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6 x 5-min 
time-st ep

6 x 15-min 
time-steps

6 x 30-min
time-st eps

19 x 60-min
Time-steps

NLP: 2-hour 
look-ahead window

MILP: 24-hour look-ahead window

Fig. 3: EMS horizon variable time-steps.

Fig. 4: Modified CIGRE microgrid benchmark.

commercial loads are composed of 50% constant impedance
load and 50% constant power load. Residential load, wind
power and solar power forecasts are obtained from real data
from a real forecasting systems used in a rural microgrid in
Huatacondo, Chile [9].

The EMS is assumed to have full autonomous control over
the dispatch of every DG in the microgrid, and is provided
with updated load and renewable generation forecasts every 5
minutes.

B. Simulation Results
The performance of the EMS is tested for 24 hours of

operation, with dispatch updates every 5 minutes. The model
is coded in the high-level optimization modelling language
GAMS [22], and MILP and NLP problems are solved using
CPLEX [28] and COIN-IPOPT [29] solvers, respectively. In
addition to equations presented in Section III and IV, per-phase
output current limits and voltage limits are also included in the
model.

For comparison purposes, the optimal dispatch is calculated
for two cases: the detailed unbalanced microgrid model and
the balanced microgrid model approximation. The balanced
microgrid approximation, where the loads are assumed to be

TABLE I: MICROGRID TEST SYSTEM DERS RATINGS

No. Node DER type Pmax [kW ]

1 14 Diesel Generator 800
2 15 CHP diesel 310
3 14 Diesel Generator 1400
4 14 Diesel Generator 2500
5 3 Photovoltaic 80
6 4 Photovoltaic 80
7 5 Photovoltaic 120
8 5 Battery 600
9 5 Residential fuel cell 33
10 5 Electrolyzer 30
11 6 Photovoltaic 120
12 6 Electrolyzer 50
13 8 Photovoltaic 120
14 8 Electrolyzer 200
15 9 Photovoltaic 120
16 9 CHP fuel cell 212
17 10 Photovoltaic 160
18 10 Battery 200
19 10 Residential fuel cell 14
20 11 Photovoltaic 40
21 13 CHP Microturbine 500
22 7 Wind turbine (inverter-interfaced) 1000
23 16 Wind turbine (SCIG) 150
24 16 Wind turbine (SCIG) 150
25 16 Wind turbine (SCIG) 150

evenly shared among the phases, represents a less critical
scenario in terms of system losses, voltage drops and reactive
power requirements as compared to the exact unbalanced
network model. This can be illustrated in an extreme example
where the same power is distributed evenly among the phases,
versus the case where the load is concentrated in only one of
the phases; in this case, it is clear that the unbalanced case
will yield higher system losses (active and reactive power) and
larger voltage drops.

The total simulation time is 8,392s for 286 iterations of
the EMS, thus yielding an average computational time of
approximately 30s per iteration, which is within the desired
5-minutes dispatch window, making it suitable for real-time
applications. Results of the optimal dispatch are shown in
Fig. 5 using a stacked-area plot. For simplicity, only the main
dispatchable units have been included in Fig. 5, namely, diesel
units, microturbine, and battery-ESSs. The optimal dispatch
of battery-ESSs has been plotted in a way to properly show
charging and discharging cycles; hence, negative areas in the
figure correspond to charging cycles of the batteries. The total
load profiles for both balanced and unbalanced models are also
included in Fig. 5. For completeness, Fig. 6 shows the power
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constant for the electrode reaction, and A is the
activity product of the reactants), η is the polarization
or departure (overpotential) from equilibrium (η )
EOCV - ET), and R is the transfer coefficient, which
is best considered as the fraction of the change of
overpotential that leads to a change in the rate
constant for charge-transfer reaction. The exchange
current density is directly related to the reaction rate
constant, to the activities of reactants and products,
and to the potential drop across the double layer.
Reactions with larger io are more reversible and have
lower polarization for a given current flow. Electrode
reactions having high exchange currents (io in the
range of 10-2 A/cm2) at room temperature are favored
for use in battery applications. The buildup and decay
of the activation polarization are fast and can be
identified by the voltage change on current interrup-
tion in a time frame of 10-2-10-4 s.

The activation polarization follows the Tafel equa-
tion derived from eq 13

where a and b are constants.
Ohmic polarization arises from the resistance of the

electrolyte, the conductive diluent, and materials of
construction of the electrodes, current collectors,
terminals, and contact between particles of the active
mass and conductive diluent or from a resistive film
on the surface of the electrode. Ohmic polarization
appears and disappears instantaneously (e10-6 s)
when current flows and ceases. Under the effect of
ohmic resistance, R, there is a linear Ohm’s Law
relationship between I and η.

As the redox reactions proceed, the availability of
the active species at the electrode/electrolyte interface
changes. Concentration polarization arises from lim-
ited mass transport capabilities, for example, limited
diffusion of active species to and from the electrode
surface to replace the reacted material to sustain the
reaction. Diffusion limitations are relatively slow,
and the buildup and decay take g10-2 s to appear.
For limited diffusion the electrolyte solution, the
concentration polarization, can be expressed as

where C is the concentration at the electrode surface
and Co is the concentration in the bulk of the solution.
The movement or transport of reactants from the
bulk solution to the reaction site at the electrode
interface and vice versa is a common feature of all
electrode reactions. Most battery electrodes are po-
rous structures in which an interconnected matrix
of small solid particles, consisting of both noncon-
ductive and electronically conductive materials, is
filled with electrolyte. Porous electrode structures are
used to extend the available surface area and lower
the current density for more efficient operation.

1.5. Experimental Techniques
In practical batteries and fuel cells, the influence

of the current rate on the cell voltage is controlled

by all three types of polarization. A variety of
experimental techniques are used to study electro-
chemical and battery reactions. The most common
are the direct measurement of the instantaneous
current-voltage characteristics on discharge curve
shown in Figure 6. This curve can be used to deter-
mine the cell capacity, the effect of the dischage-
charge rate, and temperature and information on the
state of health of the battery.

The impedance behavior of a battery is another
common technique that can reveal a significant
amount of information about battery operation char-
acteristics. The impedance of an electrode or battery
is given by

where X ) ωL - 1/(ωC), j ) !-1, and ω is the
angular frequency (2πf); L is the inductance, and C
is the capacitance. A schematic of a battery circuit
and the corresponding Argand diagram, illustrating
the behavior of the simple electrode processes, are
shown in Figure 7a. Activation processes exhibit a
semicircular behavior with frequency that is char-
acteristic of relaxation processes; concentration
processes exhibit a 45° behavior characteristic of
diffusion processes often referred to as Warburg
behavior; ohmic components are independent of
frequency.

Each electrode reaction has a distinctive, charac-
teristic impedance signature. A schematic of a battery
circuit and the corresponding Argand diagram, il-
lustrating the behavior of the simple processes, are
shown in Figure 7b. In ideal behavior, activation
processes exhibit a semicircular behavior with fre-
quency that is characteristic of relaxation processes;
concentration processes exhibit a 45° behavior char-
acteristic of diffusion processes, and ohmic polariza-
tions have no capacitive character and are independ-
ent of frequency. The frequency of the maximum, fm,
of the semicircle gives the relaxation time, where τ
) 1/fm ) RC. Here R is related to the exchange
current for the reaction and C is called the polariza-
tion capacitance, CP. Typically, the CP is of the order
of 200 µF/cm, ∼10 times larger than the capacitance
of the EDL. Some electrochemical capacitors take
advantage of this capacitance to improve their per-
formance of the supercapacitors. Battery electrodes
have large surface areas and, therefore, exhibit large

η ) a - b log(I/Io) (14)

η ) IR (15)

η ) (RT/n) ln(C/Co) (16)

Figure 6. Typical discharge curve of a battery, showing
the influence of the various types of polarization.

Z ) R + jωX (17)

4250 Chemical Reviews, 2004, Vol. 104, No. 10 Editorial
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FUNDAMENTAL PROPERTIES OF SEMICONDUCTORS 91

to the conduction band is called fundamental absorption . Both the total energy and momentum of
all particles involved in the absorption process must be conserved. Since the photon momentum,
pλ = h/λ, is very small compared with the range of the crystal momentum, p = h/", the photon
absorption process effectively conserves the momentum of the electron.1 The absorption coefficient
for a given photon energy, hν, is proportional to the probability, P12, of the transition of an electron
from the initial state E1 to the final state E2, the density of electrons in the initial state gV(E1)
and the density of available final states, and is then summed over all possible transitions between
states where E2 − E1 = hν [9],

α(hv) ∝
∑

P12gV(E1)gC(E2), (3.23)

assuming that all the valence-band states are full and all the conduction-band states are empty.
Absorption results in creation of an electron–hole pair since a free electron excited into the con-
duction band leaves a free hole in the valence band.

In direct bandgap semiconductors, such as GaAs, GaInP, CdTe, and Cu(InGa)Se2, the basic
photon absorption process is illustrated in Figure 3.6. Both energy and momentum must be con-
served in the transition. Every initial electron state with energy E1 and crystal momentum p1 in
the valence band is associated with a final state in the conduction band at energy E2 and crystal
momentum p2. Since the electron momentum is conserved, the crystal momentum of the final state
is the same as the initial state, p1 ≈ p2 = p.

Conservation of energy dictates that the energy of the absorbed photon is

hv = E2 − E1 (3.24)

Since we have assumed parabolic bands,

EV − E1 = p2

2m∗
p

(3.25)

and

E2 − EC = p2

2m∗
n

(3.26)

EG

E2

E1Valence
Band

Conduction
Band

E

p

photon
absorption

Figure 3.6 Photon absorption in a direct bandgap semiconductor for an incident photon with
energy hν = E2 − E1 > EG

1 The wavelength of sunlight, λ, is of the order of a micrometer (10−4 cm), while the lattice constant is a few
angstroms (10−8 cm). Thus, the crystal momentum is several orders of magnitude larger than the photon momentum.

BASIC SEMICONDUCTOR PHYSICS 451

+4
Si

Free
electron

Hole
+

−

Photon

+4
Si

Photon

(a) Formation (b) Recombination

Figure 8.7 A photon with sufficient energy can create a hole–electron pair as in (a).
The electron can recombine with the hole, releasing a photon of energy (b).
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Figure 8.8 When a hole is filled by a nearby valence electron, the hole appears to move.

vacated seat, so he gets up and moves, leaving his seat behind. The empty seat
appears to move around just the way a hole moves around in a semiconductor.
The important point here is that electric current in a semiconductor can be carried
not only by negatively charged electrons moving around, but also by positively
charged holes that move around as well.

Thus, photons with enough energy create hole–electron pairs in a semicon-
ductor. Photons can be characterized by their wavelengths or their frequency as
well as by their energy; the three are related by the following:

c = λν (8.1)

where c is the speed of light (3 × 108 m/s), v is the frequency (hertz), λ is the
wavelength (m), and

E = hν = hc

λ
(8.2)

where E is the energy of a photon (J) and h is Planck’s constant (6.626 × 10−34 J-s).
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SOLAR RADIATION COMPONENTS 991

(the angle formed with the horizontal) and the azimuth α of the normal to the surface. The angle
of solar incidence between the sun’s rays and the normal to the surface may be calculated from

cos θS = sin δ sin φcos β − [sign(φ)] sin δ cos φ sin β cos α + cos δ cos φ cos β cos ω

+ [sign(φ)] cos δ sin φ sin β cos α cos ω + cos δ sin α sin ω sin β (22.9)

Although this expression appears quite complicated, it is very convenient to use in most
instances. In the case of surfaces tilted towards the equator (facing south in the Northern Hemi-
sphere, or facing north in the Southern Hemisphere), α = 0, and it simplifies to

cos θS = [sign(φ)] sin δ sin(abs (φ) − β) + cos δ cos(abs(φ) − β) cos ω (22.10)

22.3 SOLAR RADIATION COMPONENTS

Figure 22.8 helps to illustrate the following brief explanation of the different components of solar
radiation that reach a terrestrial flat-plate PV surface

To a good approximation, the sun acts as a perfect emitter of radiation (black body) at a
temperature close to 5800 K. The resulting power incident on a unit area perpendicular to the beam
outside the Earth’s atmosphere, when it is 1 AU from the sun, is known as the solar constant

B0 = 1367 W/m2 (22.11)

The radiation falling on a receiver situated beyond the Earth’s atmosphere, that is, extrater-
restrial radiation , consists almost exclusively of radiation travelling along a straight line from the
sun. Since the intermediate space is almost devoid of material that might scatter or reflect the light,
it appears virtually black, apart from the sun and faint points of light corresponding to the stars.

Extraterrestrial irradiance

Aerosols, water,
vapour etc. 

Diffuse

Receiver surface

B
eam

B
eam

Ground

Albedo

Figure 22.8 Different components of solar radiation
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990 ENERGY COLLECTED AND DELIVERED BY PV MODULES

Winter

Summer

(a)

(b)
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w = 30
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Figure 22.6 (a) Sun’s trajectory corresponding to a winter and to a summer day represented over
the celestial sphere. (b) The solar altitude γS is plotted against the solar azimuth ψS. The solar time
ω is also shown
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Figure 22.7 Receiver position (slope β and azimuth α) and sun’s rays incidence angle θS

988 ENERGY COLLECTED AND DELIVERED BY PV MODULES

Daily rotation of the
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Figure 22.4 The celestial sphere and the ecliptic plane

yS

Zenith

South

qZS

gS

East

Figure 22.5 Position of the sun relative to a fixed point on the Earth defining the two critical
angles ψS (azimuth) and θZS (solar zenith). The complement of the last, γS (altitude) is also shown

to the horizontal plane and to the vertical, respectively. Figure 22.5 attempts to visualise these
concepts. The solar zenith angle θZS is between the vertical and the incident solar beam, i.e., the
angle of incidence of beam radiation on a horizontal surface; and the solar azimuth ψS is between
the meridians of the location and the sun, i.e.the angular displacement from noon of the projection
of beam radiation on the horizontal plane. The complement of the zenith angle is called the solar
altitude, γS. In the Northern (Southern) Hemisphere, the solar azimuth is referenced to true south
(north) not magnetic south (north) and is defined as positive towards the west, that is, in the evening,
and negative towards the east, that is, in the morning.

At any given moment, the angular coordinates of the sun with respect to a point of geo-
graphic latitude φ (north positive, south negative) are calculated from the equations:

cos θZS = sin δ sin φ + cos δ cos φ cos ω = sin γS (22.4)
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defined as

(2)

where ηpc is power conditioning efficiency which is equal to one when

MPPT is used, and β is temperature coefficient ((0.004-0.006) per 
0

C),

and ηr is the reference module efficiency, and Tcref is reference cell

temperature in 
o

C. Reference temperature (Tcref) can be obtained by

relation

(3)

where Ta is ambient temperature in 
0

C, NOCT is nominal operating cell

temperature in 
0

C, and Gt is solar irradiation in tilted module plane (W/m
2

).

The total radiation in the solar cell considering normal and diffuse

solar radiation can be estimated as
36

(4)

3.1.2 System Modeling

Solar cell, the building block of the solar array, is basically a P-N

junction semiconductor capable of producing electricity due to

photovoltaic effect.
37

 PV cells are interconnected in series-parallel

configuration to form a PV array.
38

 Using ideal single diode as shown

in Fig. 1, for an array with Ns series connected cells and Np parallel-

connected cells, the array current may be related to the array voltage as 

(5)

where

(6)

and q is the electron charge (1.6 × 10
-9

C), K is Boltzmann’s constant,

A is the diode ideality factor, T is the cell temperature (K). Irs is the cell

reverse saturation current at T, Tr is the cell referred temperature, Irr is

the reverse saturation current at Tr, EG is the band gap energy of the

semiconductor used in the cell. The photo current Iph varies with the

cell’s temperature and radiation as follows

(7)

where ISCR is cell short circuit current at reference temperature and

radiation, ki is the short circuit current temperature coefficient and S is

the solar radiation in (mW/cm
2

).

Solar cells are generally modeled as single diode in Fig. 2 and

double diode circuit model in Fig. 3. 

Single diode model uses an additional shunt resistance in parallel to

ideal shunt diode model. I-V characteristics of PV cell can be derived

using single diode model, as follows:
39

(8)

(9)

where Iph is photo current (A), ID is the diode current (A), I0 is the

inverse saturation current (A), A is the diode constant, q is the charge

of the electron (1.6 × 10
-9

 C), K is Boltzmann’s constant, T is the cell

temperature (
0

C), Rs is the series resistance (ohm), Rsh is shunt

resistance (Ohm), I is the cell current (A), and V is cell voltage (V).

Output current of the PV cell using two diode model can be

described as
40

(10)

where

(11)

(12)

I
01 
and I

02
 are reverse saturation current of diode 1 and diode 2, VT1

and VT2 are thermal voltage of respective diode. a1 and a2 represent the

diode ideality constants.

Simplified model for PV system modeling proposed by Zhou et al.
41

is presented below

 

(13)

(14)

where νoc is normalized value of the open-circuit voltage Voc with

respect to the thermal voltage Vt = nkT/q, n is the ideality factor (1 <

n < 2), K is the Boltzmann constant, T is the PV module temperature

in kelvin, q is the electron charge, α is the factor responsible for all the

non-linear effects that the photocurrent depends on, β is a PV module
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Fig. 1 Ideal single diode PV cell model

Fig. 2 Single diode PV cell model

Fig. 3 Double diode PV model
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in Table VII.2 is left for future work. If the contribution of these terms is negligible 
even for the worst-case scenarios, the last three model coefficients are not needed for 
the particular PV device. Limiting the model to just the first three coefficients would 
mean that the efficiency-overirradiance curves at various operating temperatures could 
be obtained by simple translation along the vertical axis of those defined at T  = 25°C 
(shown in Fig. 7.1). Fig. 7.10 contains a proof that this is not always the case. Namely, 
the curves for the higher temperature are flatter near 1000 W/m2 than those for 25°C. 

 
F igure 7.10: Relative efficiency curves for different operating temperatures of the 
two mc-Si modules studied in [Yor10b, Yor12a]. 

Another way to analyze the significance of k4 through k6 is by re-writing Eq. 
(7.2) in the form: 

 2', ' 1 ' 1 ' 1 ' ' 1 ' 'ln ln6 54
RE L 3 1 2

3 1 2

k kk
G T k T T k T G k T G

k k k
 (7.8) 

and then comparing (k4/k1)  and (k5/k2)  to unity for extreme non-zero magnitudes 

of , as well as by comparing (k6/k3)  to unity for ln =0 (i.e. at standard irradiance). 
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ROTOR BLADE THEORY (BLADE-ELEMENT/MOMENTUM THEORY) 63

0.5
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0
0 5 10 15

Cp

λ

Figure 3.15 Power coefficient – tip speed ratio performance curve

The power coefficient is, therefore,

CP = P
1
2
ρU 3

∞π R2

Solving the blade element-momentum Equations 3.54 and 3.55 for a given, suitable
blade geometrical and aerodynamic design yields a series of values for the power and torque
coefficients which are functions of the tip speed ratio. A typical performance curve for a
modern, high speed wind turbine is shown in Figure 3.15.

The maximum power coefficient occurs at a tip speed ratio for which the axial flow
induction factor a, which in general varies with radius, approximates most closely to the
Lanchester-Betz limit value of 1

3 . At lower tip speed ratios the axial flow induction factor
can be much less than 1

3 and aerofoil angles of attack are high leading to stalled conditions.
For most wind turbines stalling is much more likely to occur at the blade root because, from
practical constraints, the built-in pitch angle β of a blade is not large enough in that region. At
low tip speed ratios blade stalling is the cause of a significant loss of power, as demonstrated
in Figure 3.15. At high tip speed ratios a is high, angles of attack are low and drag begins to
predominate. At both high and low tip speed ratios, therefore, drag is high and the general
level of a is non-optimum so the power coefficient is low. Clearly, it would be best if a turbine
can be operated at all wind speeds at a tip speed ratio close to that which gives the maximum
power coefficient.
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culated directly from the published data for the 300 STK 2M1. From published
data, we can construct an approximate short-circuit torque versus rate of rota-
tion curve for the 500 STK 2M [2]. The peak short-circuit torque for the 500
STK 2M is about twice the torque at rated power and speed. This is line Gen.
1 in Figure 3.
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Figure 3: Torque versus rate of rotation curves for the wind turbine rotor, at
various wind speeds, and short-circuit torque curves for two permanent magnet
generators of similar construction but different radius. Curves for some possible
short-circuit resistances are shown for Generator 2.

Estimating the peak short-circuit torque of the 300 STK 2M generator using
the ratio of radii, we arrive at a peak torque of 221 Nm. The variation of short-
circuit torque with RPM depends on the resistance of the short-circuit [2, 4].
If a resistance is added to the circuit, the peak short-circuit torque moves to a
higher RPM. Lines Gen. 2(b) to Gen. 2(d) in Figure 3 show indicative short-
circuit torque curves for the 300 STK 2M machine for increasing short-circuit
resistances. Adding resistance to the short-circuit is equivalent to connecting in
a load, i.e. resistance dissipates power as heat.

For the wind turbine considered, we can generate a series of rotor torque
curves for various wind speeds. These were produced using a blade-element
momentum solver, following a version of the algorithm outlined by Hansen [3],
after Glauert and Prandtl. From Fig. 3, it can be seen that the generator will
have limited ability to slow or stop a machine using its short-circuit torque in
wind speeds of about 18 m/s and higher. This coincides with observations made

1Alxion’s published drawings allows us to use the actual radial distance to the air gap.
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STUDER INNOTEC                                                                                                                            !" 

User manual SI V3.2.1 E  10 

Technical data 

Model SI 
 

612 
624 
648 

812 
824 

1212 
1224 
1248 

1624 
 

2324 
2348 

 

3324 
 

3548 
 

Input voltage (Unom) [V] 12/24/48 12/24 12/24/48 24 24V/48 24 48 

Nominal power  [W] 600 800 1200 1600 2300 3300 3500 

« Standby » current [mA] 
Power « ON » no load [W] 

25/21/10 
2.6 

25/21  
2.8 

25/21/12 
4.8 

21 
5.8 

25/17 
9 

25 
13 

30 
17 

Power « ON » no load [W] 
TWINPOWER system 

-------- ------- < 0.5 < 0.5 < 0.6 < 0.7 < 0.8 

Maximum efficiency [%] 91 92 93 - 95 93 - 95  95 95 95 

Length L x 124 (H) x 215 (W) [mm] 276 276 391 391 591 636 791 

Weight [kg] 6.9 10.4 13.2 15.2 27 30 38 
 
Input voltage  Min. - Max.:  Unom x 0.95 to Unom x 1.33 
Dynamic correction of Umin. - 10% at Pnom 
Output voltage True sine 230 Vac 3%  
Distortion < 2% (at Pnom) 
Dynamic behaviour From 0% to 100% load change. Normalization: 0.5 ms   
Frequency  50 Hz 0.01% (Crystal control) 
Charge detection (standby) Adjustable: 0.3  20 W 
Maximum power 15 min 1.3  1.6 x Pnom  / 25°C 
Maximum power 3 min 1.6  2 x Pnom  / 25°C 
Peak power 5s  3.5 x Pnom 
Asymmetric load Up to 2 x Pnom 
Cos   0.1  1 
Protections Overload/Overheat/Short-circuit/Reverse polarity by internal fuse  
IP protection index IP 20 complies with DIN 40050/IP 22 with top cover 
Forced ventilation From 45°C  3°C 
Overheating protection  75°C  3°C 
Required battery capacity  5x Pnom/Unom  (recommended value) 
Acoustic level Without ventilation:  10 dB              With ventilation:  35 dB 

EEC conformity EN 61000-6-1, EN 61000-6-3, EN 55014, EN 55022, EN 61000-3-2,       
Dir. 89/336/EEC, LVD 73/23/EEC 

  
 

 

 

 
 
 
 
Other specifications on request (Ex: 115V/60Hz). 
These data are for information only and may change without notice.    

Options 
 

3-phased system (per unit) from SI 1200 SIxxxxPE 
TwinPower system from SI 1200 SIxxxxTP 
Top cover IP 23 C-IP23 
Potential free alarm contact (60V/0.5A) for all models SIxxxxA 
Solar charge controller 16A/12-24V for SI 600 and SI 800 SIxxxS 

 3U x 400 mm from SI 1200 SIxxxxIND 
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Annex Unit Commitment

September 20, 2015

In [1]: import numpy as np

import matplotlib.pyplot as plt

import pandas as pd

import pyEMS

%matplotlib inline

In [2]: random = np.random.RandomState(seed=12345) # fixed seed for reproducibility of the random function

In [3]: def plot_power(node):

fig1 = plt.figure(figsize=(17, 4))

for load in node.list_elements(’load’):

plt.plot(load.requested, label=(load.name + ’ power requested’))

for source in node.list_elements(’source’):

plt.plot(source.power_max, label=(source.name + ’ maximum power’))

plt.title(’Power’)

plt.xlabel(’Time interval’)

plt.ylabel(’Power / W’)

plt.grid(True)

plt.legend(loc=’upper center’, bbox_to_anchor=(0.5, -0.1),

fancybox=True, shadow=True, ncol=5)

def plot_cost(node):

fig2 = plt.figure(figsize=(17, 4))

for load in node.list_elements(’load’):

plt.plot(load.shift_cost, label=(load.name + ’ shift cost’))

plt.plot(load.curtail_cost, label=(load.name + ’ Load curtail cost’))

for source in node.list_elements(’source’):

plt.plot(source.cost, label=(source.name +’ cost’))

plt.title(’Cost’)

plt.xlabel(’Time interval’)

plt.ylabel(’Cost / (e kWh^-1)’)

plt.grid(True)

plt.legend(loc=’upper center’, bbox_to_anchor=(0.5, -0.1),

fancybox=True, shadow=True, ncol=5)

def plot_power_max_requested(node):

fig3 = plt.figure("Power", figsize=(17, 7))

for load in node.list_elements(’load’):

plt.plot(load.requested, label=(load.name + ’ power requested’))
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sum_source = np.zeros(np.size(node.list_elements(’source’)[0].committed))

for source in node.list_elements(’source’):

plt.plot(source.power_max, ’--’, label=(source.name + ’ maximum power’))

plt.plot(source.committed, label=(source.name + ’ power commited’))

sum_source += np.array(source.committed)

if np.size(node.list_elements(’storage’)) is not 0:

sum_storage = np.zeros(np.size(node.list_elements(’storage’)[0].committed_dsc))

for storage in node.list_elements(’storage’):

plt.plot(storage.committed_ch, label=(storage.name + ’ charging power’))

plt.plot(storage.committed_dsc, label=(storage.name + ’ discharging power’))

sum_storage += np.array(storage.committed_dsc)

plt.plot(sum_source + sum_storage, label=’Total sources power’)

plt.title(’Power’)

plt.xlabel(’Time interval’)

plt.ylabel(’Power / W’)

plt.grid(True)

plt.legend(loc=’upper center’, bbox_to_anchor=(0.5, -0.1),

fancybox=True, shadow=True, ncol=5)

1 Examples for the Unit Commitment module

In the following notebook we’ll show same basic examples cases of the Unit Commitment done by the module
scheduling in order to demostrate both its use than its validity.

1.1 Loads examples

A common basic scenario is set up in order to evaluate how the optimization process of the Unit Commitment
allocates the resources changing the characteristics of the load. The scenario presents:

• a window of analysis of ten equal time intervals,
• one variable source that has the same power of load in the first half of the time intervals and twice the
load power in the second half,

• one constant load,
• cost of source variable and higher than shift and curtail cost in the first half of time intervals while
lower and than both of them in the second half.

Starting from the common scenario, three different typologies of loads are used: a non controllable load,
a shiftable load and a curtailable load.

While the hourly cost of the generator is equal for all the scenarios, the cost of the load shifting and load
curtailment chage between the scenarios.

The resolution of a Unit Commitment problem starts with the definition of the time intervals for which
the commitment is searched. The window list contains ten equal intervals of 3600 seconds each one so that
the total time length is of ten hours; note that each time intervals can also have different length but here
they are constant to keep the problem simple.

In [4]: time_intervals = 10

half_time_intervals = int(time_intervals / 2)

window = [3600] * time_intervals # s

After the window object, the second required element is the node to which sources, storages and loads
are connected. The element is created using the node Class in module elements of the pyEMS package; this
class required just a name to be initialized. Here a node called Node example is created.
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In [5]: node = pyEMS.elements.Node(name=’Node example’)

The just created node is empity.

In [6]: node.list_all_elements()

The Node Class as all the other classes in the elements module, when generates a new object, assigns a
universally unique identifier (UUID) to the object so that to different elements can have the same name and
still be distinguishable.

In [7]: node2 = pyEMS.elements.Node(name=’Node example’)

print(node.name, node.uuid)

print(node2.name, node2.uuid)

Node example 135aef79-ba8c-4dcc-837e-12ac1ce07f2f

Node example d2093840-70a2-40d4-b266-45916a0736fb

The next step is to create the elements connected to the node. Given that in the following section different
typologies of load are used while the source element does not chage, the latter is created first.

The source element is created with the Source Class with the following four inputs: the name of the
element, the low bound, the up bound and the generation cost of power for each time interval.

The created source is then added to the node.

In [8]: unit_power= 0.5 # W
unit_cost = 1.0 # e Wh^-1

source = pyEMS.elements.Source(name=’Source example’,

power_min=[0] * time_intervals,

power_max=([unit_power] * half_time_intervals +

[2 * unit_power] * half_time_intervals),

cost=([8 * unit_cost] * half_time_intervals +

[0* unit_cost] * half_time_intervals))

node.add_element(source)

node.list_all_elements()

Element name: Source example UUID: 3a95c05e-0d65-4d04-a5fc-a349a1bfcd55

Before the Unit Commitment process, the source has no power commited.

In [9]: source.committed

Out[9]: [0, 0, 0, 0, 0, 0, 0, 0, 0, 0]

1.1.1 Load not modificable

The scenario with a load without shift neither curtail capabilities shows that even if it was cheaper cur-
tail/shift the load the algorithm does not allow it.

The scenario presents:

• a not controllable load (not shiftable neather curtailable),
• cost of curtail and cost of shift constant with the shift cost higher than curtail cost.

The load object is created by the Load Class setting its name name, the forecasted or planned load profile
for each time interval requested then the Demand Side Management option allowed and their cost. The
load element is the added to the node.
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In [10]: load_not_mod = pyEMS.elements.Load(name=’Load not modificable’,

requested=[unit_power] * time_intervals, # W
curtailable=False,

shiftable=False,

curtail_cost=[2 * unit_cost] * time_intervals,

shift_cost=[4 * unit_cost] * time_intervals)

node.add_element(load_not_mod)

node.list_all_elements()

Element name: Source example UUID: 3a95c05e-0d65-4d04-a5fc-a349a1bfcd55

Element name: Load not modificable UUID: 99db080f-55e8-4ce9-a606-e78c72aea3f3

As shown for the source, the load has no power commited before the Unit Commitment.

In [11]: load_not_mod.committed(window)

Out[11]: [0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

In [12]: plot_power(node)

plot_cost(node)

The Unit Commitment optimization is performed by the unit commitment function in the scheduling

module. The function requires a time reference given by the window element and the node element on which
performe the optimization.

In [13]: pyEMS.scheduling.unit_commitment(window, node)
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Status: Optimal

Solution time: 0.03003200000000028 s

Cost: 20.0

The function save the result of the optimization directly in the elements objects in the node and print
the Status of the optimization process, the time required to obtain the solution Solution time in seconds
and the total Cost of the scheduled Unit Commitment.

In [14]: source.committed

Out[14]: [0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5]

In [15]: load_not_mod.committed(window)

Out[15]: [0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5]

In [16]: load_not_mod.shift_in_power(window)

Out[16]: [0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

In [17]: load_not_mod.shift_out_power()

Out[17]: [0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

In [18]: load_not_mod.curtail_power()

Out[18]: [0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

The results can be plotted using the function scheduling plot of the plots module.

In [19]: pyEMS.plots.scheduling_plot(window, node)

The result of the Unit Commitment shows that the final load after optimization P load is equal to the
load before the optimization P forecasted.

In [20]: load_not_mod.shift_table()
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[1.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 1.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0]

The load table has all and only diagonal elements not null beacause the scheduling cannot change the
time intervals of the loads.

Before changing case study with an other load, the actual load is removed from the node.

In [21]: node.remove_element(load_not_mod)

In [22]: node.list_all_elements()

Element name: Source example UUID: 3a95c05e-0d65-4d04-a5fc-a349a1bfcd55

1.1.2 Load only shiftable

The scenario presents:

• load shiftable but not curtailable,
• cost of curtail and cost of shift constant with the shift cost higher than curtail cost.

In [23]: load_only_shift = pyEMS.elements.Load(name=’Load only shiftable’,

requested=[unit_power] * time_intervals, # W
curtailable=False,

shiftable=True,

curtail_cost=[2 * unit_cost] * time_intervals,

shift_cost=[4 * unit_cost] * time_intervals)

node.add_element(load_only_shift)

In [24]: plot_power(node)

plot_cost(node)
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If the load is only shiftable.

In [25]: pyEMS.scheduling.unit_commitment(window, node)

Status: Optimal

Solution time: 0.02538800000000041 s

Cost: 10.0

In [26]: pyEMS.plots.scheduling_plot(window, node)

The Unit Commitment optimization shifted the forecasted load from first half of the time window to the
second one where the hourly cost of the power source is null. The scenario was designed so that the capacity
of the source can satisfies the load demand, thus there are no physical constrains and the optimization has
only economical reasons. Unlile the not controllable load scenario where the total cost of operation was
given by the cost of the source, in this case the total cost is given by the shift cost because the source has
no generation cost when satisfies the load.

In [27]: load_only_shift.shift_table()

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0]
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[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0]

The table show that the shift is not necessary sequential because the shift cost is constant in all the
window and generator is constant in each half window thus the total cost is not effected by the order of
recollocation of the energy slot, matematically it means that the global optimum of the optimization process
is not unique and the solver gives the first optimum met.

The Unit Commitment algorithm chose to shift the load instead of using the more expensive original
scheduling but it cannot use the cheaper solution which was the load curtailment. In order to show that the
forbidding of the curtailment was a constrain in the problem, the scenario is rerun setting both shift and
curtailment as allowed.

In [28]: load_only_shift.curtailable=True

In [29]: pyEMS.scheduling.unit_commitment(window, node)

Status: Optimal

Solution time: 0.026217000000000823 s

Cost: 5.0

In [30]: pyEMS.plots.scheduling_plot(window, node)

In [31]: load_only_shift.shift_table()

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0]
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In this case the Unit Commitment chose to use the curtailment option during the time intervals with
high generation cost while in the intervals with zero generation cost the load is refed because the cost of
curtailment is not null.

1.1.3 Load only curtailable

The scenario presents:

• load not shiftable but curtailable
• cost of curtail and cost of shift constant with the curtail cost higher than shift cost.

In [32]: load_only_curtail = pyEMS.elements.Load(name=’Load only shiftable’,

requested=[unit_power] * time_intervals, # W
curtailable=True,

shiftable=False,

curtail_cost=[4 * unit_cost] * time_intervals,

shift_cost=[2 * unit_cost] * time_intervals)

node.remove_element(load_only_shift)

node.add_element(load_only_curtail)

In [33]: plot_power(node)

plot_cost(node)

In [34]: pyEMS.scheduling.unit_commitment(window, node)
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Status: Optimal

Solution time: 0.029779000000001332 s

Cost: 10.0

In [35]: pyEMS.plots.scheduling_plot(window, node)

In this scenario the Unit Commitment chose a curtailment of the load even if it has a higher cost than
the load shift because of the imposed constrain on this option.

In [36]: load_only_curtail.shift_table()

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0]

Removing the prohibition on the shift of the load so that both the load control option are allowable, the
algorithm find a better optimum scheduling with a shift of the load to the hour with null generation cost.

In [37]: load_only_curtail.shiftable = True

In [38]: pyEMS.scheduling.unit_commitment(window, node)

Status: Optimal

Solution time: 0.02525600000000061 s

Cost: 5.0

In [39]: pyEMS.plots.scheduling_plot(window, node)
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In [40]: load_only_curtail.shift_table()

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0]

[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0]

1.2 Sources and storage examples

In the following it is shown how it is possible to set the dispatching priority to a renewable source over a
conventional one just setting a difference between the generation costs of the sources.

Set the priority of the renewable source, the role of energy buffer of a storage system is inlustrated,
showing how the storage allows to use all the renewable potential.

The scenario presents:

• a window of analysis of ten equal time intervals,
• a conventional source con source with a capacity greather than the load demand,
• a renewable source res source with a capacity inferior to the load demand,
• a variable not controllable load load with a randomly generated power profile.

In [41]: time_intervals = 10

window = [3600] * time_intervals # s
unit_power= 0.5 # W
unit_cost = 1.0 # e Wh^-1

node_source = pyEMS.elements.Node(name=’Node for source example’)

load = pyEMS.elements.Load(name=’Load’,

requested= random.randint(0, 10, time_intervals) * unit_power, # W
curtailable=False,
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shiftable=False,

curtail_cost=[unit_cost] * time_intervals,

shift_cost=[unit_cost] * time_intervals)

con_source = pyEMS.elements.Source(name=’Conventional source’,

power_min=[0] * time_intervals,

power_max=1.5 * load.requested,

cost=[random.uniform(1, 0) * unit_cost for _ in range(time_intervals)])

res_source = pyEMS.elements.Source(name=’Renewable source’,

power_min=[0] * time_intervals,

power_max=0.5 * load.requested,

cost=con_source.cost)

node_source.add_element(load)

node_source.add_element(con_source)

node_source.add_element(res_source)

In [42]: plot_power(node_source)

plot_cost(node_source)

In [43]: pyEMS.scheduling.unit_commitment(window, node_source)

Status: Optimal

Solution time: 0.03711299999999973 s

Cost: 6.67555463904
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In [44]: plot_power_max_requested(node_source)

The plot shows that the Unit Commitment algorithm chose to use only the conventional source, which
is capable of feed the load alone, because the costs of the two source is equal.

1.2.1 Renewable source priority

To obtain a priority of the renewable source, the unit cost of this source is set lower than the conventional
source by a random real number x ∈ [0, 1) with uniform distribution.

In [45]: con_source.cost = [random.uniform(1, 0) * unit_cost for _ in range(time_intervals)]

res_source.cost = [p * random.uniform(0, 1) for p in con_source.cost]

In [46]: plot_cost(node_source)

In [47]: pyEMS.scheduling.unit_commitment(window, node_source)

Status: Optimal

Solution time: 0.03516000000000119 s

Cost: 4.22153654987

In [48]: plot_power_max_requested(node_source)
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The plot shows that the Unit Commitment algorithm chose to use all the renewable potential (the line
of the Renewable source power is on the top of the Renewable source maximum power) and then part of the
Conventional source so that the total sources power is align with the load power request.

1.2.2 Use of all the renewable potential

To show that a storage system can increase the renewable source energy, it is necessary to set a load power
profile which is lower of the renewable source in some time intervals and higher than it in other time intervals:
the storage system will act as an energy time buffer between the power generation and the load request.

The storage system object is created with the Storage Class of the elements module. It requires a name,
power bounds, cost and efficiency of the discharge and charge processes for each time interval, the energy
bounds of the storage and its initial energy.

In [49]: res_source.power_max = random.permutation(load.requested)

storage = pyEMS.elements.Storage(name=’Storage’,

power_dsc_min=[0] * time_intervals,

power_dsc_max= [100] * time_intervals,

power_ch_min = [0] * time_intervals,

power_ch_max = [100] * time_intervals,

cost_dsc = [0] * time_intervals,

cost_ch = [0] * time_intervals,

efficiency_dsc = 1.0,

efficiency_ch = 1.0,

energy_min = 0,

energy_max = 100000000,

energy_start = 0)

The first Unit Commitment is done without any storage system.

In [50]: pyEMS.scheduling.unit_commitment(window, node_source)

Status: Optimal

Solution time: 0.03471799999999803 s

Cost: 4.02109507258

In [51]: plot_power_max_requested(node_source)
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It is possible to notice that without the storage system it is not assured that all the possible renewable
storage is utilized: if in a time interval the load power is higher of the renewable source potential, the
conventional source is required while if the load is lower than the renewable source potential all the power
between the source potential and the actual source power is wasted.

The storage system is insered in the system.

In [52]: node_source.add_element(storage)

pyEMS.scheduling.unit_commitment(window, node_source)

Status: Optimal

Solution time: 0.048408000000002005 s

Cost: 1.99775831797

In [53]: plot_power_max_requested(node_source)

The plot shows that the renewable potential is not completely used:

In [54]: res_source.cost = [-1] * time_intervals

In [55]: plot_cost(node_source)
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In [56]: pyEMS.scheduling.unit_commitment(window, node_source)

Status: Optimal

Solution time: 0.04520199999999974 s

Cost: -17.8354724686

In [57]: plot_power_max_requested(node_source)

The last plot shows that if the cost of the renewable source is set negative, that is a profit not a cost,
the algorithm uses all the renewable resource. Obviously setting the renewable cost as a profit makes not
comparable the total cost of the last optimization with the total costs of the past otimization and it does
not mean it is the best economic choise.

In [58]: %load_ext watermark

%watermark -a "Nicola Tomasone" -u -e -t -v -m -g -p numpy,scipy,pandas,pyEMS

Nicola Tomasone

Last updated: 20/09/2015 22:39:24

CPython 3.4.3

IPython 4.0.0

numpy 1.9.2
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scipy 0.16.0

pandas 0.16.2

pyEMS 0.1

compiler : GCC 4.2.1 (Apple Inc. build 5577)

system : Darwin

release : 10.8.0

machine : i386

processor : i386

CPU cores : 2

interpreter: 64bit

Git hash : f905ffecaffa27f8dcd4ab4ea78a9cd672475e8d
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Annex Photovoltaic model

September 20, 2015

In [1]: import numpy as np
import pandas as pd
import pvlib
import pytz
import pickle

import pyEMS
%matplotlib inline

0.1 Import data from GECAD database

The metereological data are collected by a Davis Vantage Pro2 Plus device installed in the facility and stored
in the local privite GECAD database and in the public databases of MeteoISEP and WeatherUnderground.

The electrical data are collected by a PLC in the GECAD renewable laboratory (aka laboratory F514)
from the instruments of the laboratory and saved in the local GECAD database.

The photovoltaic power regulator device is directly connected to the storage system which acts as Direct
Current (DC) bus, thus the output of the photovoltaic system depens on the voltage of the storage; if storage
has a high State of Charge the power output of the photovoltaic system is limited. In order to obtain useful
data the query is done on day 2015-09-03 when an experiment was performed.

In order to deal with the Daylight saving time (DST) the recorded data are queried with the UTC time,
thus the time is first localize to the Europe/Lisbon time-zone and then converted to the UTC time.

In [2]: utc = pytz.utc
local = pytz.timezone(’Europe/Lisbon’)

In [3]: time_interval = (local.localize(pd.datetime(2015, 9, 3, 0, 0)).astimezone(utc),
local.localize(pd.datetime(2015, 9, 3, 23, 59)).astimezone(utc))

In [4]: with open(’../shared_files/connection_string.pickle’, ’rb’) as f:
connection_string = pickle.load(f)

In [5]: #try:
df_weather = pyEMS.gecad_tools.weather_data(time_interval, connection_string)
#except:

#df_weather = pd.read_csv(’Photovoltaic_model_test_df_weater.csv’, index_col=’DateUTC’, parse_dates=True)
# find how to handle timezone in readed csv file
# because now it has no timezone and the later
# localization fail

#try:
df_electrical = pyEMS.gecad_tools.electrical_data(time_interval, connection_string)
#except:

#df_electrical = pd.read_csv(’Photovoltaic_model_test_df_electrical.csv’, index_col=’DateUTC’, parse_dates=True)
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0.2 Define the system space and time coordinates

The evaluation algorithms of the Direct Normal Irradiance (BNI) and Direct Irradiance on the module (BMI)
required information on the local geografical position, local time and modules orientation to calculate the
relative position between Sun and photovoltaic modules.

In [6]: loc = pvlib.location.Location(name=’ISEP’, latitude=41.179, longitude=-8.607, tz=’Europe/Lisbon’, altitude=109)
times = df_weather.index
times_loc = times.tz_convert(loc.pytz)
surface_tilt = 40
surface_azimuth = 188 # check this value

0.2.1 Weather data

In [7]: df_weather.describe()

Out[7]: Temperature Global Horizontal Irradiance Wind Speed Pressure
count 284.000000 284.000000 284.000000 284.000000
mean 292.156690 225.183099 0.671264 101465.739437
std 2.604886 278.143088 1.226417 68.691576
min 288.350000 0.000000 0.000000 101380.000000
25% 289.750000 0.000000 0.000000 101410.000000
50% 291.350000 35.000000 0.000000 101440.000000
75% 295.075000 462.500000 0.888889 101510.000000
max 296.250000 902.000000 5.361111 101610.000000

In [8]: df_weather.plot(figsize=(15,21), subplots=True, legend=True)

Out[8]: array([<matplotlib.axes. subplots.AxesSubplot object at 0x1094202e8>,
<matplotlib.axes. subplots.AxesSubplot object at 0x109188240>,
<matplotlib.axes. subplots.AxesSubplot object at 0x109111128>,
<matplotlib.axes. subplots.AxesSubplot object at 0x1094a6470>], dtype=object)
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The Global Horizontal Irradiance has almost the classical shape of a clear sky condition except for
the central hours of the day where the clouds effect is noticeable.
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0.2.2 Electrical data

The recorded electrical values for the photovoltaic generator are the DC bus voltage F1 U1 and the DC
output current of the photovoltaic power device F1 I1, then DC power is then indirectly obtain multipling
the two measures.

In [9]: df_electrical.dropna().head(3)

Out[9]: P load pv P load wind P source pv P battery pv \
TimeCol

2015-09-02 23:00:10 0 0 0.0000 69.0000

2015-09-02 23:00:20 0 0 0.7995 68.2005

2015-09-02 23:00:30 0 0 0.7995 68.2005

P source wind P battery wind U battery pv \
TimeCol

2015-09-02 23:00:10 0 -50 26.65

2015-09-02 23:00:20 0 -50 26.65

2015-09-02 23:00:30 0 -50 26.65

U battery wind I battery pv I battery wind

TimeCol

2015-09-02 23:00:10 26.75 2.589118 -1.869159

2015-09-02 23:00:20 26.80 2.559118 -1.865672

2015-09-02 23:00:30 26.80 2.559118 -1.865672

In [10]: df_electrical[[’U battery pv’, ’I battery pv’, ’P source pv’]].describe()

Out[10]: U battery pv I battery pv P source pv

count 7530.000000 7529.000000 7530.000000

mean 26.869396 0.915107 67.699802

std 0.906833 2.731091 101.289737

min 24.900000 -7.830000 0.000000

25% 26.600000 -0.869545 0.801000

50% 26.700000 2.544627 0.853500

75% 27.150000 2.619254 152.856000

max 28.700000 7.553513 299.022000

In [11]: df_electrical[[’U battery pv’, ’I battery pv’, ’P source pv’]].plot(figsize=(15, 15), subplots=True, legend=True)

Out[11]: array([<matplotlib.axes. subplots.AxesSubplot object at 0x10172cba8>,

<matplotlib.axes. subplots.AxesSubplot object at 0x106dd28d0>,

<matplotlib.axes. subplots.AxesSubplot object at 0x1092b7080>], dtype=object)
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From the above plots of the Global Horizontal Irradiance (ghi) and the DC power output pv power

recorded can be noticed that the DC power have not the same trand until time 8:30 UTC: the former has
a smoother trend while the latter has a step at the aforementioned time instant; the reason, in accordance
with what written in the beginnign, is that the experiment was started at that time.

In addition the values between 10:30 UTC and 13:50 UTC are missing due to a ethernet connection
problem in the ISEP net.

0.3 Evaluate the Sun position for the given time interval

The first point is the evaluation of Sun position during the time of analysis. The algorithm used is the
NREL’s SPA presented in [Reda, I.; Andreas, A. (2003). Solar Position Algorithm for Solar Radiation
Applications. 55 pp.; NREL Report No. TP-560-34302, Revised January 2008]; it requires the local time,
therefore the input time is in local time then the output is converted to UTC time.

In [12]: sun_position = pvlib.solarposition.get_solarposition(time=times_loc, location=loc, method=’nrel_numpy’)

sun_position.index = sun_position.index.tz_convert(’UTC’)
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0.4 Evaluate irradiance components

0.4.1 Direct normal irradiance (bni)

The direct normal irradiance (bni), the irradiation received per unit area by a surface that is always held
perpendicular to the rays that come in a straight line from the direction of the sun at its current position in
the sky, is computed by means of the DISC model.

In [13]: disc_model = pvlib.irradiance.disc(ghi=df_weather[’Global Horizontal Irradiance’],

zenith=sun_position[’zenith’],

times=times,

pressure=df_weather[’Pressure’])

In [14]: irradiance = df_weather.copy().drop([’Temperature’, ’Wind Speed’, ’Pressure’], axis=1)

In [15]: irradiance.rename(columns={’Global Horizontal Irradiance’: ’ghi’}, inplace=True)

In [16]: irradiance[’bni’] = disc_model[’dni’].copy()

0.4.2 Direct horizontal irradince (bhi)

The direct horizontal irradiance is computed

In [17]: irradiance[’bhi’] = disc_model[’dni’] * pvlib.tools.cosd(sun_position[’zenith’])

0.4.3 Direct diffuse irradiance (dhi)

In [18]: irradiance[’dhi’] = irradiance[’ghi’] - irradiance[’bhi’]

0.4.4 Direct module irradiance (bmi)

In [19]: irradiance[’bmi’] = pvlib.irradiance.beam_component(surface_tilt=surface_tilt,

surface_azimuth=surface_azimuth,

solar_zenith=sun_position[’zenith’],

solar_azimuth=sun_position[’azimuth’],

dni=disc_model[’dni’])

0.4.5 Diffuse module irradiance (dmi)

The diffuse module irradiance (dmi) is evaluated by means of the isotropic model.

In [20]: irradiance[’dmi’] = pvlib.irradiance.isotropic(surface_tilt=40,

dhi=irradiance[’dhi’])

0.4.6 Reflected module irradiance (rmi)

The reflected module irradiance (rmi) is valuated for a surface with a reflective coefficient albedo = 0.25.

In [21]: irradiance[’rmi’] = pvlib.irradiance.grounddiffuse(surface_tilt=surface_tilt,

ghi=irradiance[’ghi’],

albedo=0.25,

surface_type=None)

0.4.7 Global module irradiance (gmi)

The sum of the three module irradiances gives the total irradiance over the module surface fr each time
instant.

In [22]: irradiance[’gmi’] = irradiance[’bmi’] + irradiance[’dmi’] + irradiance[’rmi’]
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0.4.8 Plots of irradiances

All the irradiance:

In [23]: irradiance.plot(figsize=(15, 7))

Out[23]: <matplotlib.axes. subplots.AxesSubplot at 0x10172c438>

Only the modules irradiances:

In [24]: irradiance[[’gmi’, ’bmi’, ’dmi’, ’rmi’]].plot(figsize=(15, 7))

Out[24]: <matplotlib.axes. subplots.AxesSubplot at 0x109b2f550>

Only the horizontal irradiances:

In [25]: irradiance[[’ghi’, ’bhi’, ’dhi’]].plot(figsize=(15, 7))
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Out[25]: <matplotlib.axes. subplots.AxesSubplot at 0x1047966d8>

0.5 Evaluate power output of photovoltaic system

The power of the photovoltaic system is evaluated with the PVGIS power performance model.

In [26]: n_modules = 3

power_std = 200 # [W]
module_surface = 1.425 * 0.990 # [m^2]
array_surface = module_surface * n_modules

print(’The total surface of the pv modules is:’, array_surface, ’[m^2]’)

The total surface of the pv modules is: 4.23225 [m^2]

In [27]: pv_power_sym = pyEMS.models.photovoltaic_generator(gmi=irradiance[’gmi’],

temp_amb=df_weather[’Temperature’],

wind_speed=df_weather[’Wind Speed’],

power_std=power_std,

n_modules=n_modules,

power_conv_efficiency=1.0)

To estimate the efficiency of the symulated photovoltaic system the maximum power reaching the modules
is calculated multipling the irradiance for the total surface of the photovoltais modules.

In [28]: (irradiance[’ghi’] * array_surface).plot(figsize=(15,7), legend=True) # Solar power on the modules
(irradiance[’gmi’] * array_surface).plot(figsize=(15,7), legend=True)

pv_power_sym.plot(figsize=(15,7), legend=True)

Out[28]: <matplotlib.axes. subplots.AxesSubplot at 0x104789898>
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In [29]: eff_pv_system = pd.Series(pv_power_sym / (irradiance[’gmi’] * array_surface), name=’system_efficiency’)

eff_pv_system.plot(figsize=(15,7), legend=True)

Out[29]: <matplotlib.axes. subplots.AxesSubplot at 0x109dcf630>

The efficiency is between the 12% and 14% during the hours with light, the result is resonable for the
crystalline silicon technology of the modules.

0.6 Evaluate the power recorded by the database for the pv

In [30]: pv_power_sym.plot(figsize=(15,10), legend=True)

df_electrical[’P source pv’].plot(figsize=(15,10), legend=True)

Out[30]: <matplotlib.axes. subplots.AxesSubplot at 0x109dfb0f0>
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Looking to the plot above, it is important to highlight two aspects:

1. the central hours are not useful because of missing electrical data, the sharped step down is given by
a cluds fron in the simulated power and by missing data in the recorded power,

2. the maximum power of the recorded power is 300 W, instead of more than 500 W of the simulated,
because the maximum load in the laboratory is of 300 W.

The only comparable quantities are the trends of the two quantities, trends that are similar.

In [31]: %load_ext watermark
%watermark -a "Nicola Tomasone" -u -e -t -v -m -g -p numpy,scipy,pandas,pvlib,pytz

Nicola Tomasone
Last updated: 20/09/2015 22:40:10

CPython 3.4.3
IPython 4.0.0

numpy 1.9.2
scipy 0.16.0
pandas 0.16.2
pvlib 0.2.1
pytz 2015.4

compiler : GCC 4.2.1 (Apple Inc. build 5577)
system : Darwin
release : 10.8.0
machine : i386
processor : i386
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CPU cores : 2
interpreter: 64bit
Git hash : f905ffecaffa27f8dcd4ab4ea78a9cd672475e8d
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Annex NRFM

September 20, 2015

In [1]: import numpy as np
import pandas as pd
import matplotlib.pyplot as plt
%matplotlib inline
import sys
sys.path.append(’../code’)
import pyEMS

1 Comparison between the New Reference Forcast Model and the
Persistence Model

In the following notebook the New Reference Forecasted Model (NRFM), proposed in [NJM+98] as replace-

ment of the Persistence model for the benchmark of more complex forecasting models, is compared with the

latter method through the use of the Root Mean Square of the error.

The comparison was done using two data set (training set and testing set) of the wind speed recorded

by the local weather station as it is recommended in [Mad04]. The training set is composed by fourty-eight

hours records while the testing set is composed by the twenty-four hours records; both sets have the same

sampling frequency of 0,003 Hz. The wind speed samples are used to computed the wind power production

through the wind generator model, then the RMSs of the forecasted series created with the three models

and the real series are computed.

In [2]: def nrm_correlation(TimeSeries, k, x_mean):
"""
Compute the correlation factor of the New Reference Model.

Parameters
----------
TimeSeries : nupy.array

Time series of recorded values.
k : float

Total number of required correlation coefficients.
x_mean : float

Mean value to use in the NRFM.

Returns
-------
a_k : numpy.array

Array of correlation factors for the ‘TimeSeries‘ input.

"""
N = np.size(TimeSeries)
assert k <= N, "k must be less than TimeSeries lenght N "
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if k == N:
a_k = 0.0

else:
diff_vec = TimeSeries - (np.ones(N) * x_mean)

a_k = np.dot(diff_vec[0:(N - 1 - k)], diff_vec[k: (N - 1)]) / np.sum(diff_vec[:(N - 1 - k)]**2)

return a_k

def nrm(x_t, TimeSeries, k):
"""
Compute the wind power forecast following the New Reference Model.

Parameters
----------
x_t : float

Actual value of the aleatory variable for which the forecast asked.
TimeSeries : nupy.array

Time series of recorded values.
k : float

Total number of required correlation coefficients.

Returns
-------
x_t_k : numpy.array

Forecasted values of the aleatory variable for the future k-th instant.
"""
x_mean = np.mean(TimeSeries)
a_k = nrm_correlation(TimeSeries, k, x_mean)
x_t_k = a_k * x_t + (1 - a_k) * x_mean

return x_t_k

def RMS(a, b, k):
"""
Compute the MSE of ‘a‘ over ‘b‘ inputs up to the ‘k‘ sample.

Parameters
----------
a, b : numpy.array

Two series for which the RMS is computed.
k : float

Length of the required RMS.

Returns
-------
RMS : numpy.array

RMS up to the ‘k‘ sample.
"""
size = np.size(k)
RMS = np.zeros(size)
for k in range(0, size):

RMS[k] = np.sqrt(np.mean((a[0: k] - b[0: k]) ** 2))
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return RMS

1.1 Input data

The training set is composed of 48 hour samples of the wind speed between 2015-04-06 00:00 and 2015-04-07
23:59, while the test set is composed of 24 hour samples of the wind speed of day 2015-04-08 00:00.

In [3]: try:

data_training = pyEMS.gecad_tools.weather_data(pd.datetime(2015, 4, 6, 0, 0),

pd.datetime(2015, 4, 7, 23,59))

except:

data_training = pd.read_csv(’NRFM_notebook_data_training.csv’, index_col=’DateUTC’, parse_dates=True)

data_training[’Wind Speed’].plot(figsize=(17,5), style=’-x’)

Out[3]: <matplotlib.axes. subplots.AxesSubplot at 0x108f56f98>

In [4]: try:

data_testing = pyEMS.gecad_tools.weather_data(pd.datetime(2015, 4, 8, 0, 0),

pd.datetime(2015, 4, 8, 23,59))

except:

data_testing = pd.read_csv(’NRFM_notebook_data_testing.csv’, index_col=’DateUTC’, parse_dates=True)

data_testing[’Wind Speed’].plot(figsize=(17,5), style=’-x’)

Out[4]: <matplotlib.axes. subplots.AxesSubplot at 0x109064e48>
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Statistical data of the traning set:

In [5]: print(’Training:’, data_training[’Wind Speed’].describe())

Training: count 571.000000
mean 1.056188
std 1.433739
min 0.000000
25% 0.000000
50% 0.000000
75% 1.777778
max 5.805556
Name: Wind Speed, dtype: float64

Statistical data of the test set:

In [6]: print(’Testing:’, data_testing[’Wind Speed’].describe())

Testing: count 286.000000
mean 0.883741
std 1.088803
min 0.000000
25% 0.000000
50% 0.444444
75% 1.333333
max 6.250000
Name: Wind Speed, dtype: float64

1.2 Evaluation of the output wind power

The two wind speed series are used as inputs of the wind generator model to compute the resulting DC
power.

In [7]: wind_training = np.reshape(data_training[’Wind Speed’].values, (np.size(data_training[’Wind Speed’].values,)))
p_training = pyEMS.models.wind_generator(wind_training)

wind_testing = np.reshape(data_testing[’Wind Speed’].values, (np.size(data_testing[’Wind Speed’].values,)))
p_testing= pyEMS.models.wind_generator(wind_testing)

1.3 RMS for minimum wind speed

In [8]: start = p_testing.argmin()

end = np.size(p_testing)
resolution = end - start
time_range = range(start, end)
k = np.arange(0, resolution)

Evaluation of the correlation coefficients a k for all the time series and with a constant forecast window
from the training set (see [NJM+98]).

In [9]: a_k = [nrm_correlation(p_training, k, np.mean(p_training)) for k in range(0, resolution)]
phi = [nrm_correlation(p_training[k:], 1, np.mean(p_training[k:]))**k for k in range(0, resolution)]
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fig = plt.figure(figsize=(17, 5))

plt.plot(a_k, ’-x’, label=’a_{k}’)

plt.plot(phi, ’-x’, label=’phi^k’)

plt.legend()

Out[9]: <matplotlib.legend.Legend at 0x109c7d160>

Evaluation of the forecasted values for the three models.

In [10]: p_start = p_testing[start]

print(’v_start:’, wind_testing[start], ’m s^-1’)

p_nrm = np.array([nrm(p_start, p_training, k) for k in range(0, resolution)])

p_persistence = np.ones(np.size(p_nrm)) * p_start

p_testing_mean = np.ones(np.size(p_nrm)) * np.mean(p_testing)

p_training_mean = np.ones(np.size(p_nrm)) * np.mean(p_training)

fig = plt.figure(figsize=(17, 10))

plt.plot(p_nrm, ’-x’, label=’p_nrm’)

plt.plot(p_persistence, ’-x’, label=’p_persistence’)

plt.plot(p_training_mean, ’-x’, label=’p_training_mean’)

plt.plot(p_testing, ’-x’, label=’p_testing’)

plt.plot(p_testing_mean, ’-x’, label=’p_testing_mean’)

plt.legend()

v start: 0.0 m s^-1

Out[10]: <matplotlib.legend.Legend at 0x109e31b38>
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In [11]: RMS_nrm = RMS(p_nrm, p_testing, k)
RMS_persistence = RMS(p_persistence, p_testing, k)
RMS_mean =RMS(p_training_mean, p_testing, k)

/Users/nicolatomasone/miniconda3/envs/thesis/lib/python3.4/site-packages/numpy/core/ methods.py:59: RuntimeWarning: Mean of empty slice.
warnings.warn("Mean of empty slice.", RuntimeWarning)

In [12]: fig = plt.figure(figsize=(10, 5))
plt.plot(RMS_nrm, ’-x’, label=’NRFM’)
plt.plot(RMS_persistence, ’-x’, label=’Persistence’)
plt.plot(RMS_mean, ’-x’, label=’Mean’)
plt.ylabel(’RMS / [W]’)
plt.xlabel(’Time interval’)
plt.grid()
plt.legend()
plt.savefig(’../../images/rms_0_initial_wind_speed.pdf’,bbox_inches=’tight’)
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Persistence model has a lower RMS than NRFM.

1.4 RMS for mean wind speed

In [13]: start2 = np.abs(p_testing - p_testing.mean()).argmin() # value closer to mean of series
end2 = np.size(p_testing)

resolution2 = end2 - start2

time_range2 = range(start2, end2)

k2 = np.arange(0, resolution2)

p_start2 = p_testing[start2]

p_nrm2 = np.array([nrm(p_start2, p_training, k2) for k2 in range(0, resolution2)])

p_persistence2 = np.ones(np.size(p_nrm2)) * p_start2

p_testing_mean2 = np.ones(np.size(p_nrm2)) * np.mean(p_testing)

p_training_mean = np.ones(np.size(p_nrm2)) * np.mean(p_training)

In [14]: print(’v_start:’, wind_testing[start2], ’m s^-1’)

fig = plt.figure(figsize=(17, 10))

plt.plot(p_nrm2, ’-x’, label=’p_nrm’)

plt.plot(p_persistence2, ’-x’, label=’p_persistence’)

plt.plot(p_training_mean, ’-x’, label=’p_training_mean’)

plt.plot(p_testing, ’-x’, label=’p_testing’)

plt.plot(p_testing_mean2, ’-x’, label=’p_testing_mean’)

plt.legend()

v start: 3.13888888889 m s^-1

Out[14]: <matplotlib.legend.Legend at 0x10a5a5ac8>
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In [15]: a_k2 = [nrm_correlation(p_training, k, np.mean(p_training)) for k in range(0, resolution2)]

phi2 = [nrm_correlation(p_training[k:], 1, np.mean(p_training[k:]))**k for k in range(0, resolution2)]

fig = plt.figure(figsize=(17, 5))

plt.plot(a_k2, ’-x’, label=’a_{k}’)

plt.plot(phi2, ’-x’, label=’phi^k’)

plt.legend()

Out[15]: <matplotlib.legend.Legend at 0x10ab26da0>

In [16]: RMS_nrm2 = RMS(p_nrm2, p_testing, k2)

RMS_persistence2 = RMS(p_persistence2, p_testing, k2)

RMS_mean2 =RMS(p_training_mean, p_testing, k2)

/Users/nicolatomasone/miniconda3/envs/thesis/lib/python3.4/site-packages/numpy/core/ methods.py:59: RuntimeWarning: Mean of empty slice.

warnings.warn("Mean of empty slice.", RuntimeWarning)
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In [17]: fig = plt.figure(figsize=(10, 5))
plt.plot(RMS_nrm2, ’-x’, label=’NRFM’)
plt.plot(RMS_persistence2, ’-x’, label=’Persistence’)
plt.plot(RMS_mean2, ’-x’, label=’Mean’)
plt.ylabel(’RMS / [W]’)
plt.xlabel(’Time interval’)
plt.grid()
plt.legend()
plt.savefig(’../../images/rms_initial_wind_speed_mean_series.pdf’,bbox_inches=’tight’)

Persistence model has a lower RMS than NRFM.

In [18]: %load_ext watermark
%watermark -a "Nicola Tomasone" -u -e -t -v -m -g -p numpy,scipy,pandas,pyEMS

Nicola Tomasone
Last updated: 20/09/2015 23:19:19

CPython 3.4.3
IPython 4.0.0

numpy 1.9.2
scipy 0.16.0
pandas 0.16.2
pyEMS 0.1

compiler : GCC 4.2.1 (Apple Inc. build 5577)
system : Darwin
release : 10.8.0
machine : i386
processor : i386
CPU cores : 2
interpreter: 64bit
Git hash : 8e950b17b84b326c4998f6f30bccda1ba0cdb9eb
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Annex electrical database function

September 20, 2015

In [1]: import numpy as np
import pandas as pd
from scipy import signal
import pyodbc
import pickle
from IPython.core.display import Image
%matplotlib inline

import pyEMS

1 Construction of the database function for electrical data

In the following notebook, after an analysis of data related to the electrical quantities in the GECAD

Renewable Energy laboratory (AKA laboratory F514), it is written a function that fecthes the data from

the GECAD database and gives back elaborated meaningful data.

1.1 Fetching data from database

In order to properly handle the time variables regardless the user time zone and the laboratory time zone

and regardless the present or absence of the Daylight Saving Time (DST), all the time variables must refer

to the Coordinated Universal Time (UTC).

It is chosen a time interval in which an experiment was performed so that a pratical case is shown.

In [2]: pd.Timestamp

Out[2]: pandas.tslib.Timestamp

In [3]: date = pd.to_datetime((’2015-03-04 00:00’, ’2015-03-05 00:00’)).tz_localize(’Europe/Lisbon’).tz_convert(’UTC’)

The data are fetch from the GECAD database using the pyodbc and the pandas packages: the first

package creates the data connection with the database server while the second save the fetched data in a

pandas DataFrame object that simplifies the later data processing.

Note 1: The connection is peformed over the GECAD VPN so that the user computer must be connectet

to that VPN in order to reach the GECAD database.

Note 2: Here the connection string, the string with the address and the login information, is load from a

binary file because it cannot be publish for security reason while in the final implementation of the function

it is a input string.

In [4]: with open(’../shared_files/connection_string.pickle’, ’rb’) as f:
connection_string = pickle.load(f)

In [5]: conn_remote = pyodbc.connect(connection_string)
curs_remote = conn_remote.cursor()
time_format = "%Y-%m-%d %H:%M"
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queryF1 = ("""
SELECT TimeCol, F1_U1, F1_I1, F1_U2, F1_I2
FROM GID_F.dbo.F1_Analyzer
WHERE TimeCol > ? AND TimeCol < ?
ORDER BY TimeCol;
""")

queryF2 = ("""
SELECT TimeCol, F2_U1N, F2_U2N, F2_U3N, F2_P1, F2_P2, F2_P3, F2_S1, F2_S2, F2_S3, F2_Q1, F2_Q2, F2_Q3,

F2_I1, F2_I2, F2_I3, F2_Freq
FROM GID_F.dbo.F2_Analyzer
WHERE TimeCol > ? AND TimeCol < ?
ORDER BY TimeCol;
""")

queryF3 = ("""
SELECT TimeCol, F3_U1N, F3_U2N, F3_U3N, F3_P1, F3_P2, F3_P3, F3_S1, F3_S2, F3_S3, F3_Q1, F3_Q2, F3_Q3,

F3_I1, F3_I2, F3_I3, F3_Freq
FROM GID_F.dbo.F3_Analyzer
WHERE TimeCol > ? AND TimeCol < ?
ORDER BY TimeCol;
""")

queryF4 = ("""
SELECT TimeCol, F4_U1N, F4_U2N, F4_U3N, F4_P1, F4_P2, F4_P3, F4_S1, F4_S2, F4_S3, F4_Q1, F4_Q2, F4_Q3,

F4_I1, F4_I2, F4_I3, F4_Freq
FROM GID_F.dbo.F4_Analyzer
WHERE TimeCol > ? AND TimeCol < ?
ORDER BY TimeCol;
""")

queryF5 = ("""
SELECT TimeCol, F5_PF, F5_Q_L, F5_P, F5_I_MD, F5_ActEnr, F5_Q, F5_UN, F5_S, F5_Q_C, F5_I
FROM GID_F.dbo.F5_Analyzer
WHERE TimeCol > ? AND TimeCol < ?
ORDER BY TimeCol;
""")

queryF6 = ("""
SELECT TimeCol, F6_PF, F6_Q_L, F6_P, F6_I_MD, F6_ActEnr, F6_Q, F6_UN, F6_S, F6_Q_C, F6_I
FROM GID_F.dbo.F6_Analyzer
WHERE TimeCol > ? AND TimeCol < ?
ORDER BY TimeCol;
""")

queryF7 = ("""
SELECT TimeCol, F7_PF, F7_Q_L, F7_P, F7_I_MD, F7_ActEnr, F7_Q, F7_UN, F7_S, F7_Q_C, F7_I
FROM GID_F.dbo.F7_Analyzer
WHERE TimeCol > ? AND TimeCol < ?
ORDER BY TimeCol;
""")

query_result = []
for query in (queryF1, queryF2, queryF3, queryF4, queryF5, queryF6, queryF7):
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query_result.append(pd.read_sql(query,
conn_remote,
index_col=’TimeCol’,
params=[pd.datetime.strftime(date[0], time_format),

pd.datetime.strftime(date[-1], time_format)],
parse_dates=[’TimeCol’]))

curs_remote.close()
conn_remote.close()

1.2 Post processing fetch data

Values for voltages, currents and frequency are store as integer where the last two digits are decimals due to
the PLC implementation, so that they required a factor conversion of 1/100.

In [6]: def SI_normalize(pandas_DataFrame, string, conversion_factor):
"""
Find the request column and apply the conversion.

Find the column which has the request string in its
name and multiply the founded column for the
conversion factor.

Parameters
----------
panda_DataFrame : pandas.DataFrame

Dataframe on which apply the research an conversion.
string : str

String to look for in the columns names.
conversion_factor : float

Factor to multiply the founded column.

Return
------
pandas_DataFrame : pandas.DataFrame

Initial dataframe ‘pandas_DataFrame‘ converted.
"""
for column_name in pandas_DataFrame.columns:

if string in column_name:
pandas_DataFrame[column_name] = (

pandas_DataFrame[column_name] *
conversion_factor)

return pandas_DataFrame

conversion_factor = 1 / 100
string_list = ’U’, ’I’, ’Freq’
for query in query_result:

for string in string_list:
SI_normalize(pandas_DataFrame=query,

string = string,
conversion_factor=conversion_factor)

In [7]: for query in query_result:
query.plot(figsize=(17, 4))
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The plots show the presence of pitch noise in the dataset. Applying a median filter (see 1 and 2) to get
rid off the noise.

In [8]: query_filtered = []
for query in query_result:

query_filtered.append(query.apply(lambda x: signal.medfilt(x, 7)))

In [9]: for query in query_filtered:
query.plot(figsize=(17, 4))

6
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The measured data sent to the PLC board by different measure instruments, are not time aligned because
the link bus can work only with a sequential transmission of data. The minimum sampling frequency is found
and then used to resample all the data to have the same time index for all the measures.

In [10]: sampling_min = int(np.ceil(np.min([(np.diff(query.index.values).min() / np.timedelta64(1, ’s’))

for query in query_filtered])))

str(sampling_min) + ’s’

Out[10]: ’10s’

In [11]: query_resampled = []

for query in query_filtered:

query_resampled.append(query.resample(str(sampling_min) + ’s’)) # It loses timezone!

(queryF1_resampled, queryF2_resampled,

queryF3_resampled, queryF4_resampled,

queryF5_resampled, queryF6_resampled, queryF7_resampled) = query_resampled

The recorded data are now usable for later analysis.
As example, the first ten records of data for the F1 and F2 measure instruments are shown.

In [12]: queryF1_resampled.head(10)

Out[12]: F1 U1 F1 I1 F1 U2 F1 I2

TimeCol

2015-03-04 00:00:00 24.5 0.03 27.90 0

2015-03-04 00:00:10 24.6 0.03 27.90 0

2015-03-04 00:00:20 24.7 0.03 28.00 0

2015-03-04 00:00:30 24.7 0.03 28.05 0

2015-03-04 00:00:40 24.6 0.03 28.00 0

2015-03-04 00:00:50 24.7 0.03 28.00 0

2015-03-04 00:01:00 24.7 0.03 28.05 0

2015-03-04 00:01:10 24.7 0.03 28.00 0

2015-03-04 00:01:20 24.6 0.03 28.00 0

2015-03-04 00:01:30 24.6 0.03 27.90 0

In [13]: queryF2_resampled.head(10)

Out[13]: F2 U1N F2 U2N F2 U3N F2 P1 F2 P2 F2 P3 F2 S1 \
TimeCol

2015-03-04 00:00:00 24.27 24.43 24.29 0 72 0 0

2015-03-04 00:00:10 24.30 24.43 24.31 0 72 0 0

2015-03-04 00:00:20 24.30 24.43 24.31 0 72 0 0

2015-03-04 00:00:30 24.30 24.43 24.31 0 73 0 0

2015-03-04 00:00:40 24.29 24.45 24.30 0 73 0 0

2015-03-04 00:00:50 24.28 24.45 24.30 0 73 0 0

2015-03-04 00:01:00 24.28 24.45 24.30 0 73 0 0

2015-03-04 00:01:10 24.28 24.45 24.30 0 73 0 0

2015-03-04 00:01:20 24.26 24.45 24.27 0 73 0 0

2015-03-04 00:01:30 24.25 24.45 24.26 0 73 0 0

F2 S2 F2 S3 F2 Q1 F2 Q2 F2 Q3 F2 I1 F2 I2 F2 I3 \
TimeCol

2015-03-04 00:00:00 82 0 0 -39 0 0 0.34 0
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2015-03-04 00:00:10 82 0 0 -40 0 0 0.34 0

2015-03-04 00:00:20 82 0 0 -40 0 0 0.34 0

2015-03-04 00:00:30 82 0 0 -40 0 0 0.34 0

2015-03-04 00:00:40 85 0 0 -41 0 0 0.35 0

2015-03-04 00:00:50 85 0 0 -41 0 0 0.35 0

2015-03-04 00:01:00 85 0 0 -41 0 0 0.35 0

2015-03-04 00:01:10 82 0 0 -40 0 0 0.34 0

2015-03-04 00:01:20 82 0 0 -39 0 0 0.34 0

2015-03-04 00:01:30 82 0 0 -40 0 0 0.34 0

F2 Freq

TimeCol

2015-03-04 00:00:00 50.00

2015-03-04 00:00:10 50.00

2015-03-04 00:00:20 50.01

2015-03-04 00:00:30 50.01

2015-03-04 00:00:40 50.00

2015-03-04 00:00:50 50.00

2015-03-04 00:01:00 50.00

2015-03-04 00:01:10 49.99

2015-03-04 00:01:20 49.99

2015-03-04 00:01:30 49.99

1.3 Data elaborating

In the following the post processed data are used to computed electrical quantity not directly measured but
useful for the laboratory analysis. The electrical diagram of the laboratory is used as reference.

In [14]: Image("../../images/gecad_labF514_ele_diagram.png")

Out[14]:
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There is no measure of the output currents from the batteries so it is done considering the power net
exchanges and divided for the DC buses voltages.

In [15]: queryF2_resampled[[’F2_P1’, ’F2_P2’, ’F2_P3’]].plot(figsize=(17, 4))

Out[15]: <matplotlib.axes. subplots.AxesSubplot at 0x10a873e48>

In [16]: queryF4_resampled[[’F4_P1’, ’F4_P2’, ’F4_P3’]].plot(figsize=(17, 4))

Out[16]: <matplotlib.axes. subplots.AxesSubplot at 0x10d89b630>

Considering the bus DC, the flow entering are negative, leaving are positive.

In [17]: elaborated = pd.DataFrame(queryF6_resampled[’F6_P’] +

queryF3_resampled[’F3_P1’] +

queryF3_resampled[’F3_P2’] +

queryF7_resampled[’F7_P’]

, columns=[’P load pv’])

In [18]: elaborated[’P load wind’] = (queryF3_resampled[’F3_P2’] + queryF5_resampled[’F5_P’])

In [19]: elaborated[’P source pv’] = (queryF1_resampled[’F1_U1’] *

queryF1_resampled[’F1_I1’])

elaborated[’P battery pv’] = (elaborated[’P load pv’] -

elaborated[’P source pv’] -

queryF2_resampled[’F2_P1’])
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In [20]: elaborated[’P source wind’] = (queryF1_resampled[’F1_U2’] *

queryF1_resampled[’F1_I2’])

elaborated[’P battery wind’] = (elaborated[’P load wind’] -

elaborated[’P source wind’] -

queryF2_resampled[’F2_P2’])

In [21]: elaborated[[’U battery pv’, ’U battery wind’]] = queryF1_resampled[[’F1_U1’, ’F1_U2’]]

In [22]: elaborated[’I battery pv’] = elaborated[’P battery pv’] / elaborated[’U battery pv’]

elaborated[’I battery wind’] = elaborated[’P battery wind’] / elaborated[’U battery wind’]

In [23]: elaborated.plot(figsize=(17, 7))

Out[23]: <matplotlib.axes. subplots.AxesSubplot at 0x10a336b00>

In [24]: elaborated[[’U battery pv’, ’I battery pv’, ’U battery wind’, ’I battery wind’]].plot(figsize=(17, 7))

Out[24]: <matplotlib.axes. subplots.AxesSubplot at 0x10b36a9b0>
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In [25]: %load_ext watermark
%watermark -a "Nicola Tomasone" -u -e -t -v -m -g -p numpy,scipy,pandas,pyEMS

Nicola Tomasone
Last updated: 20/09/2015 22:35:10

CPython 3.4.3
IPython 4.0.0

numpy 1.9.2
scipy 0.16.0
pandas 0.16.2
pyEMS 0.1

compiler : GCC 4.2.1 (Apple Inc. build 5577)
system : Darwin
release : 10.8.0
machine : i386
processor : i386
CPU cores : 2
interpreter: 64bit
Git hash : f905ffecaffa27f8dcd4ab4ea78a9cd672475e8d
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