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Introduction	
 
This document provides an overview of an integrated micro-grid model which combines 
various, already developed, renewable technology modules models, ranging from energy 
sources, storages and energy use. In addition to that, the integrated micro-grid model also 
envisions the connection to the power grid and consequently models the energy flows going 
to/from grid. The objective of such model is to provide a generic environment for simulation 
and testing of the micro-grid environment, suitable for supplying the residential users with 
clean but also reliable source of energy, which hosts the SOFIA framework.    
 
The integrated micro-grid model leverages on the previously defined models of the micro-
grid elements and provide their integration and operation through the use of common 
controller, micro-grid main controller (MGMC), together with the connection to the power 
grid which is originally modeled. Morevoer, integrated micro-grid model actually presents 
the system used for real time energy sourcing decisions in buildings [1]. Following is the 
short decription of all the elements that can be found in the micro-grid environment. 
 
The micro-grid namely consists of electrical energy sources such as photovoltaic array and 
wind turbines, energy storages such as hydrogen tanks and batteries and electrical energy 
consumers such as various electrical devices, both those that satisfy user needs and those that 
allow micro-grid itself to function. Hydrogen tanks are accompanied with electrolyzers that 
convert water to hydrogen and oxygen by consuming electrical energy and hydrogen fuel 
cells that convert hydrogen and oxygen back to water while draining electrical energy from 
the reaction [2]. Thus the whole subsystem consisted of elecrolyzers, hydrogen tanks and 
hydrogen fuel cells can be considered to be an electrical energy storage. Thermal solar 
collectors and geothermal heat pump satisfy user’s demand for hot water, heat and cooling 
demand while using electrical energy. Every source, consumer and storage are connected 
either to DC or AC bus, which are also connected to each other and allow energy to be 
transferred from any source or storage to any consumer or storage. 
 
All of these subsystems (consumers, storages and sources) have their own controllers which 
control energy flow between the subsystem and DC or AC bus according to the set point. The 
whole system is connected to the electrical power grid through the AC bus, which can be 
considered to be electrical energy storage of infinite capacity and with the infinite amount of 
already stored energy. As previously mentioned, the integrated micro-grid model also 
envsion the existance of the main controller, responsible for taking real-time actions related 
to the sysem power flow. The aforementioned system is depicted in Figure 1, based on this 
brief description. 
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Figure 1. Integrated micro-grid model 

	
Micro‐grid	main	controller	
 

The micro-grid main controller (MGMC), is the main coupling point in the micro-grid 
environment. Its main purpose is to control energy flow in the system, by giving the set – 
points to other controllers which control various devices in the system, for example, to the 
battery controller. 
 
Controller’s inputs are weather forecast, estimations of the user’s hot water, electricity, heat 
and cooling demand, state of charge of energy storages, power of the photovoltaic arrays and 
wind turbines and actual electrical power consumption and production. 
 
MGMC cannot control the power produced by the sources and power consumed by the user. 
It can only control how the excess energy will be distributed among storages, namely: 
batteries, hydrogen tanks and the grid, and how much each of these will contribute to the AC 
or DC bus when the produced energy is insufficient. According to this, controller’s outputs 
are chosen to be battery, grid and hydrogen tank controller’s set – points, that is the power of 
batteries, electrolyzer, hydrogen fuel cells and the grid. 
 
MGMC	architecture	and	organization	
 

The micro-grid main controller of 3 main modules: preprocessing module, top level logic 
module and bottom level logic module, as depicted in Figure 2. There is also a module called 
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an optimal control table depicted in the figure, but unlike the others it has no logic. It is just a 
chunk of controller’s memory, and it is depicted here because of its vital importance for the 
operation of the top level logic module. 

 
Figure 2. Micro-grid controller architecture 

Separation of the controller’s logic into the top and the bottom level is done due to the 
sampling periods of its input and output signals and the logic itself. Weather related signals 
(solar radiation, temperature, and so on) are sampled within the period of about one hour, 
whereas control signals are sampled within the period of about one second. Furthermore, in 
order to utilize the knowledge of weather forecast and user demand profiles, the optimal 
controller solution was chosen for MGMC. 
 
Calibration of the optimal controller requires knowledge of the controlled system response to 
particular values of control signals. Since both system behavior and response is heavily 
depend on the weather conditions, the system response can only be computed in the time 
points at the beginning of each hour when weather forecast is known. This sampling period is 
not appropriate for signal control such as energy stored in various storages of the system 
which can be changed more rapidly than global solar radiation or temperature. For example, a 
cloud can cast a shadow over photovoltaic panels or wind can suddenly stop blowing 
diminishing the power produced by renewable energy sources despite the global weather 
forecast given to the controller. If a controller operated at the sample time of one hour it 
would lack the capacity to adjust itself and its outputs swiftly to new conditions thus leaving 
user demands unmet or met but at the cost of buying electrical energy from the grid, while 
having enough of it in storages. In order to achieve this flexibility, two – level architecture is 
implemented. 
 
Preprocessing	module	
	
Preprocessing module computes expected amount of energy produced by photovoltaic array 
and wind turbines and expected energy consumed by user and the micro-grid itself. 

Computation algorithm consists of the following steps: 
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 Computing estimation of energy produced by photovoltaic array PVE  and wind 

turbines WTE  based on weather forecast. 

 Computing estimation of energy consumption of the support gear used by the solar 

thermal collector and geothermal heat pump TE  based on user’s hot water, heating 
and cooling demands and weather forecast. 

 Computing estimation of energy consumed by various device spcific controllers in the 

system CTRLE . 

 Computing estimations of energy produced as WTPVP EEE   and total energy 

consumed as TDCTRLC EEEE  , where DE  is estimation of user’s electricity 
demand. 

 Returning to the first step and repeat the computation for as long as there is precise 
hourly weather forecast available. 

In order to complete all these computations one has to know mathematical models of various 
subsystems of the overall system. Models of all the elements within the micro-grid, i.e. 
functions which produce amounts of energy produced or consumed by each subsystem based 
on the appropriate inputs (weather forecast, user demand and so on), are described in another 
technial document. 
 
Top	level	logic	module	
	
Top level module of the controller is an optimal controller which operates at sampling period 
of about one hour. This module inputs are batteries state of charge, level of hydrogen in the 
tank and energy bought from the grid (states) and estimated user demand and estimation of 
energy produced by the micro-grid, provided by the preprocessing module. Top level module 
computes optimal amount of energy to be stored at or taken from each storage unit at each 
time step according to the predefined criterion. 
 
It is done so by finding time sequence of states (state combination over time) which 
minimizes criterion value and then computes appropriate controls for each state transition 
(from one time step to the next). First idea is to implement straight forward search which 
would check each state combination. However, that would take extremely large amount of 
time. Thus dynamic programming algorithm is used for the search. In order to make this 
search feasible, states of the system need to be discretized. This will lead to the finite number 
of state vectors in state space (state grid) among which one can be found to be optimal for 
one sample time. See Figure 3 for clarification. 
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Figure 3. One example state grid in the MGMC state space where there are five different options for 

every state 
 
As stated previously, dynamic programming algorithm will find optimal state vector for each 
time step while satisfying state equations of the system and consequently optimal control for 
each transition from one time step to the next. For this purpose optimization criterion can be 
written as follows 
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Of course, each )(iJ  as well as )(f , )(g  and )(h  are functions of states, control and time, 
but their full list of arguments is omitted for the sake of clarity. Algorithm will find optimal 
control (and state) for each time step iteratively, by starting from the last time step and going 
backwards trough time. In each iteration (which corresponds to one time step) algorithm will 
minimize only part of criterion which corresponds to the time period from current time step 
to the last. In the last iteration current time step will be the first one, which means that the 
algorithm will minimize whole criterion. 
 
First algorithm finds optimal control for each state vector on the state grid for last time step 
according to the criterion and the value of the criterion (for that control) by simple function 

(criterion function iJ ) minimization. It then stores all results in optimal control table. For 
every subsequent time step procedure is slightly more complicated and requires utilization of 
system’s state equations. It is important to remember that for some state vector and some 
control (which does not have to be optimal) state vector in the next time step can be easily 
computed by using state equations of the system.  
 
So, for some time step that is not final and some state vector one can easily compute value of 

part of criterion that is to be minimized ( )()( nextcurrent thtg  ) for any control in the following 
way: 

 Part of criterion which corresponds to the current time step )( currenttg  can be 

easily calculated from criterion function currenttJ
 and some particular control 

 Based on the same control and state vector in current time step, one can 
calculate state vector in the next time step from system’s state equations. 
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 Minimal criterion value for that (next) state vector and next time step can be 
found in optimal control table. It was stored there by previous iteration. 

 This value is then added to the value calculated in the first step of this procedure 
to produce value of the relevant part of the criterion for some particular control. 

 

This part of criterion ( )()( nextcurrent thtg  ) is then minimized over all possible control values 
to find optimal control for the current time step (time step which corresponds to the current 
iteration) and some particular state vector. Procedure is then repeated for every state vector 
on state grid and optimal control and also criterion value for that control, for every state 
vector on state grid, is stored in optimal control table. After that optimal control is obtained 
for every state vector on state grid for current time step and algorithm repeats the same 
computation for time step before it. Algorithm terminates when optimal control is obtained 
for every time step and every state vector on state grid. 
 
It is important to emphasize that this algorithm does not need to be executed at the runtime 
because it deals only with estimated signals. It is called optimal control table generation or 
optimal controller calibration and its length grows exponentially with the increase of the 
number of states of the system, polynomially with the increase of options for each state (on 
the state grid) and linearly with the increase of time during which the table is used. 
After that, in runtime, top level module should only read in which state the system is, look up 
in the optimal control table for the appropriate entry, read optimal control from it, and pass it 
to the bottom level module at every time step. For state vectors which are not on the state grid 
optimal control and criterion value can be obtained by interpolation. 
 
Optimal controller is very flexible because it can calibrate itself for any time period. 
Computing optimal control table for longer time periods has the advantage of being able to 
perceive longer term consequences of particular control performed but it also has the 
disadvantage since the meteorological data are less precise for latter time samples. So 
MGMC can, by default, calibrate itself once every 24 hours, but in the case of malfunction of 
some part of the system, it can start calibration immediately with different parameters of the 
system’s model, effectively calibrating itself for new system (system without the part that 
experienced malfunction). It can also calibrate itself for shorter time period, and thus wait 
less for the appropriate control, if the malfunction changes system’s behavior drastically. 
Also the criterion does not have to be the same in each calibration. For example, a user can 
decide that CO2 footprint is more important than it was previously and change optimization 
criterion accordingly. He/she can also add/remove system parts (batteries, photovoltaic 
panels, wind turbines and so on) without affecting controller. It will just adapt itself to the 
new system that is to be controlled. 
	
Bottom	level	logic	module	
 
Bottom level module operates at sampling period of about one second and tries to dispatch 
power on the (AC and DC) bus according to the set – points given by the top level module. It 
is a simple rule based algorithm, whose main purpose is to deal with sudden changes in the 
energy production and consumption, caused by sudden changes of the weather which are not 
covered with the forecast, and unfitness of the prediction to the real user power demand. It is 
the only module in the whole MGMC that has knowledge of the actual consumption and 
production, and thus executes tasks which require such knowledge. Among the tasks there are 
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tasks for protecting batteries from overcharging, adjusting outputs due to malfunctions and so 
on. 
 
In order to produce safe outputs the controller, as well as bottom level logic module, need to 
obey various rules. Full list of constraints imposed on controller is as follows: 
 

 Batteries’ charge/discharge power must be between some minimal and maximal 
values determined according to KIBAM model [3]. 

 
 Electrolyzer’s power must be below some maximal value determined according to its 

model. 
 

 Fuel cell’s power must be below some maximal value determined according to its 
model. 

 
 Electrolyzer and fuel cell must not be turned on shortly after they were turned off and 

vice versa. In other words, differences between their turn-on and turn-off time must 
be higher than some predefined values. 

 
Simple algorithm that calculates allowed power for any of abovementioned devices, which 
satisfies all above constraints, in some particular state and for some desired power was 
developed. Algorithm calculates minimal and maximal power for batteries for the state in 
which the system is and then returns desired power if it is between minimal and maximal, 
minimal power if desired power is below that, and maximal power if desired power is above 
that. Also, algorithm calculates maximal power for electrolyzer for the state in which the 
system is and it limits desired power to it if desired power is larger than that. After that, 
algorithm checks electrolyzer’s power in the previous time step. If both desired power and 
previous power are zero or both of them are larger than zero, algorithm sets allowed power to 
the value of the desired power. If previous power is zero and desired power is greater than 
zero, allowed power will be equal to desired power only if enough time has elapsed from the 
last electrolyzer turn-off. If not, electrolyzer will not be turned on, and consequently, allowed 
power will be set to zero. If, on the other hand, previous power is greater than zero and 
desired power is zero, allowed power will be zero only if enough time has elapsed from last 
electrolyzer turn-on. If not, the algorithm will start or continue electrolyzer’s shut down 
sequence and adjust allowed power accordingly. For fuel cell, the algorithm will behave in 
the same way as it does for electrolyzer, but it will, of course, use fuel cell’s model for 
maximum power calculation and fuel cell’s parameters for minimal turn-on and turn-off time 
and shut down sequence. 
 
After the allowed power for every device has been calculated, the actual power should be 
computed in the way that fits criterion used for the top level logic module (optimal controller) 
calibration. First bottom level logic module computes desired power for each storage unit 
(batteries, hydrogen tank and the grid) such that set-point, received from top level logic 
module, is reached in the time left until the new set point is received, that is until the end of 
time step of the top level logic module. After that it calculates the allowed power for every 
storage unit using procedure described above. Of course, set-points for every storage unit are 
calculated by optimal controller (top level logic module), based on prediction of produced 
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energy and user demand which are based partially on predictions of weather conditions and 
partially on purely random signals. 
 
Consequently, if controller set its outputs to the allowed power of each storage unit, which is 
previously calculated, there would be excess or insufficient power in the system, because 
predictions of energy production and consumption are not perfect. In order to distribute this 
excess (or lack) of power among storage units, set of rules are introduced. Each rule defines 
what portion of excess (or insufficient) power is to be fed to (or drained from) which storage 
unit. Rules in the set are ordered by decreasing priority. Algorithm of the bottom level logic 
module then enters the loop. In each iteration of this loop the algorithm applies one rule from 
the set. These results in new desired power for every storage unit and consequently allowed 
power must be calculated for each of them again. After this, excess (insufficient) power is 
recalculated, and if it is zero, algorithm will terminate. In order to be sure that this won’t be 
an infinite loop, one rule that directs all excess (or lack) of power to (from) the grid is 
appended to the set of rules before the loop begins. This ensures finite computation time of 
the algorithm because there are no constraints on the power fed to (or drained from) the grid. 
 
These rules, and consequently the whole algorithm, are parameterized in order to allow 
changes to be made in easy and fast way. The rules should be revised whenever optimization 
criterion is changed, because they should steer the bottom level logic module’s algorithm to 
fit the criterion. Each rule consists of three parameters which represent portions of power that 
should be distributed to batteries, hydrogen tank and the grid, respectively. 
 

 
 
The set of rules, on the other hand, is ordered -tipple of rules. 
 

 
 
where  and . 
 
So if island mode criterion is imposed on top level logic module of MGMC, this set of rules 
should be imposed on the bottom level logic module 
 

 
 
Whereas if optimization criterion forces island mode while penalizes usage of batteries, this 
set of rules should be used. 
 

 
 
After the main algorithm terminates, the bottom level logic module sets its outputs, and 
afterwards sets alarms caused by some malfunctions or disturbances in the system, if any. 
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Conclusion	
 

This technical document presents in detail the integrated micro-grid model which includes a wide 
range of renewable energy equipment, i.e. sources and storages of both electric and thermal 
energy, as well as connection towards the utility grid.  
 
Namely, the developed model is able to tackle the stochastic nature of the renewable energy 
sources, such as sun and wind, and manage to solve the problem of the optimal power flow 
within micro-grid, in a real-time, thus providing for continuous supply of both electrical and 
thermal energy to the user. The controller model is described in detail including both the 
controller interfaces as well as the operation logic in behind. 
 
The selected modeling approach is able to support operation with meteorological forecast, 
resulting in hourly-based decisions as well as the real-time meteorological data, received 
from the sensor network, thus enabling the controller to perform actions every second, or 
even sooner. 
 
Finally, the description of the controllers’ multi-objective function was given, enabling the 
user to have an easy access to the full control and steering of the overall micro-grid operation. 
In this way, various technical, economical and environmental criteria can be easily met.  
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Review of technical solution 
INTEGRATED MICRO-GRID MODEL WHICH INCLUDES 

SOURCES, STORAGES AND GRID CONNECTION 
 

 
This technical document presents integrated micro-grid model which includes various RET sources and 
storages of both electric and thermal energy and a connection to the power grid, thus revealing the full 
blown functionality of the micro-grid simulator (µGS) within SOFIA framework. 
 
Namely, having in mind the stochastic nature of the renewable energy sources, such as sun and wind, it 
was necessary to resolve the problem of the optimal power flow in micro-grid, in real-time, in order to 
provide for continuous supply of both electrical and thermal energy to the user. This document provides 
the model of controller that integrates all the micro-grid elements and actually fulfills this objective. The 
developed controller consists of three main modules, the preprocessing module, the top-level module 
and bottom-level module. The controller itself is modeled in such way to support operation with 
meteorological forecast, resulting in hourly-based decisions, or with real-time meteorological data, 
enabling the controller to perform actions every second, or even less. 
 
It is important to stress that the selected approach for the controller development enables very simple 
and intuitive way for defining the objective function which is used to steer the whole micro-grid. In 
addition to that, the objective function of controller, and consequently the whole micro-grid operation, 
can be subjected to various technical, economic and environmental criteria. 
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