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Preface 

This work was carried out in the Smart Grids and Energy Markets (SGEM) research 
program Work Package 6.6 coordinated by CLEEN Ltd. with funding from the Finnish 
Funding Agency for Technology and Innovation. The purpose of this work is to build a 
simulation model of energy central type of microgrid which was considered in Master 
of Science thesis “Community Microgrid – A Building block of Finnish Smart Grid”[1] 
and to use this model to later to investigate possible phenomena caused by large single 
phase loads and possibilities to control them smartly. This document covers the actual 
microgrid, not control devices and problematic loads. Single phase loads like heat 
pumps are to be modelled later in the project. PSCAD® electromagnetic transient 
software is used as simulation environment for the model. 
 
22.9.2011 
 
Riku Pasonen 
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List of symbols 

 

DC Direct current 

gG fuse General purpose fuse used for over current protection 

SOC State of charge 

kWp Peak power capacity in kilowatts 

THD Total harmonic distortion, used measure overall electric quality 

RMS Root mean square value 

LOM Loss of mains. Situation where grid electricity supply is broken 

UI-curve Chart with current as function of voltage used for characterisation of solar 

panels 

MPPT Maximum power point tracking 
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2. General information about model 

This document refers to simulation model “SGEM_VTT_Microgrid.psc” found at 
SGEM PSCAD model library. 

2.1 Requirements and details 

Master libraries of vttV42, VYlib42 and master library should be opened before 
opening the model file. File reference to vttlib.f should be pointed to right location of 
the file if it is not one folder back from folder structure. Model has been built and tested 
with PSCAD version 4.2.1 and with free GNU compiler. To be able to open this 
document from model, linking of PDF-reader software should be done to “Workspace 
Settings” -> Associations -> Add. 

2.2 Limitations of the model 

The model is only suitable for one directional power flow simulations through the 
inverter. Boost converter would have to be switched to buck mode to reverse power 
flow. Grid side loss of mains (LOM) protection relay is assumed to work as soon as 
fault is occurs in the grid. Maximum power point tracking system is simplified static 
voltage control and solar panel model accuracy between irradiation changes could be 
improved. 
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3. Model of Energy centre microgrid 

Overall layout of the model in PSCAD simulation software is represented in Figure 3. 
 

 

Figure 3. Overall layout of the simulation model. 

On far left is the DC side of the system where production and storages are concentrated. 
Next component from left to right is the DC/DC boost converter which is used to covert 
50V DC to 1000V DC. There is passive surge protector modelled by diodes with 0.505 
kV forward voltage drops. Next on right from the boost converter there is inverter 
operating with space vector modulation and isolation transformer with 0.4/0.4 turns 
ratio. Inverter feeds the load component which is called demand side in the figure. A 3-
phase disconnector is located between inverter and loads. Overcurrent protection is done 
with VTT gG fuse model found at vttV42 library. Grid connection is located between 
inverter and transformer and modelled using VTT voltage source model found also at 
vttV42. Documentation for previously built VTT PSCAD models like fuse and space 
vector modulator can be found at folder SGEM PSCAD MODELS/ Kirjastot/ 
VTTkirjasto /VTT_help/ of SGEM PSCAD model library. 

3.1 Energy centre DC side 

Energy centre in this model has a lead-acid battery as storage and solar panel array as 
production unit. DC-side voltage is around 50V and moving up and down depending on 
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whether battery is been charged or discharged. Figure 4 displays the layout components 
in energy centre DC side. 

 

 

Figure 4. Model of the energy centre DC side. 

Solar panel array is outlined with grey line. In addition to solar system and battery 
model, DC-side includes a boost converter for solar panel connection and overcharge 
protection shunt load. Also power command is given as output for inverter to know how 
much power it should output while operating in grid parallel mode.  

3.1.1 Overcharge protection and power command logic 

Overcharge protection enables shunt load when system is not connected to outside grid 
and state of battery charge (SOC) is above 0.95. Shunt is removed when SOC decreases 
to 0.9. Figure 5 displays overcharge protection implementation. 
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Figure 5. Overcharge protection logic implemented to the model. 

Power command for grid parallel operation for inverter is given to be 95% of the power 
measured from the solar array when SOC is above 0.75. If SOC is lower, power 
command holds at zero until SOC of battery reaches 0.85.  Figure 6 displays power 
command logic of the model. 

 

 

Figure 6. Power command logic.  

3.1.2 Battery model 

Lead acid battery was chosen as energy storage for this model. Model is based on 
CIEMAT model which was used in simulations in [2]. The model has different output 
voltage equations for discharge, charge, and overcharge situation and are calculated 
according to Figure 7. Reference product for the model is STECO Saphir 3600, of 
which parameters have been validated also in [2]. 
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Voltage components of overcharge equation are displayed in Figure 8. 
 

Equation 1 represents calculation of SOC by subtracting dQ , discharged charge. batC  in 
equation 1 is instantaneous capacity which is calculated by equation 2. 
 

Figure 7. Voltage equations in battery model. d=discharge, c=charge and oc= overcharge [2]. 

Equation 1. State of charge calculation [2]. 

Figure 8.Voltage components to overcharge equation [2]. 
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Input parameters for the battery model are given with constants to model with outside 
data connectors (on the left of the model block) in following order going from up to 
down. 

 
C10 =   Charge capacity in Ah when battery is discharged for 10h. 
I10 =   Current that can be drawn for 10h. 
T =   Temperature in ºC   
N   =   Number of cells in series 
SOC_tar  =  Initial state of charge for the battery (0 to 1.0) 

(given in main page, displayed in Figure 3.) 

3.1.3 Solar panel model 

Solar array model is based on single 170Wp PV model which is scaled up to 50 kWp to 
represent an array. Panels in array are connected in parallel. The reasons for choosing 
parallel connection for panels over series connection are explained in chapter 3.1.4. 
Panel chosen for simulations is Photowatt 1650 panel. Data for model was collected 
from  [3].  The  principle  for  the  solar  panel  model  is  to  use  multiple  diodes  with  
resistances in parallel to mimic UI-curve for the panel. This method was introduced in 
[4]. Performance of panel reflects panel performance in standard operating conditions. 
Figure 9  represents PSCAD model of the solar panel. 

Figure 9. Model of solar panel. 

Equation 2. Calculation of instantaneous capacity [2]. 
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Figure 11. Layout of PV array model. 

PV panel model is responsible of voltage current characteristics and external current 
source is used to multiply and change available current when irradiation changes are 
wanted to be modelled. As default the maximum power value is set to 50kW but there 
should not be any problems with the model to higher or lower by adjusting Current_add 
parameter. 

3.1.4 Idea behind parallel connection of panels 

Maximum power point tracking (MPPT) means tracking of optimum operation point for 
the solar panel system in UI-curves. In practice this means controlling DC/DC converter 
of the solar system so that MPP is achieved and solar power generation yield 
maximised. Figure 12 displays voltage and current characteristics of the PW1650 
module under different irradiation conditions [3]. 
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exactly on maximum power point, it is always fairly close and wasted energy is smaller 
if tracking fails. 

3.1.5 DC/DC converter model for solar array 

DC/DC converter chosen for the solar array is boost type converter but with controllable 
voltage on both output nodes. In practice this means using two boost converters which 
give symmetrical but complement output voltages respect to ground. Circuit layout of 
the converter is represented in Figure 13. 

 
Figure 13. Circuit layout of DC/DC converter for solar array. 

Like mentioned in previous chapter, the converter is controlled by controlling input 
voltage. This maximum power point tracking method is known better as constant 
voltage control. In this control, the input voltage is measured and current reference is 
increased or decreased until input voltage meets the predefined value. Actual switching 
signal is generated on demand by variable frequency comparator. The usual method 
would be to use duty ratio control with static frequency control. Layout of constant 
voltage MPPT control is represented in Figure 14. 
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Figure 14. Control of constant voltage MPPT with variable frequency. 

Voltage difference to reference voltage is used as input for PI controller, which output is 
compared to inductor current. Difference of current and reference is given to tolerance 
band comparator to generated switching signal. Concept of this control method is 
described in [7] at pages 337–341. 

3.2 Boost converter between inverter and DC-side 

A boost converter is connected between Grid and DC side. The converter boosts voltage 
from 50V to 1000V. Converter operates at variable frequency with tolerance band 
control like the one used in connecting solar array model. Circuit layout is displayed in  
Figure 15. 

Figure 15. Boost converter between DC-side and inverter. 

The difference between this and solar panel converter is that both IGBTs switch 
between +- DC nodes and not between node and ground.  This results to an improved 
response and lower required boost multiplier because voltage of input side is higher.   
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3.3 Island inverter and isolation transformer 

Inverter model chosen for the model is based on space vector control with slight 
modification to common practices. Figure 16 displays simulation blocks of inverter and 
isolation transformer which is connected between inverter and grid. 

 

 

Figure 16. Inverter and isolation transformer. 

Delta-wye transformer is used to remove 3rd harmonics from the voltage and generate 
neutral point for demand side. Passive surge protector is added to DC-line to remove 
possible voltage spikes in rapid changes of DC/DC converter output. After the 
transformer there is a 400 W wye connected resistive load to model own use of the 
energy centre (lighting, etc.). Resistive load model with neutral connector can be found 
at UWASA model library “VYlib42” at SGEM PSCAD library. 

3.3.1 Inverter main circuit 

Inverter main circuit is displayed in Figure 17. Design is a 2-level inverter with LCL-
type filter. L2 is set to be half of L value. Both L and C are adjustable in the model. 
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Figure 17. Inverter main circuit. 

3.3.2 Inverter control system 

Inverter is equipped with two control systems, one for grid parallel operation and one 
for islanded operation. Control systems are switched when grid side LOM protection 
relay is tripped on and off. In this model, grid side protection is assumed to work 
correctly when there is fault in grid.   

Inverter control system for islanded operation is displayed in Figure 18. Design 
principle of the inverter control system was to achieve best possible response to fast 
load changes. Power quality is kept good by LCL-filter of the inverter, high switching 
frequency and Delta wye transformer.  

 

 

Figure 18. Inverter control system for islanded operation. 
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system. Transformation to DQ system from 3-phase values can be done with following 
matrix equation 3.  
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Equation 3. ABC to DQ transformation [9]. 

 
To reduce spikes during switch from and to islanded operation, PI controllers are driven 
to zero when control system is not used. In symmetric 400V AC system, Ed component 
is same as peak value of phase voltage and Eq component is zero, when angle in 
transformation matrix is locked to Ua  angle. These reference values are given to 
islanded inverter control system. 

Control system in grid parallel operation is represented in Figure 19. Control system 
is based on decoupled active and reactive power control.  

 

 

Figure 19. Control system for grid parallel operation. 
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Control system is based on one represented in [8]. Current references are calculated 
with following equations from power references. 
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Active power reference is given by DC-unit and reactive power reference is same as 
measured reactive power consumption of demand side to minimise reactive power flow 
from outside grid. 

3.3.3 Synchronisation system 

Synchronisation is required so that there are no spikes and fast phase angle changes 
during connection of system to outside grid and back to islanded mode. Phase angle 
reference of islanded mode is adjusted to follow outside grid phase angle when there are 
no faults in outside grid. This way switch to islanded mode can be done without sudden 
phase angle change in loads. Also phase angle of islanded mode is adjusted to match 
outside grid before reconnecting system back to rest of the distribution system. Figure 
20 represents synchronisation system in the model. 

 

 

Figure 20. Synchronisation system in the model. 
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Related to synchronisation, there is a switch called “restore” between grid and inverter. 
This switch will remain open unless phase angle difference is small enough between 
grid and inverter.  

3.3.4 Other details 

Switching frequency of the space vector modulator is 15 kHz. Note that filtering must 
be increased if switching frequency is wanted to be adjusted lower. Inverter operating 
mode can be switched between 60 Hz and 50 Hz but filtering, grid model and 
transformer settings are adjusted to 50 Hz operation by default. 

3.4 Demand side 

Demand side is consists of 4-wire line and adjustable resistive load component at the 
end of the line. Figure 21 displays demand side grid model.  

Figure 21. Demand side grid model. 
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Lines are AXMK185 ground cable. Load resistance is adjusted according to power 
reference and calculated by following computation. 

 

 
Figure 22. Load resistance calculation from power reference. 

R1p

N

D

N/D

3.0

N

D

N/D

0.23

N

D

N/D230.0

TIME



  4. Simulation results 

27 
 

4. Simulation results 

Following simulation results describe a case where solar power production alters and 
load is also changing at same time in demand side.  Fault occurs at grid at 4.5s and 
inverter then switches to islanded mode. Outside grid heals at 7.5s and then inverter 
switches back to power control mode and synchronises to grid voltages. 

4.1 DC side results 

Figure 23 represents output power of the solar panel array and how well it can follow 
available irradiation power. 

 

 

Figure 23. Solar array power (red), available power to be converted (blue), and power output of 
the DC/DC converter (green). 

State of charge (SOC) of the battery is displayed in Figure 24. 
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Figure 24. State of charge of the battery unit. 

Voltage of the DC side represented in Figure 25 is fluctuating when solar power output 
changes and inverter power output changes. DC voltage supplied to inverter is 
represented in Figure 26. 

 

 

Figure 25. Voltage at “50V” DC lines. 
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Figure 26. Voltage after boost converter between DC-side and inverter in kV. 

4.2 AC side results 

A sample of the output voltage is represented in Figure 27. 
 

 

Figure 27. Sample of the AC voltage. 

Figure 28 displays the voltage during fault occurs in the grid and inverter switches to 
islanded mode.  
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Figure 28. Voltage during grid fault and transition to islanded mode. 

RMS base frequency line voltage in kV is represented in Figure 29. Quick flicker at 4.5s 
is result of fault in grid and inverter switching to islanded mode. 
  

 

Figure 29. RMS value of 50 Hz component of load voltage. 

Power consumption of loads is represented in Figure 30. Blue is active power in kW and 
green is reactive power in kVAr. 
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Figure 30. Power consumption of loads. Active power (P) in blue [kW], reactive power(Q) in 
green[kVar]. 

Inverter power output is represented in Figure 31. 
 

 

Figure 31. Inverter power output. Active power (P) in blue [kW], reactive power (Q) in green 
[kVar]. 

Total harmonic distortion (THD) is displayed in Figure 32. THD is calculated from 63 
harmonics and compared to base frequency component. Figure shows high spike when 
fault occurs in the grid. Grid connection is restored at 7.5s which shows as small spike 
in the figure. 
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Figure 32. Total harmonic distortion calculated up to 63rd harmonic and compared to base 
frequency signal. 
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5. Summary 

 
A simulation model of Energy centre microgrid made with PSCAD simulation software 
version 4.2.1 has been built in SGEM Smart Grids and Energy Markets (SGEM) work 
package 6.6. Microgrid is an autonomous electric power system which can operate 
separate from common distribution system. The idea of energy centre microgrid concept 
was considered in Master of Science thesis “Community Microgrid – A Building block 
of Finnish Smart Grid”. The name of energy centre microgrid comes from a fact that 
production and storage units are concentrated into a single location, an energy centre. 
This centre feeds the loads which can be households or industrial loads. Power direction 
flow on the demand side remains same compared to the current distribution system and 
allows to the use of standard fuse protection in the system. 

  The model consists of photovoltaic solar array, battery unit, variable frequency boost 
converter, inverter, isolation transformer and demand side (load) model. The model is 
capable to automatically switch to islanded mode when there is a fault is outside grid 
and back to parallel operation mode when fault is removed. The modelled system 
responses well to load changes and total harmonic distortion related to 50Hz base 
frequency is kept under 1.5% while operating and feeding passive load. 

Improvements to the model can be made by implementing realistic grid side LOM 
protection relay as now LOM protection is assumed work correctly. Solar array model 
accuracy could be improved further and maximum power point tracking method could 
also be updated from constant voltage control to a method with higher accuracy. The 
model will be used in next phase of SGEM project to analyse possible phenomena 
caused by large single phase loads and possibilities to control them smartly in microgrid 
environment. 
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