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ABSTRACT

ANIKET MOHAN JOSHI. Supervisory control on Micro-grid comprising of PV
Farm and Hybrid Energy Storage System. (Under the direction of DR. SUKUMAR

KAMALASADAN).

Renewable Energy has gained high level of attraction as people have understood its
significance in the world and the potential it shows for being the prime source of energy
of the future. Its eco-friendliness also means sustainable future of the eco-system without
any sort of side-effects. These advantages also come with intermittence and reduced
density of energy available to harness as far as renewables are considered. In this thesis
the problem of PV energy source in terms of intermittence is taken and an approach of
sustainable and dispatch-able PV farm using Hybrid Energy Storage System is proposed
based on a derived power sharing algorithm. To start with the PV system, the battery and
the ultra-capacitor systems are designed with dedicated controllers for each of them.
Then the three sub-systems are integrated at common DC link voltage and validated with
cascaded controllers to interact with each other as far as power sharing is concerned. In
this process the effect of intermittence in terms of irradiance and various loading
characteristics are considered as perturbation to the system and the response is recorded
and used for system level validation. A similar process is carried out on the AC side in
off-grid mode by using a d-q architecture based inverter. Finally a supervisory control

structure is proposed, implemented and validated on the micro-inverter system in off-grid



mode which enables the PV system to supply dispatch-able and sustainable power as

commanded from the inverter.
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CHAPTER 1: INTRODUCTION

The world is turning towards Renewable energy sources for its energy needs. People
have understood that at this time of ever-increasing energy demand fossil fuel based energy
resources are a bane for the eco-system in general. The huge emissions from conventional
energy plants like coal, diesel and petroleum products are increasing the CO; level in the
atmosphere which has a chain reaction on the environment. The day is not far when the
depletion of ozone layer would become irreversible, leading to harmful solar radiation
entering and destroying the earth within a decade. The renewable energy sources, though
abundantly available has a low power harnessing density. Even though it is freely available,
the way it is synthesized into useable energy is very costly. The most important problem
in generating from renewable sources is intermittence in the generating output. Be it a solar
source or a wind there is intermittence. In case of solar source intermittence in the form of
variable irradiance and temperature is observed. The characteristic of a good generating
source is that it supplies all the demanded power constantly. One way of mitigating this
intermittence problem is to provide PV farm with storage support. The stored power could
be used whenever PV is experiencing intermittence and also when the load demand is more

than what the PV farm can generate.
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In this thesis a hybrid energy storage system will be designed which will be controlled

to supply scheduled power during intermittence. A cascade control structure will be
employed which will command the power from the HESS. The hybrid energy storage

system will consist of battery and ultra-capacitor system

Load demands can be classified slow changing and fast changing loads. The battery
will be made responsible to supply for the slow changing power demand whereas the ultra-
capacitor will take up the fast changing loads. This is because batteries are classified as
short term storage devices which are capable of supplying power for a longer period of
time. On the other hand, ultra-capacitors are capable of supplying transient changes in

power, occurring for a short period of time, since they have higher power density.

The main goal of thesis is to demonstrate the effects of having a power sharing scheme
scheduled based on high frequency and low frequency power change in the system. By
successfully implementing a power sharing algorithm between PV farm and hybrid energy
storage system, system characteristics like load following and voltage support would be
validated in the view of intermittent PV generation. Finally, a supervisory control would
be implemented on the AC side of the inverter which will aim at maintaining the AC
voltage looking at the reactive power demand. On the DC side of the system, the power
references for the hybrid energy storage system will be optimized by deriving the DC

equivalent of power from the AC demand at the inverter side.



1.1 Literature Review

Majority of research in the field PV farm and the grid-integration has been focused on
power enhancement, efficiency of battery life based on charge and discharge cycles,
optimization on battery output power using various charging and discharging
methodologies and analysis of power and energy efficiency for a pulsed load profile [6, 8,
11, 16]. A good amount of research has gone into energy storage system for wind farms
[9-11, 17]. Multilevel power management and control schemes based on minimum
variance, dead beat, cascade control and Pl compensators have been implemented as well
[11-15]. De-coupled d-q architecture based inverters have also been researched which
enable a good controllability between the active and the reactive power of inverters. In case
of ESS the most common topologies are the DC coupled structure and the cascade

structure.

Among all the research, very less emphasis is given to component design of Energy
Storage System comprising of battery and ultra-capacitor. Most of the analysis is carried

out in steady state analysis software like MATLAB® and SIMULINK®.

This thesis details the design and validation of the battery and the ultra-capacitor system
from a single cell unit to a scaled up version using the static and dynamic characteristics
of both systems in Power System Computer Aided Design (PSCAD®) - EMTC software.
This work presents a detail energy control structure with HESS and PV farm by including

the PV intermittence and the ancillary capabilities of the HESS like load following and
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voltage support. The advantages of implementing supervisory control has been discussed

by comparing the optimized result on the power sharing feature and the system response.

1.2 Organization

This thesis is organized as follows:

Chapter 2 describes the design and validation of PV farm and the DC-DC boost
converter design along with its analysis. The controller and the logic behind the control is

also discussed for the PV farm.

Chapter 3 deals with the design and validation of Hybrid Energy Storage System
(HESS) from a single cell unit to a series and parallel combination of cells forming a system
pack of higher rating. The controllers on HESS based on bode analysis and Zeigler Nichols
method is discussed. The standalone HESS is validated for a DC load demand by

scheduling for high and low frequency power.

Chapter 4 describes the integration of HESS with the PV farm on the DC side with
variable DC loads and intermittence conditions. The PV farm and HESS is validated as a

whole on the DC level.

Chapter 5 includes the implementation and validation of d-q based inverter connected
to the PV farm. The PV and HESS is integrated together with the inverter and analyzed in

off-grid mode.
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Chapter 6 presents the proposed supervisory control on the inverter and validation for

off-grid mode with commanded load and PV intermittence cases.

Chapter 7 concludes the thesis with possible future work that can be performed related

to the topic discussed.



CHAPTER 2 : PV SYSTEM MODEL, DESIGN AND VALIDATION

Photovoltaic technologies (PV) and their applications are one of the fastest growing
developments in the energy sector today. The amount of research and success in the field
of photovoltaics is a promising aspect forecasting solar energy as a potentially primary
source of energy for humanity in the future. Unlike conventional energy sources, PV being
a direct current generating source, faces the challenge of integration into the alternating
current-based power grid. Interconnection of PV with the grid thus typically involve an
inverter which outputs an alternating current at the fundamental grid frequency. Also, the
PV source generates power at a particular voltage and current which is governed by the
series and parallel arrangement of the arrays. The inverter requires a specific voltage at its
input for it to process and convert the power from DC to AC. To achieve this specific
voltage, we use a DC-DC converter. This type of inverter topology, known as DC-link

topology, will be implemented in the proposed design as shown in Figure 2.1 [21].
I A AR O

DC
PV —L DC J— AC
T DC T AC

Figure 2.1 DC-link topology
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In this chapter, the design dynamic modelling and analysis of PV system is discussed.
Some tests are used to evaluate the performance of the PV system during standard
operating conditions. The goal is to develop a system that can be used as an intermittent
energy source which can imitate the real time dynamics like that of an installed PV system

in the field.

2.1. Overview of PV Technologies

Edmund Becquerel discovered the photovoltaic effect in 1830s during an experiment
with wet-cell batteries. Willoughby Smith discovered the photoconductivity of selenium in
1837 and William Adams and Richard Day discovered the photovoltaic effect in solid
selenium. These discoveries set a road map for the modern PV cell. The modern cell was
invented by Charles Fritts in 1883. The light-to-electrical power transfer efficiency was
between 15% and 2%. With the advent of semi-conductors, PV junction made from single-
crystal grown germanium and silicon gave way to the development of first silicon PV cell.
The first PV cell was developed in 1954 by Chapin, Fuller and Pearson with an efficiency
of 4.5% which improved to 6% within a few months. In the 1970s PV found its way to
commercial applications, such as lights, horns, lighthouses, railroad crossings [22].

Eventually, there was a rapid growth in PV production, which decreased the high cost
of associated with the PV cells. Today, silicon-mono crystalline, multi crystalline, thin film
amorphous; and thin film-cadmium telluride and CIS are the most commonly used PV

technologies.



Silicon Thin Film

Efficiency Mono Multi Thin Film CIS CdTe

Crystalline | Crystalline | Crystalline

Typical 12-15% 11-14% 5-7% - -

Maximum 22.7% 15.3% - 10.5% 12.1%

Laboratory 24.75 19.8% 12.7% 16% 18.2%

Figure 2.2 Efficiency survey covering typical and maximum efficiency for commercially available PV
module.

2.2. Operation of a PV Cell

Photovoltaic is the process of converting sunlight directly into electricity using solar
cells. This process requires a material in which the absorption of light raise an electron to

a higher energy state. This excited electron travels though the external circuits.

Sunlight

Anti-reflection coating

. &= Front contact

— Emitter
External load
. 6 — Base
Electron-hole
pair
€&f——— Rear contact

-+

Figure 2.3 Operation of PV cell [23]
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A variety of materials and processes can potentially satisfy the requirement for
photovoltaic energy conversion, but in practice nearly all the photovoltaic energy
conversion uses semiconductor materials in the form of p-n junction. An electric current is
result of a large potential developed across the terminals of the solar cell due to the

generation and collection of the light generated carriers.

2.3. PV Array Design in PSCAD®

The mathematical model of solar cell in PSCAD® is an equivalent circuit that contains
a current source anti-parallel with a diode, a shunt and a series resistance. The DC current
generated as a result of exposure to light vary linearly with irradiance The current through
the anti-parallel diode (Id) is responsible for producing the non-linear I-V characteristics
of the PV cell. The equation that determines the I-V characteristics of the PV cell can be

derived from the equivalent circuit shown in Figure 2.4.

AMN——

Rsr +

Ish

i
Id l
O o® - v
I
|

Figure 2.4 Equivalent circuit model of PV cell [24]

Kirchhoff’s current law can be written here as,
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I = lsc— g — lsh

Where

lsc = lscr GG_R [1 + aT(TC — TR)]

[ = (V+IR5r)
sh—\—"—/
Rgsp
V+IRgr
la=lo (e"ch/q - 1)

Jew (75— 70) S

Isc Is the short circuit current and is a function of solar radiation on the plan of solar cell

T3
3
Tcr

lo = |OR(

G and the cell temperature Tc.

Iser IS the short circuit current at the reference solar radiation Gr and the reference cell
temperature Tcr.

ar is the temperature coefficient of photo current.

lois called the dark current which is a function of cell temperature.

lor is the dark current at the reference temperature.

q Is the electron charge.

k is the Boltzmann constant.

eg IS the band gap energy.

n is he diode ideality factor which is between 1 and 2 (1.3 for silicon cells).

All the constants in the above equations can be examined based on manufacturer’s
specification sheet of PV module. They can also be measured from I-V curves of PV cell
or array based on whether a single cell is used or a series and parallel combination of cells

forming a PV array is used [24,25].
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The PV array is designed for approximately 2 MW of DC power. Figures 2.5 and 2.6

details the parameters of PV cell and array respectively. These parameters are used to

design the 2MW PV array.

o [masterphotovoltaic_source] id="720647232"

[PV cell parameters

A e )

4 General
Effective area per cell
Series resistance per cell
Shunt resistance per cell
Diode ideality Factor
Band gap eneray
Saturation current at reference conditions per cell
Short circuit current at reference conditions per cell
Temperature coefficient of photo current

General

0.024336
0.01203

70

1.4

1.12
1.76556e-13 [kA)
7.0e-3 [ka]
0.003488

Figure 2.5 PV cell parameters in PSCAD



o [master:photovoltaic_source] id="720647232"

[P\v' array parameters

21 &3

4 General

PY array name (optional) PVarrayl
Number of modules connected in series per array 14
MNumber of module strings in parallel per array 521
Number of cells connected in series per module 72
Mumber of cell strings in parallel per module 1
Reference irradiation 1000
Reference cell temperature 25
Graphics Display industry
General

Figure 2.6 PV array parameters in PSCAD

12
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The PV array circuit has been validated in PSCAD for 2MW DC load using the following

circuit shown in Figure 2.7

Irra.., =
Irr adation St
£ 1000 V = 0.5503
B A = ¢
Ciao0 +
1000

Irradiation
A
/I D

o
W) pv

Figure 2.7 PV array validation circuit in PSCAD for 2 MW of rated load

85 Variable Series Impedance [ =17
[Configuration v
RE A e )
4 General
Enable Resistance Yes
Enable Inductance Mo
Enable Capacitance No
Resistance 0.15125
Inductance 1.0
Capacitance 1.0
VGeneraI
[ Ok ] [ Cancel ] [ Help... ]

Figure 2.8 Load resistance corresponding to 2 MW of load
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Figure 2.9 Voltage (Vpv), Power (Ppv) and Current (Ipv) for rated load demand of 2 MW

From the above figures it can be understood that the PV array is capable of supplying 2MW

of load at rated voltage of 550 V DC. This validates the PV array design for our system.
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2.4 PV Array with Variable Irradiance

The PV array design in the topic above needs to be validated with changing irradiance
since we will be considering irradiance as one of the testing parameters when the complete
system is built. To test the PV response to changing irradiance we using the irradiance data
of a sunny day and a cloudy day.

The Figures 2.10 through 2.13 validate the PV response to changing irradiance.

=Irr

1.2k

1.0k

0.8k 1

/
0.6k
- z

R

0.2k / T

0.0

ec 0 10 20 30 40 50 60 70 30 90

~
——eomm—

Figure 2.10 Irradiance data for a cloudy day simulated between 20 seconds and 80 seconds in PSCAD

o
250 IR

2.00

1.50

1.00 -
P

/ L

0.00 <] ! :

(1)

sec 0 10 20 30 40 50 60 70 80 an

Figure 2.11 PV response to changing Irradiance for cloudy day
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Main : Graphs
-
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0.30k f/
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Figure 2.12 Irradiance data for a sunny day simulated between 20 seconds and 80 seconds in PSCAD

o
2.00 1Rk

| 1 [ 1 1 |
1.75 | 2 ‘\T - i i {
150 - 7(@ ST

1.25 ‘ 2

o s

0,50 4 / \
0.25 :

’ \ T\‘\,-
0.00 + 1-Ha

[
t
S5 20 30 50 60 70 20 a0 100

(M)

3 |

Figure 2.13 PV response to changing Irradiance for cloudy day

2.5 Design and Modeling of DC-DC Boost Converter
2.5.1 Mathematical Model of DC-DC Boost Converter

To exercise control over voltage/current output from the PV source we employ DC-DC
boost converter. The output of the boost converter is the desired voltage/current which can
be cascaded to another power electronic module in our system. Both the DC-DC boost
converter and the Inverter comprise of our power conditioning system. In this section we

summarize the mathematical equation for modeling an average linearized circuit of a DC-
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DC boost converter. The state-space equation for average linearized model of a DC-DC

boost converter can be written as follows:

diy; v v

l_ m d/_o (2 1)
dt L L
dvy _ Vo 1l
—_— = — 2.2
dt RC T d C (2.2)

Where, d’ = (1 - d)
Considering small perturbations in Vin, D, Vout and I.:

Vm = Vin + Uin

L =i tig
Vo =Vo +7p
d=D+d (2.3)

Substituting above values we get:

di, _ 7 _ D'~ Voo
Sl 2~ 20

dt L L % L

dv o D' . 1 -

— = —— ——{ —=d (24)
dt RC C C

Applying Laplace transform to the above set of equations to derive transfer function
in term of change in output voltage with respect to change in duty cycle and considering

no perturbation in input voltage, we get:

! V _
Si; = — %+fd

~|S
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st =—m — 25 -%a (25

Rearranging terms:

voD'
C LC

—— (2.6)

24~ i

S +RCS+LC

2 |

The above transfer function has one right half plane zero (RHPZ) which means the
system inherently unstable. Our goal is to maintain a constant output voltage by exercising
a control on the duty ratio of the boost converter. For this we need to build a P1 controller
which will nullify the effect of the right half plane zero in the system and bring the PV and

DC-DC boost converter system to stability.

2.5.2 Pl Controller for DC-DC Boost Converter

As discussed in the section before the DC-DC boost converter has a right half plane
zero in its control (duty ratio) to output (voltage) transfer function. This RHPZ has a de-
stabilizing effect on the system. To remove this in-stability we use a Proportional-Integral
(P1) controller. These compensators improve the steady-state error due to its Integral gain
without affecting the transient response.

The transfer function is given by:

Gees) = Ky (“Tzs) 2.7)

S
The PI controller is designed using the bode plot method by calculating the GM and
PM of the open loop transfer function of the converter and then designing a control loop

based on PI around it for the desired PM and crossover frequency.
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Figures 2.14 through 2.18 presents the bode analysis of the PI controller and its design.

The MATLAB code for the PI controller can be viewed from the APPENDIX.

Bode Diagram
Gm = -68.4 dB (at 70.8 rad/s), Pm = -90 deg (at 1.93e+05 rad/s)

(<]
(=]

\ e ——

=2}

(=]
T

/

1

Magnitude (dB)
8
/
/

Frequency (rad/s)

Figure 2.14 Bode plot of uncompensated system
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Figure 2.15 Step response of uncompensated system
Bode Diagram
Gm =Inf, Pm = 90 deg (at 0.000381 rad/s)
— 50 I b
g N\"‘M‘
R PO OO
=
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-100 1 1 1 Il
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= Pl controller bode plot
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Figure 2.16 Bode plot of Pl controller for the system
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Bode Diagram
Gm = 23.3 dB (at 59.8 rad/s), Pm = 90 deg (at 1 rad/s)
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40 \
Q 20t :
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Figure 2.17 Bode plot of compensated system
Step Response
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Figure 2.18 Step response of compensated system
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2.5.3 Design, Modeling and Validation of DC-DC Boost Converter

The boost converter design is initiated by considering the input voltage available to the
boost converter and the desired output voltage from the boost converter which will be the
DC-link voltage of our system. Based on these values the duty ratio is calculated for the
rated operating point. Then follow the inductor and the capacitor calculations along with
the input and output capacitors for the DC-DC boost converter.

Table 2.1 details the DC-DC Boost Converter modeling for 1000 Hz of switching

frequency.
Table 2.1 DC-DC Boost converter modelling parameters

Sr. No. Parameters Value
1. Vin 550 V
2. Vout 1200 V
3. Pout = Pin 2 MW
4. Inductor (L) 0.0056 H
5. Capacitor (C) 0.0188 F
6. Input capacitor 0.027 F
7. Maximum allowable ripple 2%
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The boost converter circuit used for the purpose of validation of the above proposed
design is shown in Figure 2.19 through 2.23 presents the bode analysis for the design of Pl

control for duty cycle control of the boost converter.

Irra.. - |
TR P = 0.09542 P = 0.02389
Irradiation
Y100 V = 0.02663 v = 0,1312
S =~ ~ Idcout
- — A AA——T— —
el 0.0056 [H]
22100 L =+
1000 o
HE3 Bt
~H- = lHAEE @
% 01 ) 1 o
_____ Irradiation Wdcin vecout =
(4 25. /‘;

Figure 2.19 PV with DC-DC Boost converter model in PSCAD

The PI controller design using bode analysis is detailed for the above boost converter

in APPENDIX.

The control loop is shown is Figure 2.20.
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Duty Cycle
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=
g
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Compar-
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!

vdoout “ydcout

Figure 2.20 P1 based controller for Duty cycle control of DC-DC Boost converter

Figures 2.21 through 2.25 detail the results of DC-DC boost converter simulation for
validating the design and model of the converter when subject to changing load demands

at the boost output.

e et s b

=R

0.975
0.950
0.925
0.900 7
0.875 F \
0.850 / :
0.825 1 ‘
0.800 7 v
\
4
i}

0.775 7
0.750 T
0.725
0.700
0.675

Sec i 25 50 79 100 125 150 175 200

Figure 2.21 changing load resistance at the output of the boost converter
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Figure 2.22 Input and Output voltage of the DC-DC boost converter
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Figure 2.23 Power curve of the system to changing as per load demand
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o
0,600 =Duty Cycle = Triangle |lmpD \

0,550 4T\

0.500 \\
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0.400

-\\\,

0.350 R = e
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Figure 2.24 Duty ratio of the DC-DC boost converter adjusting to load demand
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Figure 2.25 Triangular wave and duty ratio to generate the duty pulses for converter

The plot of output voltage being regulated at 1200 V for the changing load demands

validate our controller design for duty cycle control loop.



CHAPTER 3: DESIGN AND MODELLING OF HYBRID ENERGY STORAGE
SYSTEM

Renewable energy sources are becoming increasingly popular in the world and are the
favorites to take over the baton of power generation in the future. The clean energy perk
comes with one disadvantage, i.e. intermittence. Be it solar or wind, the renewable energy
sources suffer from irregular generation outputs due to the way they are extracted from
nature. In case of Photovoltaics, temperature, irradiation and inclination of the PV arrays
towards sun change the output and make the generation variable in nature. For PV to be
considered as a standalone generating source, it needs to solve the problem of
intermittence. This generates the need of energy storage devices which can store the surplus
power and dispatch it when PV needs support during intermittence.

If we consider the load demands, there are fast and slow changing loads. In case of fast
changing loads transient power changes are observed which the source has to supply. For
this requirement high density power devices can work well, which can supply high amounts
of power in a short period of time. For such applications energy storage devices like ultra-
capacitors are suitable as they have one of the highest power density levels. These storage

devices are known as ‘short term storages”.
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In case of slow changing loads, “long term storages” like batteries can be employed
which are capable of operating over a long period of time from a few minutes to hours.
Thus, a combination of battery and ultra-capacitor storage system can be used to balance
the power demand during intermittence and also during sudden and slow load changes in
the system. Such a combination of battery and ultra-capacitor is known as a hybrid energy
storage system (HESS) [34].

In this chapter the design, modelling, validation and application of hybrid energy

storage system is discussed in detail.

3.1 Long Term Storage Device — Battery

Battery is a device which converts chemical energy into electrical energy. Like in a PV
array, the battery comprises of cells connected in series and parallel combination to get the
desired voltage and current at its output. Each cell consists of a positive and negative
electrode and an electrolytic solution which serves as a medium to transfer charge between
to electrodes. On completing the external circuit, the electron flow through the path
generates electric current. Li-lon, Nickel-Cadmium, Nickel-Metal-Hydride and Lead-Acid
battery are the most commonly used batteries in the industry. Among these varieties, Li-
lon batteries are the most suitable for applications related to grid storage and distributed
generating auxiliary sources. Lower weight, higher energy density, longer life cycle and
no memory effects make Li-lon based battery technology stand out among others.

Especially in the case of distributed and portable generations like that of standalone PV
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sets, the Li-lon battery is more suitable due to the fact that it weighs one third the weight

of lead-acid batteries and two third the weight of NIMH batteries.

3.1.1 Mathematical model of Li-lon Battery

There are basically 3 types of battery models reported in literature: experimental,
electrochemical and electric-circuit based models. The electric-circuit based model takes
the State of charge (SOC) of the battery into consideration and is our model of interest
because it is a useful representation of the battery characteristics.

The Li-lon battery model is based on modified Shepard model equations which uses a
simple controlled voltage source in series with a constant resistance, as shown in the Figure

3.1.
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Figure 3.1 Equivalent circuit of battery [37]
The main feature of the model is that the parameters can be easily deduced from a

manufacturer’s discharge curve.

Nominal Current
Discharge Characteristic

Discharge curve
: - — 9
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| exponential zone |
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O Qexp Onom Q
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Figure 3.2 Typical Discharge curve [40]
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Only 3 points on the manufacturer’s discharge curve, in steady state are required to
obtain the parameters. The fully charge voltage (V+u), the end of the exponential zone
(Qexp, Vexp), the end of the nominal zone (Qnom, Vnom) are enough to determine the all
the necessary battery parameters to design the model.

3.1.2 The Charge and Discharge Model of Battery
3.1.2.1 The Discharge Model
The model shown in Figure 3.1 considers the open circuit voltage as the function of

SOC. The battery voltage IS described by equation (3.1):

Viar = Eo — K% it — Ri + Ae~Bliat _ Kﬁ i (3.1)
Where,

Vga: - Internal battery voltage (V)

E, : Battery voltage constant (V)

K : Polarization constant (\V/Ah)

Q: Battery capacity (Ah)

[ idt : Actual battery charge (Ah)

A: Exponential zone amplitude (V)

B : Exponential zone time constant inverse (Ah)*

R: Internal resistance of the battery (Q)

i: Battery current (A)

i*: filtered current (A)
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The equation means that when the battery is completely discharged and no current is
flowing through the circuit, the voltage will be nearly zero.
3.1.2.2 The Charge Model

For Li-lon batteries the voltage increases as the battery reaches its full charge. This is
modelled by the polarization resistance term (K). In charge model, the polarization

resistance increases until the battery is almost fully charged, meaning it=0.
Hence for the charge model the polarization resistance terms becomes K % .

Theoretically, when it=0, the polarization resistance is infinite. This is not exactly the
case in practice. Experimental results prove that K is shifted by 10%. Hence the

Polarization resistance can be written as;

Polarization Resistance = K ——— (3.2)
|it|-0.1Q

Thus the battery voltage becomes:

Q . ; _B (i -
Epa = o — K %5 it — Ri + Ae B0t - Ko Cer it (33)

The model is based on the following assumptions and limitations:
Assumptions:

Internal resistance is assumed to be constant during charge and discharge cycles and
does not vary with amplitude of the current.

The model parameters deduced from the discharge characteristics apply to charging as
well.

The battery does not follow Peukert effect.

The battery model is unaffected by temperature change.
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The battery has no memory effect.

Charge and discharge history does not affect battery characteristics.

Limitation:

Minimum capacity of the battery is 0 Ah and the maximum capacity is Q. Thus the
maximum SOC is 100% for an overcharged battery.
3.1.3 Battery Model in PSCAD

Based on the modified Shepard’s equation for Li-lon battery discussed in the earlier
topic the battery is modelled in PSCAD. The battery component and its SOC based charge-

discharge logic has been provided by PSCAD technical support team for this thesis.

— =
charge protection | %
oo
= ok
Az +
bt | 30
=i ¥ ¥ Battery
L
— e
i Battery Erk_sig 'c BRK1_bat
séc T | 2
contro Reset Ff;t'":'_b.at
X

1eq jas¥

Figure 3.3 Battery component and the SOC based charge-discharge logic in PSCAD
In the figure above the battery component and the control logic has been shown.

Where,
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Ibat: output current from the battery, input signal.

Reset: control signal used to control the charge and discharge cycles based on SOC.

SOC: State of charge of the battery which generates the Reset signal.

The battery control logic will not be discussed in this thesis as it can be readily studied
from the model example in PSCAD library, just as the battery model can be verified from
the same library.

To scale and configure the Li-lon battery to a user suitable size the following
parameters are required by the battery model in PSCAD/EMTDC.

Nominal Voltage (V): Voltage at the end of nominal zone of the discharge curve.

Rated capacity (Ah): Rated capacity of the battery.

Initial Capacity (Ah): Initial battery condition for simulation.

Nominal Capacity (Ah): Extracted from battery until the voltage drops below nominal
voltage.

Voltage at the exponential (V): Voltage corresponding to the end of the discharge
characteristics.
Maximum voltage (V): Fully charged voltage.

Internal Resistance (€2): Internal resistance which is a constant value.
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sl [PV_ESS_MBatt InvPLBattery] id='2024080895' | 52 |

[Configuration v
el A e )
4 General
nominal voltage (V) 3.3
rated capacity {ah) 2.3
Initial capacity 2.2
nominal capacity (Ah) 2.09
Maximum voltage (V) 3.8142
voltage at exponential point (V) 3.565
charge current {A) 0.5
internal resistance {ohm) 0.02
number of parallelled battery 174
number of seriesed battery 303
General
[ Ok } [ Cancel J { Help... ]

Figure 3.4 Battery model dialogue box in PSCAD

In this thesis the battery is sized to supply 20% of peak load demand. This
brings the battery size to 400kWh considering 2MW of peak load demand. The
battery pack is size for 400kWh with 1000V of nominal voltage and 400Ah of rated
capacity. The Li-lon battery parameters seen in Figure 3.4 have been extracted from
Simulink battery model.

The number of series and parallel battery cells are calculated as follows:

_ Desired battery pack voltage _ 1000

Ns = 303

Cell nominal voltage 3.3

_ Rated Ah capacity 400
Cell rated Ah capacity T 23

=174

Thus the calculated battery ratings can be tabulated as follows:



Table 3.1 Calculated battery pack rating

36

Sr.No. Parameters Value

1. Nominal Voltage 1000V (design)
2. Nominal capacity 363 Ah

3. Rated capacity 400 Ah

4. Fully charged voltage 11558 V

5. Internal resistance 0.02 Q

6. Nominal discharge current 174 A

7. Voltage at exponential 1080 V
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Figure 3.5 Battery pack voltage, current and power for model validation.

Response of the modelled battery pack to step change in the load from Figure 3.5
validates our battery pack model in PSCAD.
3.1.4 Power Conditioning for Battery System in PSCAD

The Power conditioning requirements of the battery primarily depends on how the
battery is going to be utilized in the system. In case of our thesis, both the battery and the
Ultra-capacitor are considered to be storage devices which are not supposed to supply
power in normal operating conditions when the PV system is capable of supplying the load.
Only when there is intermittence in the PV or additional loading on the PV than what the

PV can supply should the battery and ultra-capacitor supply power. The prime objective of
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the power storage devices is to maintain 1200V DC V at the DC link where the system
connects to the inverter. This can be done by modelling a DC-DC boost converter in current
control mode. By doing this the battery and ultra-capacitor will supply the commanded
power in terms of current discharge. This discharge reference will correspond to the slow
and fast changing power demand on the system. Figure 3.6 depicts the topology to be

implemented among the PV and the HESS systems.

DC
PV =
DC
DC DCzl.lnk
Battery @ 1200V
DC

Ultra- 1 DC

capacitor DC

Figure 3.6 DC link topology showing PV and HESS in parallel.
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3.1.5 DC-DC Boost Converter for Battery
The Mathematical model of the boost converter for the battery is similar to that
discussed in 2.6.1 for the PV system. The difference here is that we will employ the current

control mode of the boost converter instead of duty cycle control.

Thus the transfer function for the DC-DC boost converter becomes:

v ;D!
4 _ 2L "RLC ' LC (3.4)
d 1 D2 '
%2 +—=s——
RC LC

Figures 3.7 through 3.11 details bode analysis and the compensation for the DC-DC

boost system based on the analysis.

Bode Diagram
Gm=Inf, Pm = 89.7 deg (at 1.88e+05 rad/s)
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Figure 3.7 Bode plot of uncompensated system
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Figure 3.8 Step response of uncompensated system

After bode analysis we calculate the K, and Ki values for the PI controller to
compensate the system with desired Phase Margin and crossover frequency.

The transfer function of the PI control as shown in the earlier chapter will be:

Gc(s) - Kp (1+STZS)
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Bode Diagram
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Figure 3.9 Bode plot of PI controller
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Figure 3.10 Bode plot of compensated system
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Figure 3.11 Step response of compensated system

From the bode plot of the compensated system in Figure 3.10 can see that we have a

Phase margin of 90 Degrees at 1 rad/s of cross-over frequency. This was our design criteria

while developing the controller from MATLAB based code.

The control loop developed based on the PI controller will control the Inductor current

of the battery (which is also the input current to the boost converter) based on a current

reference by exercising a control on the duty ratio of the boost converter. This makes sure

that the battery supplies the demanded current corresponding to the power reference for the

battery to be supplied.
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Table 3.2 Summarizes the design of DC-DC boost converter for the battery for 1000
Hz of switching frequency and a rated duty cycle of 3.68%

Table 3.2 DC-DC boost converter for battery @ 1000 Hz

Sr. No. Parameters Value
1. Vin 1155.8 V
2. Vout 1200 V
3. Pout = Pin 400 kWh
4. Inductor (L) 0.008 H
5. Capacitor (C) 0.00012789 F
6. Maximum allowable ripple 2%

Figure 3.12 shows the battery and current controlled DC-DC boost converter model

with a changing load for the purpose of validating the control loop.
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Figure 3.12 Battery and DC-DC boost converter simulation
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Figure 3.13 Current control loop for the DC-DC boost converter
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Figure 3.8 VVoltage, current and power graphs for step changing load.

From Figures 3.12 and 3.13 it can be observed that the battery reference current is 1

(p.u.) on the base of 200 A. Even though the load demand was changed from 100kW to
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200kW the battery continues to supply 1 (p.u.) of current. This validates our current control
mode design for the DC-DC boost converter on the battery.

3.2 Short Term Storage Device — Ultra-capacitor

3.2.1 Ultra-Capacitor Modelling

Some notable characteristics of Ultra-capacitors are faster charging time, thousand
times more storage capacity than conventional capacitors, tens of thousand times more
power deliverability than batteries, higher capacities with lower cell voltage. Just like
batteries, the ultra-capacitor can also be modeled into a series-parallel combination of cell
forming an array to achieve desired voltage and current [42].

The simplest form of Ultra-capacitor would be a capacitor with an Equivalent Series
Resistor (ESR), which together can simulate the ohmic loss and the ultra-capacitor’s
capacitance during charge and discharge cycles. This model is easier to implement but
cannot capture the voltage dynamics after charging and discharging stops [43].

For this thesis we are going to employ Zubeita’s multi-time constant model which uses

the third order system of resistances and capacitors, all having different time constants [42].



48

Rs Rm Rf

Cs Cm Cf

3

Figure 3.14 Equivalent circuit of Zubeita’s multi-time constant model [42]

To meet the capacity and voltage rating for applications the short-term model shown in
the Figure 3.14 can be scaled to an equivalent n-cell model. The Ultra-capacitor cell
parameters, single cell model and n-cell model calculations are detailed in the Tables 3.3,

3.4 and 3.5 respectively.



Table 3.3 Ultra-capacitor cell model parameters
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Sr. Specifications Units

no.

1. Rated Capacitance Farads (F)

2. Max. ESR initial mili-ohms (mQ)
3. Rated Voltage Volts (V)

4, Maximum continuous current @ 40°C Amperes (A)

5. Maximum continuous current @ 15°C Amperes (A)

6. Maximum peak current 1 second (nhon-repetitive) Amperes (A)

7. Leakage current, maximum mili-amperes (MA)

From the parameters obtained above we can develop the single cell Ultra-capacitor

model. The calculations are given in the Table below.

Table 3.4 Ultra-capacitor Model calculation [44]

Slow Medium Fast Leakage
i 2 2 2
Resistance | 2 —@renpgp | 2 g-@i-DgsR ZESR RIk = —2
3 3 3 I
leak
Capacitance 1.05a?=1¢, 1.052@+ 0 ¢, 1.05C,

Where a = 0.5(+/5-1), j=2and k =8
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To scale the above model to an equivalent n-cell model we use Table 3.5.

Table 3.5 N-Scaled Ultra-Capacitor Model [44]

Slow Medium Fast Leakage
Resistance ﬂa_(z"“)ESR ga‘(z"‘l)ESR ﬂESR Ry = NV
3 3 3 k= I
leak
Capacitance 1.05 . 1.05 . 1.05
TG | a6 | G

Where @ = 0.5(+/5-1),j=2and k=8

The Ultra-capacitor system in our thesis has been modelled for a 2 MW peak power,

150 A of maximum current and 750 V of output voltage. The following Table details the

data extracted from a Maxwell BCAP 1500 capacitor which is used to design our Ultra-

capacitor model in PSCAD.



Table 3.6 Maxwell BCAP 1500 datasheet for UC design

o1

Sr. Specifications Units
no.

1. Rated Capacitance 1500 (F)
2. Max. ESR initial 0.47 (mQ)
3. Rated Voltage 2.7(V)
4, Maximum continuous current @ 40°C 150 (A)
5. Maximum continuous current @ 15°C 84 (A)
6. Maximum peak current 1 second (hon-repetitive) 1200 (A)
7. Leakage current, maximum 3 (mA)

In order to achieve a total voltage of 750 V of the UC pack we do the following

calculations:

Np = Ns

Ceq
Ccell

_ Totalvoltage of UC pack _ 750

— =278

" Total voltage of a UC cell T 27

For, Np = 1;

_ Ceq _
Ceq = N -

1500 _

——=05.3856 F

278
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3.2.2 Ultra-capacitor Model in PSCAD

Figure 3.15 shows the N-scaled UC model in PSCAD developed based on the
mathematical equations tabulated in the previous section. A charge discharge control

circuit can also be seen, which will not be discussed in this thesis as it was taken from the

PSCAD library files [48].

:
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Figure 3.15 N-scaled UC model in PSCAD along with voltage based charge-discharge control logic.

The voltage, current and power graph for a step changing load on the UC system is

presented in Figures 3.16 and 3.17.
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Figure 3.16 Step changing load validation for N-scaled UC model in PSCAD, graph of output

voltage and current
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Figure 3.17 Step changing load validation for N-scaled UC model in PSCAD, graph of output

power on ultra-capacitor system

The Figures 3.16 and 3.17 validates the design of UC system to a step changing load.

As soon as the voltage reaches 750 V corresponding to power demand of 70 kW from
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UC, a step change in load to 110 kW is initiated. The voltage re-tracks the 750 V rated
value once the step transition is completed. This validates the UC system design in
PSCAD.
3.2.3. Design and Modelling of a DC-DC Boost Converter for Ultra-capacitor

As discussed earlier about the power conditioning requirements for the battery system
in our thesis in section 3.1.4, the same logic applies to the Ultra-capacitor since they both
are connected in parallel along with the PV system to a common DC link. On the same
lines as the DC-DC boost converter for the Battery was developed, we will design a boost
converter operating in the current control mode.

Table 3.7 details the DC-DC boost converter modelled for our UC system.

Table 3.7 DC-DC boost converter model for UC system @ 1000 Hz

Sr. No. Parameters Value
1. Vin 750V
2. Vout 1200 V
3. Pout = Pin 2 MW
4, Inductor (L) 0.0053 H
5. Capacitor (C) 0.013F
6. Maximum allowable ripple 2%
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Figure 3.18 shows the UC system and current controlled DC-DC boost converter model

with a changing load for the purpose of validating the control loop.

L
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Figure 3.18 Current controlled DC-DC bhoost converter model with UC system in PSCAD
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Figure 3.19 Current control loop of the DC-DC boost converter in PSCAD

Figure 3.19 shows the control loop from current control of DC-DC boost converter.
Figures 3.20 through 3.23 shows the controller response to step change in the load

and the corresponding Power, Voltage, current and duty ratio graphs.
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Figure 3.21 Input and output voltage graphs for step change in load
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Figure 3.22 Change in duty cycle as a response to step change in load
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Figure 3.20 Input current response for step change in load

From the above graphs we can see that even though there is a step change in the load
demand for the UC system the current still remains the same. This is because we have

employed the DC-DC boost converter in the current control mode which demands 1 p.u
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(around 150 A) current from the system irrespective of the load demand set for the UC

system. This validates our DC-DC boost converter design in PSCAD for the UC system.

3.3 Cascade Control on HESS

As we have seen from the above topics the DC-DC boost converter gives us a current
reference for the inner loop current control to work on. The outer loop for this scheme
will be a power to current conversion loop. The power reference will be scheduled by the
load and will be coming through a low pass filter. Figure 3.21 will explain the power
scheduling for the HESS structure. In the Figure 3.21, the DC demanded power is the
mismatch which the battery and the ultra-capacitor has to supply. This is the case as we
do not have the PV farm connected in the system and are simulating the HESS system in
standalone mode for the DC load demand.

The Power equation for the given topology is:

Pdcdemand = Ppv + Press

Since Ppv =0, we have:

Pdcdemand = Pess

Where,

Pdcdemand: Power demand at the DC link

Ppv: Power output from the PV farm

PHess =Pbat +Puc:

Press: Power output from the Hybrid Energy Storage System

Pbat: Power output from the battery
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Puc: Power output from the ultra-capacitor

Psc/Phf Phf Prgerss
' High pass

D \ECW}
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Figure 3.21 Power scheduling for battery and ultra-capacitor in terms of high frequency and low

frequency reference.

These power reference PIf and Phf are our reference signals for the outer power loop.
We now need to design the outer loop such that current references may be generated from
these references. To do this we are going to employ Zeigler-Nichols based P1 controller for
the outer loop.

Figure 3.22 describes the cascade control structure, with the ZN PI for the outer loop

and current controlled inner loop.
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Figure 3.22 Cascade control structure for HESS

3.3.1 Zeigler-Nichols Tuning

For Zeigler Nichols method of tuning we need to obtain the plant step response. The

advantage of this method is that it avoids the need of the plant model to design controller

and only relies on the step response of the plant.

Ts



Figure 3.23 Step response of plant model [46]
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Table 3.8 shows the

response [46].
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controller parameters derived from the Zeigler Nichols step

Controller Type Ko T Tyq
P 1/a - -
P 0.9/a 3L -

PID 1.2/a 2L L/2

Table 3.8 Controller calculation from the ZN plot [46]

The method of obtaining the controller parameters is as follows:
1) Get the step response of the plant

2) Draw the steepest tangent line to the curve

3) Getaand L (which are the Y and X intercepts respectively)

4) Design the desired controller using Table 3.8

The ZN approach for battery will be shown here. Figure 3.24 presents the step

response of a single cell unit of battery in terms of Voltage.
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Figure 3.24 Step response in terms of voltage for a single cell battery unit [46]

From the above plot we can get 3 points on the tangent to the curve as: (29,
2.4647), (30, 3.49807) and (31, 3.53359). Based on these 3 points we calculate the X
and Y intercept for the tangent line.

Hence, a = 2.465795 and L = -71.5864.

From the Table 3.8 the Kpand Kiwere calculated to be:

Kp =0.364944 and K= 0.00169925

The Bode plot of the PI controller can be seen in Figure 3.25.
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Bode Diagram
Gm =Inf, Pm =111 deg (at 0.00183 rad/s)
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Figure 3.25 Bode plot of ZN Based PI controller for battery system

From the bode plot we can say that the developed P1 controller will contribute toward

positive Phase Margin to the system.
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On similar lines the Zeigler Nichol results for the UC system can be in Figure 3.26 and

Figure3.27.
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Figure 3.26 Step response in terms of voltage for UC pack [46]
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Figure 3.27 Bode plot of ZN Based PI controller for UC system



3.3.2 HESS in Standalone Mode of Operation

After deriving the Outer loop control based on ZN tuning we will now simulate the

HESS in standalone mode for a step change in load and validate the results with the help

of graphical analysis.

Figures 3.28 through Figure 3.35 represent the standalone mode analysis of the HESS

connected to a varying DC load for the case of slow varying load
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Figure 3.28 HESS model in standalone configuration
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Figure 3.32 Voltage graphs for battery and UC system to step changing load for slow

varying load conditions

Since the HESS is controlled using the current control mode of DC-DC boost converter

we can see in Figure 3.32 that we do not have a control on the DC link voltage and hence
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here we see that for non-rated power demand the DC link does not regulate to 1200V. That
part will be taken care by the duty cycle control employed on the PV farm when the system

integration takes place.
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Figure 3.33 DC demand power for the standalone HESS and mismatch for slow varying

load conditions

The DC demand power and mismatch in Figure 3.33 will be the same since the HESS

is being operated in standalone mode (Ppv = 0; Pdcdemand = Pmismatch).
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Figure 3.34 Power output of UC system compared to its reference Phf for slow varying

load conditions

In Figure 3.34, since this simulation was done for a slow varying load the Ultra
capacitor contribution is negligible towards the total PHess. It should be noted that the UC
cannot charge when the power reference is negative because we haven’t implemented

bidirectional operation of the system yet.
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Figure 3.35 Output power of the battery system compared to the referenced PIf for slow

varying load conditions

Comparing Figure 3.33 and Figure 3.35 we can understand that most of the demanded
power is supplied by the battery system and the ultra-capacitor hardly contributes during

the slow varying change.
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Now we will perform the same standalone operation of HESS for a fast changing load
demand. Figures 3.36 through 3.38 present and validate the fast varying load response of

the HESS system.
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Figure 3.36 DC demand power for the standalone HESS and mismatch for fast varying

load conditions
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On account of the fast changing load we can see in Figure 3.36 that the Pdcdemand and

hence the Pmismatch has more spikes as compared that from the slow changing load

simulation.
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Figure 3.37 Power output of UC system compared to its reference Phf for fast varying

load conditions
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From Figure 3.37 we can see that the Ultra capacitor contributes more actively towards

total power supplied by the HESS as compared to the slow changing simulation.
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Figure 3.38 Output power of the battery system compared to the referenced PIf for fast varying load

condition

In Figure 3.38 the reference tracking output of the battery and the UC system to slow

varying and fast varying load validates the cascade controller design for the HESS



CHAPTER 4: PV FARM AND HESS CONNECTED TO DC LOAD

In the previous chapter we designed and validated the HESS in standalone mode of
operation. In this chapter we will integrate the PV farm with the HESS at the DC link.
We saw previously that for standalone HESS the voltage at the DC link was not been
regulated. This was because we modelled the control architecture that way for the HESS.
But the PV farm has a duty cycle control implemented from the boost converter which
will be responsible to maintain 1200 V at the DC link when the PV farm is integrated
with HESS. This chapter will present the integrated PV-HESS micro system seeing a
common DC load. We will also change the PV intermittence according to a standard
irradiance chart for a sunny day and a cloudy day along with fast and slow varying
changes in the loads to invoke a reaction from the battery and UC system as far as power
sharing is concerned. It must be noted that from this chapter onwards we will be
employing the bidirectional converters on HESS to simulate for both charging and

discharging actions.

The power equations for PV-HESS integrated system can be given as:

Pdcdemand = Ppv + Pess
Where,
Pdcdemand: Power demand at the DC link

Ppv: Power output from the PV farm



Puess =Pbat +Puc

Press: Power output from the Hybrid Energy Storage System

Pbat: Power output from the battery

Puc: Power output from the ultra-capacitor

4.1 Slow Varying Load

Figures 4.1 describes the integrated model of PV farm and HESS.
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Figure 4.1 PV farm and HESS integrated model
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In case of the integrated model the Power mismatch will now be the difference
between the DC demand power and the output of the PV power. Thus there will be a
slight change in the mismatch generation block where now we will have PV power to be

subtracted from the DC demand. The Figure 4.2 explains show this change.

St
Hgn pas

Figure 4.2 Power reference generation from mismatch power

In the first case we are going to use a slow varying load as the DC demand. The PV
farm will be subject to standard irradiance curve for a sunny day as shown in the Figure

4.3.
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Figure 4.3 Irradiance for a sunny day

The PV output can be seen in Figure 4.4 as a response to changing irradiance. We see

that the PV output varies proportionally to the irradiance.
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Figure 4.4 PV farm output response to changing irradiance

The DC demand and the mismatch power can be observed as follows in Figure 4.5.

We can see that as the irradiance drops the Pmismatch increases which demands more



power output from the HESS. It can also be observed that the Pdcdemand remains

roughly the same throughout this changing irradiance profile on the PV as the load

demand does not look at intermittence in its source and commands all the power it

requires.
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Figure 4.5 DC demand and Power mismatch graphs
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Figures 4.6 through 4.8 validates the load following characteristics of the HESS when

subjected to a power reference. The voltage at the DC link in maintained at 1200V which

validates the Boost converter operation on the PV farm, which can be observed in Figure

4.6.
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Figure 4.7 Battery power reference and battery output graphs
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The low frequency and high frequency power reference is set looking at the
Pmismatch which in turn is dependent on how much the PV farm can supply given the
changing irradiance. Thus Figure 4.7 shows the battery reference power and the battery
output response to the reference power. The reference following power graph of the

battery validates the desired cascade control operation on the battery.
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Figure 4.8 UC power reference and UC output graphs
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Similar to Figure 4.7, the above Figure 4.8 validates the cascade control structure on
the Ultra-capacitor system. In this case the Phf is negative for slow varying load which
the drives the DC-DC converter on the ultra-capacitor into bucking mode (charging).

Thus we can see the charging of the ultra-capacitor in the above figure.

4.2 Fast Varying Load

For the next case, we will give a fast changing load at the DC demand.
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Figure 4.9 Fast changing load

Graphs 4.10 through 4.14 validates the PV integration with the HESS for a sunny day
condition with a fast changing load demand. It can be seen that during the fast changing
load simulation the ultra-capacitor plays an active part of power support during fast load

switching transient durations.
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In Figure 4.11 we can see that for fast changing load simulation there are a lot of

spikes (distortions) in the DC load demand and hence in Ppv and Pmismatch.
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Figure 4.12 DC link voltage regulation for fast changing load

On comparing the above graph with the DC link voltage graphs from the previous
chapter where we were running the HESS in standalone system we could see that we did
not have regulation on the DC link voltage at around 1200 V. We now have that for the

integrated system.

Despite the continuously changing load Figure 4.12 shows that the DC link voltage is
still been maintained at 1200 V. This serves as a graph of validation for the DC-DC boost

converter working on duty cycle control for the PV system.
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Figure 4.13 Battery reference and battery output for fast changing load

86

Figure 4.13 shows the battery reference and the corresponding response of the battery

system to the fast changing load. We can see now that even the battery reference contains

the spikes (distortions) which is the effect of the fast changing load simulation. The
battery would still supply the majority of the power (1.6 MW of peak power) when we

compare it with the ultra-capacitor response.
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Figure 4.14 UC system reference and UC system output for fast changing load

In Figure 4.14 the ultra-capacitor is seen supplying 200 kW of peak power as

compared to its charging operation during slow changing load (seen in Figure 4.8).

It should be noted that the UC system is connected to the DC link after 30 seconds of
simulation time since that is the amount of time required for the UC voltage to build to

1200V.



CHAPTER 5: PV SYSTEM AND 3 PHASE D-Q COUPLED INVERTER

In this chapter the inverter topology used in this thesis is discussed. A grid-side
inverter effectively decouples the PV farm from the grid. This blocks the electrical faults
occurring on the transmission line from the DC-side PV farm, preventing potential
damage to the PV arrays. Similarly, the transients arising on the PV output due to
intermittence are buffered from directly affecting the power grid on the AC side. This
improves the power extraction of PV, allowing it to operate in a wider operating area

with reduced risk of damage infliction on either side of the PCC due to interferences.

The ability of the inverter to control the current output at the grid-side both in
magnitude and phase angle accomplishes the active and reactive power control of the

inverter when operating in current control mode.

Figure 5.1 presents the inverter topology used in the thesis for DC to AC power

conversion at the DC link voltage
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Figure 5.1 De-coupled Inverter topology connected to a constant voltage source

5.1 Real and Reactive Power Control on Inverter

Whe| Woghe| Toge| P2
QL VLoad ILoad PLZ

I"B br
Vrg

The output current from the inverter (Ipv) can be split into two components (Real and

Imaginary). The real component (Ireal) is in phase with the voltage (Vs) and imaginary

component is in quadrature with Vs.
We know that,
P (active power) = 3Vpvlreal;

Q (reactive power) = 3Vpvlimag;

The d-g coupled architecture uses the grid-side voltage Vpv to hold synchronism

using the Phase locked loop (PLL) to track the phase angle of the grid voltage. Thus the

inverter follows any changes on the grid angle or frequency automatically. In our
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simulation the PLL is used to generate the phase angle theta which is used for doing any

transformation of parameters from 3 phase to 2 phase, etcetera.

Figure 5.2 shows the implementation of the Phase locked loop in PSCAD.
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Figure 5.2 Phase Locked Loop in PSCAD.

3 Phase output line voltages and currents are converted into d-q reference frame using

Clarke and Park Transformation. This can been seen in Figures 5.3 and 5.4. [49]

phi

|

Park Transform

Figure 5.3 Clarke and Park Transform converting 3 Phase Output voltage to d-q reference frame.
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Figure 5.4 Clarke and Park Transform converting 3 Phase Output current to d-q reference fame.

The Mathematical equations converting voltage and currents from 3phase to d-q

reference frame are as follows:

Clarke Transform changes 3phase abc to 3phase a0 frame.

«| —0.5 —0.5
Vg| = 3|0 0866 —0.866
0.5 05 0.5

The Park Transform converts the af30 quantities to its corresponding dg0 values.

Thus the d-q reference frame transformation concludes.

—sin@ cosf O |Vg

] [cos@ sind 0]V,
11 [Vo

The Vo component is called as the zero sequence component and it does not exist in
normal operating condition. This component appears (gets a non-zero value) during fault

conditions.



The Voltage components Vpvd and Vpvq are maximum and zero respectively since
the synchronous frame is aligned to phase A of the 3 phase voltage Vpv. This may not be
the other case if voltage is considered at another other node in the grid if there is a

significant phase angle difference from the Vpv.

The real and reactive power can be written as:

3

Q=3 (Vals- Valo)

Thus Idref and Igref can be written as:

2
Idref = 3
Va

2
Vgla— gQref

Igref = v

Figure 5.5 and 5.6 present the generation of the Ipcmd and Igcmd command signals

using control loops each for P and Q reference at the Inverter output.

Figure 5.5 Igcmd Command generation from Qref (reference reactive power for Inverter)

F

Iqr@[ x_Iqemd ]
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Figure 5.6 Ipcmd Command generation from Pref (reference active power for Inverter)

In our case the reference bus used is Vpv from Figure 5.1. Thus the impedance
between the terminal voltage and Vpv must be included for calculating voltage drop.

Including the voltage drop across Xis from Figure 5.1 we get the following equation:

Ve = va + jXisls

In control structure it can be written as:

th —JjUia = (Usq = JjUsq) +sz(Isq — Jlsq)

th = Usq + Xslsq

Ug = Usq — Xslsq
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Figure 5.7 Voltage drop compensation for a remote bus as reference

The control structure realization in PSCAD simulation can be seen in Figure 5.8

below:
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Figure 5.8 Control structure calculating the terminal voltage in dqO reference
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The control equations consists of Isd*XIs and Isq*XIs which are known as de-
coupling terms in d-g based architecture. VVoltages calculated from the control structures;
Edref and Eqref are converted back to 3 phase voltages using the Inverse Park and
Inverse Clarke transforms. The 3 phase voltages Earef, Ebref and Ecref are given to the

switching circuitry and are responsible for the inverter operation.
5.2 PV Farm and HESS Integration with Inverter in Off-Grid Mode

Figure 5.9 presents the circuit model for system integration with Inverter in PSCAD
simulation. As we can see from the Figure inverter is connected to the Grid via a 3phase
circuit breaker. We use the 3phase breaker to isolate the AC side Inverter from the grid to
test simulation in off-grid mode. We need the grid in the simulation to be able to get the
grid angle and keep the Inverter phase locked with the grid using the Phase Locked Loop

discussed earlier.
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Figure 5.9 PV farm and HESS integration with Inverter in PSCAD for off-grid mode operation

The integrated system was tested with AC side load of 1.6 MW and 1.1 MVAR.
Irradiance was reduced from standard condition of 2000 W/m? to 400 W/m? after 39

seconds of simulation time.
Figure 5.10 through 5.21 present the comparison of system parameters before and
after change in irradiance.

MIain © Lrapns

Figure 5.10 Inverter side load graph before irradiance change
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Figure 5.11 Inverter side load graph after irradiance change
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Figure 5.12 PV response before irradiance change
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Figure 5.13 PV response after irradiance change

PV response before and after irradiance change can be seen in Figure 5.12 and 5.13.
We can see that the PV output drops from 1.8 kW to 1.6 kW after the PV goes back to a

steady state post-step change.
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Figure 5.14 DC side demand before irradiance change
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Figure 5.15 DC side demand after irradiance change

Pdcdemand and Pmismatch graphs in Figure 5.14 and 5.15 stay unchanged at 2.2

MW demand (except for the spike due to transient irradiance) because the load on the AC

side is constant despite of the change in irradiance.
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Figure 5.16 Low frequency power demand before irradiance change
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Figure 5.17 Battery response to Low frequency power demand before irradiance change

The PIf and Pbat output is compared in Figures 5.16 and 5.17 for the system
condition before the transient. We can see that the battery is supplying a peak power

reference of around 550 kW as commanded by PIf.
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Figure 5.18 Low frequency power demand and the battery response after irradiance change

In Figure 5.18 we can observe that post-irradiance change the peak power demand
rises to 750 kW from the 550 kW peak value when PV is supplying without
intermittence. This is a result of the step change in irradiance from 1000 W/m? to 400

W/m?.
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Figure 5.19 High frequency power demand and the UC response before irradiance change

Figure 5.19 presents the UC output before intermittence in PV. The negative power

output means that the UC system is charging.
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Figure 5.20 shows the UC response to intermittence in PV. We can see that the UC

power output is around 150 kW for intermittence condition. This compared to Figure

5.19 proves that the UC only operates in case of intermittence when the PV cannot supply

the demanded power.
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Figure 5.21 DC power transferred to AC side before and after the irradiance change

The above set of graphs validate the PV and HESS connected to the Inverter in off-
grid mode of operation. In Figure 5.21 we can observe that the Pdcdemand is constant at
2.2 MW of power it remains the same irrespective of the intermittence since that is the

load demand.

In the next chapter we will discuss the hypothesis of supervisory control and prove it

using a corresponding simulation.



CHAPTER 6: SUPERVISORY CONTROL ON PV FARM AND HESS

In this chapter we propose the hypothesis that Active and Reactive power can be
commanded in addition to the give AC load, thus making total power equal to 2 MW.
This would optimize the PV farm and provide the full capacity of 2 MW as dis-patchable
power with the support of HESS. In addition to the mismatch power seen by HESS, the

commanded power will also be seen as a reference for HESS.

In an attempt to achieve this we add the Q and S control loops to the existing inverter

controls. The Q and S loops can be seen in the figures below.
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Figure 6.1 Q loop addition to the existing reactive power control on Inverter
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Figure 6.2 S loop addition to the existing control structure on Inverter

The Q loop would compare the commanded Q with actual Q at the inverter output
and generate a VVoltage reference signal which was previously static and set to a constant

1 p.u. This would take care of the VVoltage support on the micro-grid.

Whereas the S loop would compare commanded apparent power and actual power on
the AC side of the inverter and generate a DC equivalent of power which would be added
to the power mismatch of the HESS. This loop would ensure load following

characteristics of the system for total load up to 2 MW

To test this hypothesis PV farm was subjected to irradiance change after 6 seconds

and the reduced PV power was taken up by battery.



Figure 6.3 Prefl and Qrefl is the active and reactive power commanded from the inverter

Figures 6.3 shows the AC side active and reactive power commanded from the
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inverter. The commanded P = 0.8 p.u. which comes to 1.6 MW of active power and Q =

0.4 p.u. which calculates to be 0.8 MW of reactive power.
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Figure 6.4 PV power before and after irradiance change
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Figure 6.5 Power mismatch before and after irradiance change

To simulate intermittence condition we perturb the PV farm with a step change in the
irradiance from to 1000 W/m? to 250 W/m?. The result of this perturbation can be seen in
Figure 6.4 where the PV output power Ppvoutl drops from 1.2 MW of steady state value
to 400 kW value after the end of transients caused by irradiance change. Similarly figure
6.5 shows the increase in Pmismatch as the PV output drops along with drop in

irradiance.
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Figure 6.6 Low frequency power demand and Battery response before and after changing irradiance

Based on the Pmismatch graph the PIf (low frequency power reference) is set for the
battery system. Figure 6.6 shows the full profile of PIf and Pout_bat1 (battery output)
through the irradiance change occurring at 7 second of simulation time. We can see PIf

reference and Pout_bat1 rise from 0 W to 650 kW of steady state power.

The Phf (high frequency power reference) is not discussed here because we have
simulated this condition of PV intermittence with a constant AC power demand. This
means that we will not see any high frequency power demand for this particular

simulation and hence the UC system output would be 0 W (following its 0 W reference).



110

The above set of graphs also show that the battery power matches the low frequency
power demand which now has the commanded power component added to it. This
validates our S loop that we added to the PV system for adjusting the commanded power

into the total DC demand at the input of the Inverter.

REEC B : Graphs
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Figure 6.7 Graphs of reference Inverter side voltage and actual voltage and the error in the Q loop (reactive
power loop)
Figure 6.7 shows that the actual AC side voltage matches the reference value with the

Q loop error showing a zero. This validates our control on the Q loop.

Thus the validation of the S loop and Q loop which are responsible for apparent and
reactive power control on the AC side depending on the commanded power proves our

hypothesis.



CHAPTER 7: CONCLUSION AND FUTURE WORKS

Based on the simulation results presented from chapter 2 through chapter 6 the

following can be concluded:

Implementation of cascade control on battery and ultra-capacitor system based
on inner loop current control and outer loop power control proves to be an
accurate and optimal solution as far as HESS integration is concerned. The load
following graphs for various cases such as slow and fast varying load, sunny
and cloudy irradiance curve and step changes in both the load and irradiance
validates the robustness of the cascade control structure employed on the HESS.
Battery and ultra-capacitor based HESS is efficient and capable of offsetting
the intermittence brought in PV farm by variable irradiance which is tested by
simulating for an irradiance curve taken from actual solar irradiance value for
sunny and a cloudy day.

Using HESS with the PV farm in an integrated model explained and validated
the advantages of entrusting the battery and ultra-capacitor combination for
ancillary services like load following and voltage support considering the

possible real life intermittence in the PV.
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e Employing a d-q based inverter architecture for the micro-grid bring in
optimally controlled active and reactive power loops by the virtue of decoupling
offered by the architecture. This architecture improves the ability of scheduling
the power dispatch algorithm of the HESS.

e The scheduling of the power dispatch of the HESS is accomplished by
supervisory control. This approach uses the DC equivalent reference of the AC
power demand seen at the inverter side along with control on the inverter
voltage. Both these loops are instrumental in providing an accurate set point for
the HESS as well as maintaining the reactive power balance at the inverter.
Thus the implementation of this architecture enhances the overall micro-grid

efficiency and makes it dispatch-able for loads up to 2 MW.

More improvements can be done on this structure in the future with implementation
and validation in on-grid environment with the involvement of complex systems.
Controller logic and system topologies can be made more flexible. Adaptive controllers
can be implemented on the outer loops to optimize the system performance. Real time
analysis of the system with Hardware-In-Loop test bed can give more realistic insight to
the system characteristic and response. Power scheduling priority and development of

related algorithm can enable detailed testing cases to the same system.
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APPENDIX: MATLAB CODE

Design of DC-DC Boost converter for PV farm is explained here,

117

The MATLAB code for the boost converter design and its P1 controller can be seen

below:

%$PI compensator code of boost converters in my thesis
clc

clear all

close all

Vin=550;
Vout=1200;
Dprime=Vin/Vout;
D=1-Dprime
Pin=2e6;
Iin=Pin/Vin;
Iind=Iin;
Fsw=1000;

T=1/Fsw;
P=Vin*Iin;
Pout=2e6;
R=Vout”2/Pout
I2=Pout/Vout
ripple=0.02;

I ripple=ripple*I2
V_ripple=ripple*Vout

%$Element design
Ldesign=D*T*Vin/ (2*I ripple)
L=1.25*Ldesign
Cdesign=Vout*D*T/ (2*R*V_ripple)
H=1; funity gain feedback

numl=[ (-Iind/Cdesign) (Dprime*Vout/ (Ldesign*Cdesign))];
denl=[1 1/ (R*Cdesign) Dprime”2/ (Ldesign*Cdesign)];
sysl=tf (numl, denl)

figure (1) ;

margin (sysl);

hlegl=legend('Uncompensated boost converter bode plot')
set (hlegl, 'Location', 'Best")

sys2=feedback (sysl, H)
figure (2);



step (sys2);
hleg2=legend('Step response of Uncompensated system');
set (hleg2, 'Location', "'Best")

wc=1; S%Scrossover frequency

a=-wc*Iind*Ldesign/ (Dprime*Vout) ;

b= (wc/ (R*Cdesign) )/ (Dprime”2/ (Ldesign*Cdesign) -wc"2) ;

Phase Margin=90*pi/180; %PM=-(-180-angleL(s))

c=-Phase Margin-(90*pi/180)-atan(a)+atan(b); $c=atan (wc*Tz)
Tz=tan (c)/wc %$Tz for 90 degree PM design, fix the Tz in the
compensator design

$Finding Kp:

=(((Dprime”2/ (Ldesign*Cdesign) -wc"2) *2)+ (wc/ (R*Cdesign) ) "2) ;
=(1+(wc*Tz)"2);

(((Dprime*Vout/ (Ldesign*Cdesign)) "2)+ (wc*Iind/Cdesign) "2);
Kp=sqgrt (wc"2*d/ (e*f))

d
e
£

%Compensator design PI controller: K(1+Tzs)/s

K=Kp;

num3=K* [Tz*1 17];

den3=[1 0];

sys3=tf (num3, den3)

figure (3)

margin (sys3) ;

hleg3=legend('PI controller bode plot');
set (hleg3, 'Location', 'Best")

%overall system transfer function

num4=conv (numl, num3) ;

dend=conv (denl,den3) ;

sys4=tf (num4, denid)

figure(4);

margin (sys4);

hlegd4=legend('Compensated system bode plot');
set (hleg4, 'Location', "Best")

%Closed loop tf:

sysb=feedback (sys4,H) ;

%step response:

figure(5);

step(sysb) ;

hleg5=legend('Step response of compensated system');
set (hlegb, 'Location', 'Best")
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The output window of MATLARB gives the following PI controller transfer function:

sys3 =

2.255e-05 s + 0.000381

Continuous-time transfer function.

Bode plots have already been discussed in the corresponding chapters. It can be noted
that the same boost converter code was used for the battery and the ultra-capacitor

controller designs and hence is not repeated here.



