 
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from the permissible limit can damage the 

sensitive equipment. Diesel outage in this 

situation, due to considering that diesel 

generator is one of the sources that its 

production is affected by frequency control 

gain, has a severe impact on the system's 

inertia. As a result, system inertia variation is 

more than 50% of the consideration amount 

and therefore designed 𝐾(𝑠) cannot properly 

control the microgrid frequency.

4.2. Second Scenario: Frequency Control 

Due to Solar Unit Uncertainty 
 

In this scenario, the performance of 𝐻∞ 

frequency controller, due to the solar unit 

generation changes, is investigated. These 

uncertainties are related to the different 

generations of solar cells at different times of 

the day. In this article, a microgrid with a dual 

peak load profile has been investigated. The 

first peak is considered to be 3-5 pm and the 

 

 

 
Fig. 9. Load frequency (first peak time). 
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Fig. 10. Load frequency (second peak time). 

 

second one from 7 to 11 pm in a day. Fig. 9 

shows the microgrid load frequency based on 

solar radiation changes making by using a 

piece of cloud against the solar panel at the 

first peak time. 

 In the second peak, since there is no 

sunlight, the frequency profile with BES 

available capacity changes is shown in fig. 

10. In this case, load changes are applied to 

the system as uncertainty.  

 In [42] similar simulations are performed 

on a sample microgrid, and two robust 

methods control the frequency of a 

microgrid. Also, in this paper, using the 𝐻∞ 

frequency control method, the frequency of 

the microgrid is controlled in the presence of 

uncertainties. But the operating conditions 
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and load profile of microgrids in islanding 

mode can significantly affect frequency 

fluctuations. At the second peak time, by 

increasing the percentage of solar unit 

generation compared with total production 

(because there is no solar generation in this 

interval), frequency stability meets more 

problems. For this reason, it can't be said that 

increasing the percentage of solar generation 

will undoubtedly improve frequency control. 

So determining the rate of solar cells and BES 

available capacity is very important in 

controlling the system's frequency. The 

algorithm presented in the previous section 

specifies the best values of these generators. 

 

4.3. Third Scenario: Frequency Deviation 

in Different Coefficient Penetration of 

Solar Panels and Different Quantities of 

BES Capacity 

Solar cells and BES systems in a microgrid 

can provide different amounts of network 

generation capacity. Different coefficient 

penetration of these generators directly 

affects the microgrid frequency. The 

coefficient penetration for solar cells is 

considered 10, 20 and 40 percent of total 

generation. Simulations are carried out at 

different periods depending on the different 

quantities of the available BES charge and 

solar cell, and the results of the frequency 

variations are given in figures 11 to 13. These 

results are obtained for a microgrid with a 

dual peak load model in islanding mode. The 

maximum acceptable frequency fluctuation 

in the grid is ±1%. In these simulations, the 

maximum deviation of the base value 

frequency is considered the result. 

 

 

 

 
Fig. 11. Frequency deviation of an islanded microgrid with different coefficient penetration of solar 

cell at the first peak. 
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Fig. 12. Frequency deviation of an islanded microgrid with different coefficient penetration of solar 

cell at the second peak. 

 

 
Fig. 13. Frequency deviation of an islanded microgrid with different coefficient penetration of solar 

cell at the off-peak time. 
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amount of solar radiation is maximum, 

uncertainties do not affect the frequency 

when the amount of solar cell penetration is 

high. Increasing BES capacity has a positive 
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impact on the frequency profile in all cases. 

Fig. 12 represents the frequency deviation of 

an islanded microgrid at the second peak 

period. There is no sunlight in this period, and 

as a result, the generation of the solar unit is 

zero. 

 The high percentage of solar cells, which 

prevents the frequency in the first peak time, 

causes the frequency to drop out of the 

allowed range. BES capacity has a positive 

effect on frequency, but the increasing size is 

subject to financial constraints. Fig. 13 shows 

the frequency variation in the off-peak night 

period. 
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This paper proposes a robust method for 

frequency control of a microgrid with a dual 

peak load profile. To achieve this goal, a 

robust 𝐻∞ technique is implemented to 

control the frequency of an islanded 

microgrid in the presence of uncertainties. 

The 𝐻∞ based controller is designed to 

reduce the uncertainties of the solar power 

fluctuation and load disturbances and 

dynamic perturbation. Simulations are 

carried out under different coefficient 

penetration of solar panels. In each case, the 

frequency deviation from the desired amount 

is calculated, and the results are compared. If 

the PI control was used in this simulation, due 

to the fact that the system inertia is reduced 

in the islanding mode and uncertainties affect 

microgrid parameters, the frequency 

fluctuations and the duration of the frequency 

stabilization increase compared to the 𝐻∞ 

method. The 𝐻∞ method, as its name implies, 

is a robust method that resists parameter 

changes. According to the results, the best 

penetration for a solar cell is 20% for a 

microgrid with such a configuration (for this 

case study). Also, the best penetration for 

BES capacity is 6% in this study. Ultimately, 

an algorithm is proposed to precisely 

determine the best coefficient penetration of 

the solar cell and the BES capacity with 

respect to different network structures. 
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𝐶2 = [0 0 0 0 1] 

𝐶1 = 𝐷11 = 𝐷12 = 𝐷21 = 𝐷22 = 0 

 

NOMENCLATURE 

 

MG   microgrid 

WT   wind turbine 

PV   photovoltaic 

BESS  battery energy storage system 

MT   micro-turbine 

FC   fuel cell 

DG   distributed generation 

IOE   Internet of energy 

PCC  point of common coupling 
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𝑇𝐷𝐺   time constant of diesel 

generator 

𝑇𝐹𝐶   time constant of fuel cell 

𝑇𝑃𝑉   time constant of photovoltaic 

system 

𝑇𝐵𝐸𝑆𝑆  time constant of battery energy 

storage system 

𝐷    system damping factor 

𝑀   system inertia constant 

K(s)  controller gain 

G(s)  nominal model of the system 

𝑤(𝑠)  exogenous inputs that can't be 

controlled 

𝑢(𝑠)  controlled inputs 

𝑧(𝑠)  adjustable outputs 

𝑦(𝑠)  measured outputs 
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