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Intelligent Control of Energy Conversion and
Storage Systems Laboratory — S403

* The lab is dedicated for teaching and research in connection with Master Program
“Green Energy Technology”, but can also be use by Bachelor and PhD students with
electrical, electronics and computer science specializations.

* The lab is equipped with state-of-the-art and new technology (software and
hardware) regarding electric power engineering, power electronics, renewable
power generation and Smart Grids;

e Training systems on the generation, distribution and management of electrical
energy contains smart measuring instruments, which avail of various
communication interfaces (e.g. LAN, RS485, USB) and control elements: SCADA
Power Engineering Lab software tools for the intelligent control and evaluation of
the "Smart Grid" with soft PLC. Didactically designed SCADA software permits
investigation of dynamically alternating loads and power generation inside the
laboratory, intelligent energy management, and modular integration of renewable
ener%ies into the smart grid using protective engineering, wind power plant with
doubly-fed asynchronous/induction generator (DFIG) with mains synchronization
and interactive multimedia training course.



Setups and trainers

e |t contains 10 setups/trainers with Renewable Energy Sources (PV, WT), Storage
Systems and Power Electronics Converters for Electric Drives applications, Energy

Efficiency in Smart Buildings and Smart Grids, as it is shown in Figs below
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e This solar trainer allows the passage of
the sun to be simulated realistically.
This makes it possible to conduct
experiments in the lab in practical
fashion without any need for the sun
itself. The design of photovoltaic
systems operating in parallel with the
electric power grid is realistic. In order
to stabilize the electricity grid, the
techniques of deratin%t e power
inverter and controllable local
transformers are used. Knowledge and
Bractical skills along with computer-

ased assessment of measured data
are made possible by the professional
photovoltaics multimedia course along
with SCADA Power Lab software and
MATLAB-Simulink.




INTRODUCTION

This solar trainer allows the passage of the sun to be simulated
realistically. This makes it ible to conduct exp in the lab in
practical fashion without any need for the sun itself. The design of
photovoltaic systems operating in parallel with the electric power grid is
realistic. In order to stabilize the electricity grid, the techniques of derating
the power inverter and controllable local transformers are used.

Knowledge and practical skills along with computer-based assessment of
measured data are made possible by the professional photovoltaics
multimedia course along with SCADA Power Lab software.

The design of photovoltaic systems connected to the grid is realistically
conveyed. In order to stabilize the power grid. techniques such as de-rating
the inverter power and a variable local network power transformer are
employed.

This setup is able to work in conjunction with the BESS Setup in order to
conform an hybrid solution with an energy storage system. allowing the
study of the relationship of this solution with the grid and the influence of
load variations

1

OBJECTIVES OF THE SETUP

* Recording of module response over days and years

* Testing optimum alignment of solar modules

= Recording characteristics of solar modules

= Set-up and testing of a photovoltaic system with feed to the power grid

* Measurement of energy generated by photovoltaic systems

* Maximum Power Point (MPP) Tracking

= Limiting the power of the photovoltaic inverter (derating)

= Configuring the invertir for reactive power provision

* Determining the efficiency of the power grid inverter

= Response to control of the power grid inverter

= Recording output data using sun passage emulator

= Investigating the response of a photovoltaic system when there is a
power outage on the grid

= Lighining pr ing for photovoltaic systems
= Economic benefits of photovoltaic systems

a smart grid
* Operation and monitoring using SCADA
= Design and installation of the battery storage unit
= Putting the storage unit into operation
= Interaction between PV systems and storage units
* Boosting intrinsic consumption thanks to energy storage units

@ @stfold University College [T3te=3l
Faculty of Engineering

Profesional Photovoltaic Hybrid System
gent Control of Energy Conversion and Storage Systems @

Faculty of Engineering — @stfold University College

EXPERIMENTS

Recording panel characteristic

Between the two operating points representing open-circuit and short-
circuit respectively. it is possible to measure further operating points at
different currents. All measurement points together result in the V/T
characteristic. This characteristic is determined by measuring the solar
module’s currents and corresponding voltages. A variable load resistor

(potentiometer) is connected in order to set different measurement points. .
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For this experiment the solar panel with halogen lamp is connected in
series with the potentiometer, by rotating it the V/I characteristic is
recorded.
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Recording annual irradiance

With the assistance of a software tool. the solar panel 1s positioned in a
specific way depending on the input given, in this experiment the student
has to record the irradiance during different days and hours in a year.

By answering a test developed in the software, the student has to prove that

has understood the nature of solar aradiance during the year and the
influence of latitude and panel position in the output power pf a PV plant.

EXPERIMENTS

MPPT Tracking with and without shadings

In this experiment, the user connects the solar panel emulator to the
inverter. an this one to the grid. With the software tool Selar Panel the
emulator can be controlled.

A fter waiting for the device to be synchronized with the grid, the user can
change the irradiance and see hot the device tries to locate the maximum
power point of operation.

Exchange of energy between the Li-ion battery system and the PV
system with the power grid

In this experiment, the user controls the battery and the PV system with the
help of the SCADA Fiewer software. by modifying the battery energy
output the system can be injecting power in the grid when the PV system is
unable to, in the next plot the result of the experiment is shown:
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EXPERIMENTS

Monitoring of the operational reserve of a BESS in a standalone
system with variable loads by using a SCADA system with a soft PLC
This experiment introduces the student to the concept of SCADA system
and PL.C by implementing this controller on the scenario of a house with
solar panels.

By controlling the potentiometer that conforms a variable load. the student
con monitor the response of the controller by providing energy from the
battery or charging it depending on the balance between the demand of the
battery and the power generated by the PV panels.

CONCLUSIONS

Using this setup is possible to leam the different processes that take part in
a PV system. from power generation to grid conmection. The theoretical
course included with this setup shows the student how to dispose the
modules and align them depending on the required power output and the
available irradiance.

Further experiments with the SCADA software included with the setup
connect the PV plant with the Swart Grid concept by controlling a local
network transformer or regulating the power output by manipulating the
inverter.

The included BESS setup introduces the student to the hybrid solution of
PV with a storage system and the range of applications that the
implementation of the battery opens to a PV system. including a Smart
Home.




Perturb & Observe MPPT DC-DC Boost converter

»>> %Perturb & Observe MPPT Algorithm

+*
function D = po_mppt(PV_V, PV_I) l—u 5
00
persistent Dprev Pprev Vprev i B+ {0 o
if (isempty(Dprev)) -] £ a
Dprev = 8.4;
Pprev = @; 3
Vprev = 8; . <.
end _c1 AL <
DeltaD = 0.05; B 1 ;
o a
%Input
V= PV_V; 3 L
I="PV_I;
%Calculating power |
P PV Panel
if (P - Pprev) ~= @ % Check for changes SunPower SPR-X20-327
if (P - Pprev) > @ %%% Check whitch direction of change 4-module Str!ng
if (V - Vprev) > @ 10 parallel strings
D = Dprev + DeltaD; ]
else . p—
D = Dprev - DeltaD; Duty cycle / PWM signal from MPPT controller -
end
else

if (V - Vprev) > @

D = Dprev - DeltaD;

D Dprev + DeltaD;

end Vpv 4 oo Incremental Conductance MPPT
end l PO E ! )D

else D = Dprev; Ipv PO MPPT Algorithm j ) PV_power

end —_—

%Update values

Dprev = D; PV_current
Vprev = V;
Pprev = P;

PV_voltage
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Conventional Phase Locked Loop & Synchronous Rotating
Reference Frame PLL implemented in MATLAB-Simulink

PLL E* Ejmwm o Control Systems/ICRT Control Basic PLL/MATLAB Function® ' 4
o | ' Q 1 Efunction(a,b,cl=ref_generation(wtl,wt2 wt3, anp, ph_shift]
R - o )
D
_ | | : 3= shift_k = ph_shift x (pi/180);
e T @ ﬂ 5 ==k [ b= a = am# sinlvtd + shift k)
o ] SN PR IS o o O R . s b B b+ stift
.- g e ° = Ei’:] _ : " 6- -z amp x sinlwt3 + shift k)
L . | (LN
") ™ . 8§ % Generates a three phase sinusoidal reference signal
(o] ofeun : LI 9 %with 120 degrees phase shift,
MATLAB Function ™ Note: sin(a ) cos(b )= 112" sin{a+b) + 1/2" sin(a+)
) = Control Systems /ICBT Control /SRF PLL/MATLAB Function  +
SRF-PLL PL Freauency *E%%EM 1 Cfunctionfa,b,cl=ref_generation(wt,anp,ph_shift)
+] 2 1
e = | 3= shift_k=ph_shiftx(pi/180);
b, rd amp::l | o ORIl 1] fo , 4= a=ampx sinlwt + shift k)
3ph) % ey “Discrete. :3 s KR XD 5- b= anp x sinwtsshift_k-(2pif3))
: | X o pace = = 6- "¢ = amp * sin(wtsshift_ke(26pi/3))
Constant f-generat ® v iital 1
— e e § % Generates a three phase sinusoidal reference signal
L°] P ! ¢ . 9 %with 120 degrees phase shift,
— o 0




* Small wind power plants up to approx. 5 kW
power are being deployed today for
decentralized power supplies. These plants
generate DC voltage. The energy can be
stored in accumulator batteries using charge
controllers. Inverters are used to generate
AC voltage for operating consumers
requiring the standard electricity supply
voltage. The effects of wind power and the
mechanical design of wind power stations
can be emulated down to the last detail
using the servo machine test stand and the
software packages WindSim and MATLAB-
Simulink. The corresponding Interactive Lab
Assistant Multimedia course imparts
knowledge, provides interactive experiment
setup support and allows for PC-assisted
evaluation of the measurement data.




Wind Power Plant Emulator
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Wind Power Plants with DFIG

Intelligent Control of Energy Conversion and Storage System Lab

INTRODUCTION

A wind power plant converts the
wind’'s kinetic energy initially into
rotary motion. This is

achieved by means of a rotor and
connected shaft.

A wind power plant's rotor shaft can
be mounted horizontally or vertically
to result in the following

variants:

‘Wind power plant designs

| Iﬁil

Vertical rotor shaft ' Horizontal rotor
shaft

Propeller rotor

Darrieus rotor

Savonius rotor

‘Wind turbine components

Doubly-fed Induction Generator

Speed control

Asmenronous Main conkactor
generaior with sip
fings

[Transformer

Disclorake

Wans Ink contactor

In a doubly-fed generator, the rotor's speed can be varied by up to 30% of the rated speed. This
raises power levels under changing wind conditions. |t also minimizes undesirable fluctuations in the
power orid and stresses exerted on the structure’s crucial components.

dang to 1300 rpm m the cass of a 4-pols generatar), the rotor's fisld

If the ganerator’s rotor toms mechanically at a speed of 50 Hz
must tum 10 Hz faster to produce a rotatimg field of 60 Hz m the stator.

Experimental setup and goals

Assemble the circuit according to the layout plan and wiring diagram Grid synchronization for a DFIG

Eﬁ%% —r Experiment goals

Synchronizing the generator with the grid.
Y Understanding the influence of rotor current and frequency.

Operation Modes of a DFIG

Operation of a doubly-fed induction generator

This chapter describes the function of a doubly-fed induction generator in wind power plants_

Key aspects are:
Operating principle
Voltage generation at different speeds.
Generator's synchronization with the grid
Active power control
Reactive power control

Active power control

Active power control
This chapler provides Information on power control of a doubly-fed induction generater.

Key aspects are:

Active power control
Sub-synchroncus cperation
SUPEr-SYNENIoNoUS Speration

In the previous chapter, the generator was synchronized with the grid but no power was transmitted

Here we will lsarn how to control the generator so as to supply the grid with snergy.

The relationships shown below can be derived from the generator's simplified squivalent circult
diagram

Reactive power control

Reactive power control

s reactive power.

This chapter control of a o

URFASONSC wind Speed Sensor a ’I # o, s PC L. .
B2l o e Synchronizing the generator automatically. roy aspacts are
OptiSpesd generator r il p:! Overexcited cperation
\ Couping and disc brake - The following conditions must be met fo connect the generator to the grid: Underexclied eperation
[ § gﬁ - # ey A g‘l i or':mlha ] lanctlvelpml can be dra:-n from the gn? o‘l;‘fei'lglco it. Ir|
— s process, the an run y in ~ wvia the
_ beyond the rated excitation causes the generator to supply the grid with reactive pawer. The
Gl tecuency = gesesibor feuency T e et e B e e e o 1o ey s e el e e
L Grid voltage = generator voltage Termiramnonts. By Conrast. vind energy producers would il to SUpRlY PUTSly Scthve power. The
- ecion (S it reacinve power
[ Grid phase angle = generalor phase angle
el ik =
2 Jp = If & large-scale plant fails to meet any of these conditions, connacting the generator to the grid results
Frotor sy i pleh eyt ] in high compensafion cumrents which can damage individual plant components. In the case of our
exparimental plant, connection can only fake place within a window monitored by software.
\ Machine base ’ i . ! i .
High vortage transfomar fa— Tempersussrarante || 2Camseten s | e——— [ wanermn || eemsmennsy CONNecion commands issued outside the window are ignored.
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Wind Turbine setup based DFIG

Intelligent Control of Energy Conversion and Storage System Lab

INTRODUCTION
This wind trainer is used to
investigate the design and operation
of modern wind power stations with
doubly-fed induction generators. The
effects of variable wind speeds and
the mechanical/aero dynamical
design of wind power stations can be
emulated in realistic detail using the
servo machine testing experimental
stand and the WindSim software.

The control unit for the doubly-feed
asynchronous machine (as a generator
for the wind power plant) ensures
user-friendly operation and
visualization during the experiments.
The corresponding Interactive Lab
Assistant Multimedia course is
designed to convey knowledge and
provide interactive support for
carrying out the experiments and
allows for PC-assisted evaluation of
the measured data.

The course approaches the student to
the nature of the wind as a
meteorological phenomena, and
relates it to the structure of a wind
power plant. The complete structure
of a wind power plant is presented
with a detailed description of the
role of each component in the

OBJECTIVES OF THE SETUP/WIND TURBINE TRAINER:
Active and Reactive power control for the grid inverter
Influence of rotor speed on generator voltage

variations on mechanical and voltage frequency.
Grid and stator voltage synchronization for a WT based DFIG

In this experiment, the user will use the Synchronizer instrument, and

The goal of this experiment is to understand the relationship between a
generator’s frequency and speed. The student will use the motor and the
instrument DFIG control, by changing the mechanical speed it will be seen the

perform manually and automatically the synchronization of a DFIG on the

electrical grid.

During this experiment, real (active) stator and rotor power is going to be
injected into the grid, depending on the operation mode (sub synchronous or

super synchronous speed).
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" Power Control instrument is used |
to show the stator and rotor power
flow on a DFIG;

The grid side converter will be
controlled by the user in order to
inject the required active power on
the grid when the turbine is
operating in three modes of
operation:

* Synchronous
* Sub-synchronous

* Super-synchronous

In this experiment, the grid side
inverter will be controlled as a
STATCOM to compensate the

reactive power, and will visualize

the phase shift between current
and voltage and how to control it.

Special emphasis is put it in the
functioning principle of a doubly-
fed induction generator and its
special mode of operation in
relationship of the advantages it
has for a wind power plant.

The virtual instrument used in this
case will be generated by the
software as a GUI.



Wind speed vs Wind Power

Intelligent Control of Energy Conversion and Storage System Lab

INTRODUCTION

N - .- I % N - - - .
Wind turbine characteristic vs blade an control Experimental results: Wind power profiles vs wind speed |
. . . o |
A wind power plant converts the kinetic energy of air or ol 08 {—
e
- - - - - .5
currents (wind) into electrical energy. Efficient operation D [ B e — —
- - - - - o3 =
is achieved at wind speeds which are neither too low nor oz - =
0 . =2 \
too high. Operators of wind power plants seek locations wanr ——
o
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The involved in a of power from wind to wind power plants are indicated below
using a few typical i i as .
Power characteristic of a DFIG
Power installation Vestas VOO0 IMW REPOWER M5 MNordex N100 B
Rated power: 3000 kW 5075 kW 2500 kW FPower characteristic
Rotor diameter: S0 m 1268 m 100 m To maximize a wind power plants output In the partial load rangs. i-e. below the gencrators rated
it ¥ T rod T i
Swept rotor area: 6362 m* 12,469 m? 7854 m? Fotor apaad r n‘.’.ﬂ‘,-";'f‘épolgﬁiﬁﬁi Aok the wind Speod, while the DIteh BnGle & Rept conatant a1 0°
: P : . -
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Circumferential Powes at thes o This results in & spead-dapandent powe:
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Shutdown wind = |
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Starting wind speed: 3.5 mis 3.5 mis 3 mis —-
Wind power: 13.9 MW 22 2 My 112 MW _,_
The power of incident wind is calculated as follows: In the full load range. the wind turbine's output must be o the g = Powear. In . . _
the cane of vanable-spood plants, thi: By B or (in our| 1. DFIG WIND TUNRDNINE SETUP
ase, it is the torgque). The asrodynamic powar is limited |ndlremly Ly a speed controller which uses
e —_ E T [ T the pm:h angle as the manipulated vanable. In other words, the wind Tt e speed in the full load
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|r;“u,<. prd of real wind turbines, the selected nominal speed is usually low.
£ is the density of air (1.3 kg/m®), A the area covered by the rotor, and v the wind speed i h
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