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Abstract

Transition from fossil fuels to renewable sources is desired by both developed and de-
veloping countries due to the environmental concern and rapid technological developments.
Governments, consumers, and investors have seen the prospect of Photovoltaic (PV) as a
prominent technology to fulfill the electricity demand. For the residential-scale PV sys-
tem,costs of the PV module(s) and the BoS (Balance-of-System) are usually the issue that
discourage the consumers from installing PV system in their households. To tackle this is-
sue, the concept of PV-Battery Integrated Module (PBIM) is developed. The operations of the
PBIM are similar with typical operations of PV-battery system, which are controlled by the
energy management unit. Energy Management System (EMS) is responsible for ensuring the
safety of the electrical components and controlling the system operations to make it efficient.
Therefore,implementing the suitable EMS is an integral part of establishing the PBIM system.

This research aims to implement a power flow management for the PBIM system to perform
two energy management strategies, namely peak shaving and off-grid self-consumption. To
achieve that goal, this research focus on selecting the PBIM system architecture, implement-
ing control system and power flow management, and analyzing PBIM system performance on
the applications of peak shaving and off-grid self-consumption strategies. Two case studies
are introduced in this thesis, namely off-grid PBIM in Cambodia and grid-connected PBIM in
the Netherlands.

The chosen system architecture for the PBIM is the DC couple architecture. The PBIM
system consists of one PV module, one unidirectional boost converter to perform MPPT and
curtail operation, one bidirectional buck-boost converter to handle charging and discharging
operation, an inverter to connect the PBIM with an AC load, and a battery bank. There are
seven modes of operation in the PBIM system, which are utilized to perform peak shaving
and off-grid self-consumption strategies.

For the off-grid PBIM in Cambodia, a 265Wp module and 8 batteries are used. The PV
curtail operation is performed mostly during dry season, due to high irradiance. The LLP
during rainy season (4%-7%) is much larger than the LLP during dry season (1%-3%), due
to big difference in the irradiance between those two seasons. The total LLP for one year
operation is 2.6%.

For the grid-connected PBIM in The Netherlands, a 265Wp module and 8 batteries are
also used. The peak shaving is performed in this case, hence the battery is being charged
during off-peak hours, and the load is supplied by the grid. During peak-hours, the load
is supplied by the PV, battery, and the grid. For one PBIM, the system autarky can only a
maximum of 16%, hence multiple PBIMs are required to increase the PBIM system autarky
for the grid-connected PBIM in the Netherlands.
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Introduction

1.1. Research Motivation

Transition from fossil fuels to renewable sources is desired by both developed and de-
veloping countries due to the environmental concern and rapid technological developments.
Governments, consumers, and investors have seen the prospect of Photovoltaic (PV) as a
prominent technology to fulfill the electricity demand. This is reflected by the increasing
PV system implementations in several scales, such as residential-scale and utility-scale [7].
Figure 1.1 shows that the solar PV generation capacity is constantly growing every year.

Solar PV generation capacity

Gigawatts, cumulative installed capacity

Japan 400
B Germany
B US

M Spain

M italy

M China

B Rest of World

08 09 10 11 12 13 14 15 16 17 0

Source: includes data from IEA PY Power Systems Frogramme, Sclar Powar Europe, EurDbsarver, and IRENA

Figure 1.1: Solar PV generation capacity from 2008-2017 [1].

For the residential-scale PV system, costs of the PV module(s) and the BoS (Balance-of-
System) are usually the issue that discourage the consumers from installing PV system in
their households. To tackle this issue, the concept of PV-Battery Integrated Module (PBIM) is
introduced in [8]. PBIM compile the PV module, battery bank, power converters, and power
management unit as one package, hence reduce the installation and consultation costs.
Since the installation and consultation costs contribute significantly to the overall costs [9],
PBIM could become a favourable option to the consumers.
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2 1. Introduction

The operations of the PBIM are similar with typical operations of PV-battery system, which
are controlled by the energy management unit. Energy Management System (EMS) is respon-
sible for ensuring the safety of the electrical components and controlling the system opera-
tions to make it efficient. In a PV-battery system, the EMS is in charge with the PV module
operation to make sure that the PV generates power in the most efficient way, and also main-
tain the State-of-Charge (SOC) of the battery within the operating limits [10]. Therefore,
implementing the suitable EMS is an integral part of establishing the PBIM system.

1.2. Research Scope and Objective

The objective of this research is to ’Implement a power flow management for the PBIM
system to perform two energy management strategies, namely peak shaving and off-
grid self-consumption’. This research focus on selecting the PBIM system architecture,
implementing control system and power flow management, and analyzing PBIM system per-
formance on the applications of peak shaving and off-grid self-consumption strategies.

1.3. Research Questions

1. What is the suitable system architecture for the PBIM system considering the control
complexity? (Ch 2)

2. How does the control system manage the power flow in the PBIM system to perform
peak shaving and off-grid self-consumption strategies? (Ch 3)

* What type of the control mechanisms are used for the DC-DC converters operation,
MPPT operation, and PV-curtail operation in the PBIM system?

* Which modes of operation are needed for the implementation of the chosen energy
management strategies?

3. How effective is the off-grid self-consumption strategy for the PBIM application in Cam-
bodia considering the Load of Loss Probability, PV generation reduction, and the energy
exchange? (Ch 5)

4. How effective is the peak shaving strategy for the PBIM application in the Netherlands
considering the system autarky during peak hours? (Ch 6)

1.4. Thesis Outline

Chapter 2 - PV-Battery Integrated Module (PBIM)
In this chapter, the concept of PBIM is explained. The selection for the PBIM system archi-
tecture is also introduced. Then, the function of each necessary component that build-up
the PBIM system is discussed.

Chapter 3 - Energy Management Strategies and Power Flow Management
This chapter introduces two energy management strategies for a PV-Battery system, namely
off-grid self-consumption and peak-shaving. Each operation has its own purpose and power
flow management. Explanation regarding the power flow modes in the PBIM system and the
control mechanism that are used for the DC-DC converters operation, MPPT operation, and
PV power reduction are is also provided in this chapter.

Chapter 4 - Modelling the PBIM System
The steady-state models for PV module and battery are given in this chapter. Then, the sim-
ulation results of the control operation are presented. In addition, the converters efficiency
that are employed for the case studies in the next chapters are presented.

Chapter 5 - Off-Grid PBIM in Cambodia
The dynamic behaviour of an off-grid PBIM system in Cambodia is analyzed in this chapter.
Two day simulation is performed for dry and rainy seasons two observe the power flow oper-
ation. The annual LLP, PV generation reduction, and the energy fraction of the PBIM system
are also discussed.

Chapter 6 - Grid-Connected PBIM in the Netherlands The dynamic operation of a grid-
connected PBIM in the Netherlands is analyzed. The performance of multiple PBIMs is also
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observed. The annual system autarky and the energy fraction of the PBIM system are also
discussed.

Chapter 7 - Conclusions and Recommendations This chapter presents the conclusions
of this research and the recommendations for future work.

1.5. Research Contribution
* This research developed an integrated PBIM model, which consists of the PV model, the
battery model, and the efficiency curve of the power converters. This model observe
the electrical parameters of the PBIM components, such as voltage, current, and power
during steady-state condition. These parameters can be used to decide the required
sizing of the system and the specification of the power converter (i.e. duty cycle range).

* This research implement a PV-curtail algorithm for the off-grid PBIM application, which
manage the power dump of the system. This is one of the improvement for the PBIM
research.






PV-Battery Integrated Module (PBIM)

To perform a suitable energy management operation for the PBIM system, understanding
the concept of the system itself is the first essential step. This chapter provides explanation
regarding the PBIM concept. Furthermore, the chosen architecture for the PBIM system and
the role of each components are discussed.

2.1. PV-Battery Integration

The idea of integrating a PV with an energy storage has been catching the interest from
both researchers and companies. A notion regarding a multifunctional lithium-ion module
along with its functional architecture is proposed [2], which resulted a system design that
take into account both MPPT and battery charging/discharging control. (Figure 2.1). Next,
the concept is developed by introducing an adaptive supervision unit for managing lithium-
ion battery [11], and a study about a distributed PV-battery power architecture is conducted
[12]. These researches have become the underpin of PV-battery system development.

Panel

T~ Switched 5
Electronic PV mode Charge/Discharge
Control Unit array power Regulator
module converter
Battery S
MPPT »
Control Li-ion
Battery
¥
Panel 2 I

| HP Supervisory and Control System |

(a) Design. (b) Functional Architecture.

Figure 2.1: The multifunctional lithium-ion module [2].

In [3], a design of PBIM is introduced along with the thermal analysis of the PBIM system
(Figure 2.2). This study evaluates the feasibility of PBIM physical integration. Afterwards,
a study to determine the proper energy storage sizing for PBIM system is conducted in [13].
This study analyzes the PBIM dynamic behaviour based on the chosen sizing in an off-grid
and a grid-connected peak shaving applications. In order to establish the PBIM system im-
plementation, a study about how to manage the power flow in the PBIM system needs to be

)
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conducted. If the power flow management is established, then the suitable energy manage-
ment strategies can be performed.

/ @ =
o % / ﬂiemim'errer
e o,
. o~z Pouch cells

Figure 2.2: PV-Battery Integrated Module concept [3].

2.2, Available System Architecture for PBIM

In this study, the PBIM system focuses on supplying an AC load, which represents a
household loads as a whole. There are three types of system architecture for PV-battery sys-
tem that are commonly used to supply an AC load, namely in-line architecture, DC coupled
architecture, and AC coupled architecture. These architectures are different in term of how
the PV module, battery, and power electronics are connected altogether. Also, each archi-
tecture has its own control system, which can be differentiated by the complexity level. This
section will explain how PBIM components are connected and mention what are the required
control mechanisms in each architecture.

2.2.1. In-line Architecture

PV Module
DC Bus
FmTT I
s 1 1
PV Unidirectional ! \
Inverter AC Load
Output DC-DC Converter | ! :
u 1T
1 H ! T
1
1 1 1
i : |
Controller -4 4- dmmm—-- s
! :
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
[ I
Battery Bank

Figure 2.3: In-line architecture.
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In this architecture, a DC bus is used as the interconnection between the PV module
and the battery. The battery is directly connected to the DC bus, while the PV module is
connected to the DC bus using an unidirectional converter. An inverter connects the DC bus
with the AC load. The unidirectional DC-DC converter is controlled to perform MPPT task,
while the inverter is controlled to perform DC to AC conversion. This architecture limits
the flexibility of the battery sizing since the battery voltage must reach the required DC bus
voltage. Since the battery voltage dictates the DC bus voltage, the inverter input voltage
fluctuates according to the battery parameters. In many cases, the PV module output power
is also controlled so that the battery SOC does not exceed the maximum limit. Figure 2.3
shows the in-line architecture for the PBIM. The control system in this architecture consists
of the unidirectional DC-DC converter controller, inverter controller, and MPPT algorithm.

2.2.2. DC Coupled Architecture

PV Module
DC Bus
| I
- 1 '
PV Unidirectional ! \
Inverter AC Load
Output DC-DC Converter | ! :
- : :
] H ! T
1
—ll ©
i ' I
! 1 1
Controller i, 4

1

1

1

1

1

1

1

i

1
Bidirectional L

DC-DC Converter |}

1

Battery Bank

Figure 2.4: DC coupled architecture.

This architecture utilizes a DC bus as the interconnection between the PV module and
battery. The PV module is connected to the DC bus using an unidirectional DC-DC converter,
while the battery is connected to the DC bus using a bidirectional DC-DC converter. the DC
bus is connected to the AC load using an inverter. By utilizing the bidirectional DC-DC
converter, the DC bus voltage can be controlled. Since the DC bus voltage can be controlled,
the flexibility of battery sizing increases. Since there is only one inverter, the sizing of the
inverter is limited to the combination of PV and battery power rating, and this configuration
is prone from single point failure since all the power flows through the inverter [14]. The
control system in this architecture consists of the unidirectional DC-DC converter controller,
bidirectional DC-DC converter controller, inverter controller, and MPPT algorithm. Figure
2.4 shows the DC couple architecture for the PBIM.

2.2.3. AC coupled Architecture

In this architecture, an AC bus is used as the interconnection between the PV module
and the battery. An unidirectional power converter is used between the PV module and
the AC bus, and a bidirectional power converter is used between the battery and the AC
bus. Meanwhile, the grid and the AC load is connected to the AC bus directly. According to
the study conducted in [15] and [14], the AC coupled architecture provides flexibility in the
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system sizing since the battery bank and the PV module can be sized independently, hence
the modularity of the system is accomplished. Figure 2.5 shows the AC coupled architecture
for the PBIM. The control system in this architecture consists of The control system in this
architecture consists of the unidirectional DC-DC converter controller, bidirectional DC-DC
converter controller, inverter controller, and MPPT algorithm. Since there are two inverters,
the phase of the inverters output must be synchronized, hence a phase control are required.

PV Module
ACBus
- ' ‘
.- . 1
PV Unidirectional Inverter ! : AC Load

Output DC-DC Converter ! i
| . "

1
1 1 ' :
1 1 ! :
1 : 1
1 1 :

| 1
Controller ---=-==5 ' i
1 i 1
1 ' ‘
T 1 X !
! 1 1 :
l :
Bidirectional Inverter ! |
DC-DC Converter ' :
- 1
1
L 1

Battery Bank

Figure 2.5: AC coupled architecture.

2.3. Components and System Architecture for PBIM

The in-line architecture provide the simplest configuration and minimize the space usage.
However, in this architecture, the occurrence of a short circuit in the DC bus will cause
serious damage to the battery since the battery is directly connected to the bus [16]. Since the
battery is one of the major components in the PBIM system, the battery has to operate safely,
hence the in-line architecture will not be used in this study. Both DC couple and Ac couple
architectures avoid this battery damage. Next, regarding the control complexity, the DC
couple architecture provide simpler control system compared to the AC couple architecture.
Also, the power balance in the system can be reflected by the DC bus voltage in the DC
couple architecture, hence the control system performance and the power flow operation can
be investigated. Therefore, the chosen system architecture for the PBIM in this study is the
DC couple architecture.

2.3.1. PV Module

A study regarding the comparison of potential PV module for PBIM is conducted in [15].
Based on the module’s weight, rated power, price, and temperature coefficient properties,
Jinko Solar Panel JKM265P-60 is chosen as the best alternative for PBIM system. Table 2.1
shows the specification of Jinko Solar Panel.
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Parameter Value
Maximum power (Pypp stc) [W] 265

Maximum power voltage (Vy,pp stc) [V] 31.4
Maximum power current (I,pp stc) [A] 8.44
Open-circuit voltage (Voc stc) [V] 38.6
Short-circuit current (Isc src) [A] 9.03
Module length [m] 1.65
Module width [m] 0.99
Number of cells in series (Ng) [-] 60

Temperature coefficient of V¢ (Ky) [%/°C] -0.31
Temperature coefficient of Isc (K;) [%/°C] 0.06

Table 2.1: Specification of Jinko Solar Panel JKM265P-60 [5].

2.3.2. Energy Storage

The Lithium Ion Prismatic Pouch Cell AMP20M1HD-A from A123 Systems is chosen as
the energy storage components in the PBIM system. This battery type is selected due to
its compact rectangular form, which is ideal to optimize the space usage [6]. Lithium ion
technology is used since it provides good power and energy density [17]. Table 2.1 shows
the specification of Lithium ion battery from A123 Systems. The hard-limit of the battery
operation is set to be 10% (lower limit) and 90% (upper limit).

Parameter Value

Cell capacity (Qcen) [Ah] 19.6
Nominal Voltage (Vcet,nom) [V] 3.3
Voltage at full capacity (Veen fun) [V] 3.44

Cell dimensions [mm] 7.25x 160 x 227

Table 2.2: Specification of Lithium Ion Prismatic Pouch Cell AMP20M1HD-A [6].

2.3.3. System Architecture

To determine the type of converters that are required for in the PBIM system, the DC bus
voltage reference has to specified first. The specified DC bus voltage reference in the PBIM
system is 48 V. The reason is that this value is higher than the PV open-circuit voltage, and
the difference between the DC bus voltage reference and the PV voltage at the maximum
power point is justified. If the difference is so large, the duty cycle operation could exceed
the maximum duty cycle of the switch in reality. On the other hand, If the difference is so
small, the duty cycle operation could be lower than the minimum duty cycle of the switch
in the reality. The unidirectional converter has to boost the PV voltage (i.e. 31 V) to reach
the DC bus voltage reference (48 V), hence the unidirectional boost converter is used. The
bidirectional converter has to boost up the battery voltage during the discharging operation
and lower the DC bus voltage during the charging operation, hence the bidirectional buck-
boost converter is used. The inverter will have constant modulation since the DC bus voltage
is controlled.

2.4. Concluding Remarks

The chosen system architecture for the PBIM is a DC couple architecture. This power
electronics in this architecture comprises of an unidirectional boost converter, a bidirectional
buck-boost converter, and an inverter.






Energy Management Strategies and
Power Flow Management

Implementing an energy management strategy on the PBIM system is compulsory to sat-
isfy the consumer demand, and a power flow management is essential to make sure the PBIM
performs well and safely. This chapter aims to introduce several energy management strate-
gies that are usually implemented in a PV-battery system. In addition, the power flow modes
in the PBIM system are discussed.

3.1. Power Flow Management

A PV-battery system consist of several power stages that adjust the electrical parameters,
such as voltage and current, during the operation so that the system can deliver power in
the most efficient way and still within the operating limit [18]. In this section, the control
system that dictates the operation of each power converter is discussed. Then, the possible
power flow modes in the PBIM system are presented.

3.1.1. Control System

Based on the system architecture explained in Section 2.3.3, the unidirectional boost
converter, the bidirectional buck-boost converter, and the inverter are the ones who perform
power stage operations, so that the several power flow modes can be employed. The con-
trol system in the PBIM system consists of four parts, namely MPPT algorithm, PV-curtail
algorithm, unidirectional boost converter controller, and bidirectional buck-boost converter
controller. The inverter will operate in constant modulation, assuming that the DC bus volt-
age is always maintained at the reference value, and therefore no controller are required for
the inverter, only a constant modulation signal will be sent to the inverter.

ON/OFF
v

Vp\/ —_—> VPV,rnpp

) — MPPT —l
PV

+ VPV,ref
VpV R | VPV,cu rtail
Proost — > Curtail
—_—>

ON}OFF

Figure 3.1: Choosing the PV voltage reference.
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Figure 3.1 shows how the PV voltage reference obtained. If the MPPT algorithm is off, then
the PV-curtail algorithm will provide the PV voltage reference, and vice versa. Equation 3.1
define the PV power (By) when the MPPT algorithm is used, while Equation 3.2 define the (By)
when the PV-curtail algorithm is used. The PV voltage at the maximum power point (Voy mpp),
PV current at the maximum power point (Ipy mpp), PV voltage during the curtail operation
(Vov curtail), and PV current during the curtail operation (Ipy curtail) are obtained from the power
flow management process.

By = VPV,mpp : IPV,mpp (3.1)

By = VPV,curtaﬂ : IPV,curtail (3'2)

MPPT Algorithm

An MPPT algorithm is employed to ensure that the PV operates at its maximum power
point. The incremental conductance method is used in this study. Figure 3.2 shows the
MPPT algorithm using incremental conductance method. The value of the voltage increment
(Vchange) is chosen to be 0.1 V. The output of this MPPT algorithm, which is the Voy mpp, Will
be used in the boost converter feedback loop control as the PV voltage reference.

Read Vpy(t), lpv(t), Vey(t-At), lpv(t-At) and Vpy rer(t)

'

AV = Vpy(t) - Vpy(t-O1)
Al'= lpy(t) - Ipy(t-At)
VP\/,mpp = VPV,ref(t)

TRUE TRUE A FALSE T TRUE
Al=0 < AV=0 —

> AI/AV = -l () Vi (t)
\L\ ru(t)/ Veu(t)

ol =

—

{FABE
TRUE —_FAISE

\AI/AV> Ipv(t)/VPv (6]~
v A4 y 1

‘ Vov,mpp = Vev,mpp + Vehange ‘ Vov,mpp = Vv,mpp = Vehange ‘ Vov,mpp = Vov,mpp + Vehange Vev,mpp = Vv,mpp = Vehange

! ! ! t b '
v

Voy(t-Dt) = Vey(t)
Ty (t-At) = lpy(t)
4 N
[ RETURN )

o /

Figure 3.2: MPPT Algorithm.

PV-Curtail Algorithm

One issue that needs to be handle during the operation of an off-grid PV-battery system is
regarding how to manage the excess energy from PV generation. If the battery is full, the load
is already fulfilled, and there is an excess power from the PV generation, the excess power
have to be dumped in order to maintain the system balance (i.e. DC bus voltage). One way
to manage this excess energy is to curtail the PV generation when the battery is already full.
The PV has to operates far away from the maximum power point to produce power less than
the load demand. If the PV generation is less than the load demand, the battery has to be
discharged to fulfill the load demand. Hence, the battery will not exceed the upper SOC limit,
and no excess power need to be dumped. Figure 3.3 shows the PV-curtail algorithm.
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-

(| START

Read Pboost(t): Pload(t)r and VPV,ref(t)

'

VPV,curtaiI = VPV,ref(t)

T

- —__ FAISE

</Pwost(t) > Pload(t =
TRUE

VPV,curtaiI = VPV,cu rtail + Vchange

“ A

A

‘/ RETURN

Figure 3.3: PV Curtail Algorithm.

The value of the voltage increment (Vcpange) is chosen to be 0.1 V. At the initial condition,
the PV operates at the maximum power point , then the PV voltage reference increasing and
move the PV operating point to the right side of the P-V curve, so the PV power is reduced.
Even though the right side of the maximum power point is steeper than the left side, the
voltage range in the right side is more narrow than in the left side, hence the boost converter
does not have to operate with a wide duty cycle range. The output of this algorithm, which
is the Wby curtail, Will be used in the boost converter feedback loop control as the PV voltage
reference.

Unidirectional Boost Converter controller

The unidirectional boost converter operates by adjusting the duty cycle (1-Dy ) of SW-
1 (boost converter switch). (1-Dy,.) is obtained from the feedback loop control shown in
Figure 3.4. Two proportional-integral (PI) controllers are used in this feedback loop control.
The inner loop controls the PV current, and the outer loop control the PV voltage. The PV
voltage reference from the MPPT /PV-curtail algorithm is used as the reference. The output of
this controller is sent to the pulse width modulation (PWM) generator, and SW-1 will operate
according to the chosen duty cycle value. Therefore, the desired PV voltage can be achieved.

Pl Controller for | [Pvref €2 Pl Controller for D’boost |
PV Voltage ‘\+ PV Current PWM | SWi1

Figure 3.4: Feedback loop for boost converter.

The following equations express the processes of determining the parameters in the feed-

back loop, where K, , K; y, K, ;, and K;; are the coefficients of the PI controllers.
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ex(6) = Vou (t = A8) — Vo ret(®) (3.3)
ex(t) = Ipy(t — At) — Ipy ref(t) (3.4)

t
oy rei () = Koy - €3 (6) + K - fo ey ()dt (3.5)
Dtl)oost(t) = Kp,i cey(t) + Ki,i . fo e, (t)dt (3.6)

Bidirectional Buck-Boost Converter Controller

The bidirectional buck-boost converter operates by adjusting the duty cycle of the buck-
boost converter switches. SW-2 depends on Dy ck-boost, While SW-3 depends on (1-Dyyck-boost)»
which are obtained from the feedback loop control shown in Figure 3.5. Two proportional-
integral (PI) controllers are used in this feedback loop control. The inner loop controls the
battery current, and the outer loop control the DC bus voltage. The output of this controller
are sent to the pulse width modulation (PWM) generator, and SW-2 and SW-3 will oper-
ate according to the chosen duty cycle value. Therefore, the desired DC bu voltage can be
achieved.

Pl Controller for | Pbuckcboost WM JI—> SW 2
Battery Current d SW3

PI Controller for |
DC bus Voltage

VDC,ref

I batt

Figure 3.5: Feedback loop for buck-boost converter.

The following equations express the processes of determining the parameters in the feed-

back loop, where K, , K; , K, ;, and K;; are the coefficients of the PI controllers.
e3(t) = Vpc(t — 1) — Wb ref(t) (3.7)
ey (t) = Ipate(t — 1) — Ipatt rer(t) (3.8)
t

Ittt () = Kpy - €3(0) + Ko - [ ea(©)e 3.9)

t
Douctcbonst(6) = Kp e (6) + Ky - | ea(0)de (3.10)

0

3.1.2. Modes of Operation

The possible power flow modes in the PBIM system using DC coupled architecture are
presented in Figure 3.6, and the operation of each converter during each mode is summarized
in Table 3.1
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Figure 3.6: Power flow modes in the PBIM system.

* Mode 1: PV is connected, the unidirectional converter performs MPPT operation, the
battery is discharging, bidirectional converter performs boost operation, inverter is on,
and the load is connected. Employed in the off-grid and peak shaving applications.

* Mode 2:

PV is connected, the unidirectional converter performs MPPT operation, the
battery is charging, bidirectional converter performs buck operation, inverter is on, and
the load is connected. Employed in the off-grid application.

* Mode 3: PV is disconnected. The unidirectional converter switches off, the battery is
discharging, bidirectional converter performs boost operation, inverter is on, and the
load is connected. Employed in the off-grid and peak shaving applications.

* Mode 4: PV is connected, the unidirectional converter performs curtail operation, the
battery is discharging, bidirectional converter performs boost operation, inverter is on,
and the load is connected. Employed in the off-grid application.

* Mode 5: PV is disconnected, battery is disconnected, and all the converter switch off.
The load is disconnected. Occurs in the off-grid and peak shaving applications.

* Mode 6: PV is connected, the unidirectional converter performs MPPT operation, battery
is disconnected, inverter switchs on, and the load is connected. Employed in the peak
shaving application.

° Mode 7: PV is connected, the unidirectional converter performs MPPT operation, bidi-
rectional converter performs buck operation, battery is charging, inverter switchs off,
and the load is disconnected.
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Converter Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode 5 | Mode 6 | Mode 7
Unidirectional MPPT MPPT OFF Curtail OFF MPPT MPPT
Bidirectional Boost Buck Boost Boost OFF OFF Buck
Inverter ON ON ON ON OFF ON OFF

Table 3.1: Converter operation for various power flow modes.

3.2. Energy Management Strategies for a PV-Battery System

Energy management strategy is defined as structured procedures to manage the energy
quantity and lessen the energy cost according to the consumer requirements [19]. The selec-
tion of the suitable energy management strategies are based on the type of energy system and
its components. For a PV-battery system, the following strategies can be performed, namely
off-grid self-consumption and peak shaving.

3.2.1. Off-Grid Self-Consumption

Due to the intermittent energy production from the PV, self-consumption method utilizes
the battery in order to make sure the load is always met in an off-grid PV-battery system
[20] (Figure 3.7). If the load is already met and there is an energy surplus from the PV
production, the energy surplus is stored in the battery as long as the battery is not fully
charged. Meanwhile, if the PV production cannot keep up the load demand, the battery will
cover the deficit power as long as the battery is not fully discharged. However, some fails will
occur when the PV-battery system cannot meet the load demand. On the other hand, the
excess energy from the PV need to be dumped when the battery is full. In the latter situation,
a PV-curtail operation will be performed. Figure 3.8 presents the off-grid self-consumption
algorithm.

Power

PV power
Load

/

Direct self consumption

» Time
!

/4

. Self consumption of stored energy
Self consumption of stored energy

Figure 3.7: Off-grid self-consumption principle.
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Figure 3.8: Off-grid self-consumption algorithm.

In the off-grid self-consumption algorithm, the values of irradiance, unidirectional boost
converter output power, load demand, and the battery SOC are measured to determine which
mode is going to operate. The minimum irradiance required to utilize the PV module is set
to be 50 W/m?. The operating limit of the battery is set to be 10.5% (lower limit) and 89.5%
(upper limit). There are six modes employed in the off-grid self-consumption strategy.

* Mode 1: This mode occurs when there is not enough power from the PV side to supply
the load demand, and the battery SOC still within the operating limit. The battery will
be used to supply the remaining load, and the PV generates at the maximum power
point. The power balance in this mode is stated in Equation 3.11.

Byoost * Minv + Pl?;é “ Nbuck-boost * Ninv — Hoad = 0 (3- 1 1)

* Mode 2: This mode occurs when there is power surplus from the PV sides, and the

battery SOC still within the operating limit. The power surplus will be used to charge
the battery. The power balance in this mode is stated in Equation 3.12.

in
Pload _ I batt

Pyoost — = 0. (3.12)

Ninv Nbuck-boost

* Mode 3: This mode occurs when there is no generation from the PV side due to very
low irradiance, and the battery SOC still within the operating limit. The load will be
supplied only by the battery. The power balance in this mode is stated in Equation
3.13.

Pl?g&i * Nbuck-boost * MNinv ~ Aoad = 0- (3.13)

* Mode 4: This mode occurs when the battery SOC hits or surpasses the upper limit. The
PV-curtail operation will be performed, and the PV generation will be lower than the load
demand, hence the battery will start to discharge. The power balance in this mode is
stated in Equation 3.11. The only different is the value of B,,.st, which is determined by
the PV-curtail algorithm. To avoid oscillation during the change between mode 4 and
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mode 2, another logic is implemented. If the mode during previous iteration was mode
4, and the SOC is higher than 85%, PBIM still operates in mode 4 until SOC is lower
than 85%.

* Mode 5: This mode occurs when there is no generation from the PV side due to very
low irradiance, and the battery SOC is lower than the lower limit. The load will be
disconnected, and all the power converters are switched off. The power fail Py; can be
calculated using Equation 3.14

Byt = Boad (3.14)

* Mode 7: This mode occurs when the battery SOC is lower than the lower limit. The load
will be disconnected, and all the PV generation will be used to charge the battery until
the battery SOC returns to the operating range. The power fail Pg,; can be calculated
using Equation 3.14, and the power balance in this mode is stated in Equation 3.20.
To avoid oscillation during the change between mode 7 and mode 1, another logic is
implemented. If the mode during previous iteration was mode 7, and the SOC is lower
than 15%, PBIM still operates in mode 7 until SOC is higher than 15%.

Booost * Mbuck-boost — P]igtt =0. (3.15)

3.2.2. Peak Shaving

The purpose of peak shaving is to minimize the the required system capacity to supply the
peak load of highly fluctuating load condition [21]. For a grid-connected PV-battery system,
the battery is being charged during off-peak hours while the PV and/or the grid supply the
load, and during peak-hours, the battery is discharged to met the peak load (Figure 3.9).
Since the electricity fee during peak-hours is more expensive than during off-peak hours,
the high electricity fee during peak-hours can be avoided, and hence the cost of energy is
reduced.

Power

Load before shaving
Load after shaving

Recharge ; Recharge
period , i
/ \ L period N

7 \
Charged M Charged
Power Power

» Time

Figure 3.9: Peak shaving principle.
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Figure 3.10: Peak shaving algorithm.

In the peak shaving algorithm, The peak hour is defined first. By checking the time and
measuring the irradiance value and the battery SOC, the operation mode is determined. The
minimum irradiance required to utilize the PV module is set to be 50 W/m?2. The operating
limit of the battery is set to be 10.5% (lower limit) and 89.5% (upper limit). The grid power
P,iq can be positive (drawn from the grid) or negative (supplied to the grid). There are five

g
modes employed in the off-grid self-consumption strategy.

* Mode 1: This mode occurs when there is a generation from the PV side, and the battery
SOC is higher than the lower limit during peak hour. The load is supplied by the PV,
battery, and the grid (if necessary). Since, the battery is set to be fully discharged at
the end of peak hour, the battery power is calculated using Equation 3.16, where the
peak discharge current (Ipatt peax) is used. The power balance in this mode is stated in
Equation 3.11.

Postt = Vhatt * Toatt, peak (3.16)

Pboost * Ninv + Pt?;é * Mbuck-boost * Ninv + Pgrid - Hoad =0 (3 17)

* Mode 3: This mode occurs when there is no generation from the PV side, and the battery
SOC is higher than the lower limit during peak hour. The load is supplied by the battery,
and the grid (if necessary). Since, the battery is set to be fully discharged at the end of
peak hour, the battery power is calculated using Equation 3.16. The power balance in
this mode is stated in Equation 3.11. However, the B, iS zero.
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* Mode 5: This mode occurs when there is no generation from the PV side, and the battery
SOC is lower than the lower limit during peak hour. The load is supplied only by the
grid. The power balance in this mode is stated in Equation 3.18.

Pgrid = Poad (3.18)

* Mode 6: This mode occurs when the battery SOC is lower than the lower limit during
peak hour, or when the battery SOC is higher than the upper limit during off-peak
hour. The load is supplied by the PV and the grid (if necessary. The power balance in
this mode is stated in Equation 3.19.

Boost * Minv + Pgrid — Boaa =0 (3.19)

* Mode 7: This mode occurs when the battery SOC is lower than the upper limit during
off-peak hour. The load is supplied only by the grid, while the PV generation is used to
charge the battery (if necessary). The power balance in this mode is stated in Equation
3.18 and 3.20.

Byoost * Mbuck-boost — Pégtt =0 (3.20)

3.3. Concluding Remarks

For the grid-connected PBIM system, peak shaving strategy is useful to satisfy the load
demand with minimum energy cost. Meanwhile, self-consumption method with overproduc-
tion prevention is suitable for the off-grid PBIM system. Both strategies are performed by
managing the possible power flow modes in the PBIM system.



Modelling the PBIM System

In this chapter, the PBIM components model (PV module and battery bank) and the ef-
ficiency curve for the power electronic converters are presented. In addition, to observe the
transient condition of the PBIM system using the converter control system explained in the
previous chapter, MATLAB/Simulink software is used. This simulation is done to ensure that
the transient time of the system is far shorter than the chosen timestep for the steady-state
model simulation in the next chapter.

4.1. PV Model

PV modules parameters, such as voltage and current, can be determined by observing
[-V characteristic. Also, the I-V characteristic depends on the irradiance (Gy) and the cell
temperature (Ty) [17]. This section will described the mathematical model that is used to
calculate the electrical parameters of the PV module. In addition, the I-V and P-V curves
under various irradiances and temperatures will be shown.

4.1.1. Mathematical Model for a PV Panel

A simplified PV equivalent circuit model is used based on the single-diode PV (Figure
4.1). Since the value of shunt resistance is large, in this model, the shunt resistance is
neglected by assuming the current that goes through the shunt resistance is insignificant
[4]. Mathematical expressions of the PV module parameters based on this model are shown
in Equation 4.1-4.7.

A
I XZ l D Vey

Figure 4.1: Simplified PV equivalent circuit model [4].
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Standard test Condition (STC): Gy grc = 1000 W/m2 and Ty src = 25°C, is used as the
reference to calculate the PV module electrical parameters. The electrical parameters under
STC, such as open-circuit voltage (Voc stc), short-circuit current (Isc src), max-power voltage
(Vnpp,sTc), max-power current (Iympp stc), are obtained from the datasheet, along with the
temperature coefficient of V¢ (K,), and temperature coefficient of Ic (K;) data.

To determine the relation between the PV voltage (lby) and the PV current (Ipy) (Equation
4.1), the light-generated current (I}), the saturation current (Iy), thermal voltage («), and the
series resistance (Rg) need to be calculated.

Vv + IpyRs
Ipy =I,—Ip =1, -1y exp(T) -1 (4.1)

Under STC, the light-generated current (I gpc) is equal to Igc src [4]. Hence, I, as a
function of irradiance and temperature can be calculated using Equation 4.2.

Gm
I, = G [Istc + Ki(Ty — Twste) I stc) (4.2)
M,STC

The diode ideality factor (n), electron charge (q), Boltzmann constant (k;, are used to
calculate V- under certain irradiance and temperature (Equation 4.3).

nkaM GM
Voc = Voc,stc + 11’1(

G ) + K, (Ty — Tu st ) Voc stc (4.3)
M,STC

Under STC, the value of thermal voltage (agpc) can be calculated using Equation 4.4,
where the number of cells in series (Ng) is taken into account. Also, thermal voltage (@)
depends on the PV cell temperature (Equation 4.5).

by Ty stc

a =
STC q NS n

Ty +27315
* = Tystc + 27315 °5TC

Next, Iy is calculated using the following equation:

Ip = b (4.6)
° exp() —1 '

The value of Rg is calculated based on the PV module specification (Equation 4.7).

Impp,STC
agre In (1 ———— ) +Voc,stc — Vipp,stC

Isc,stc
Rg = ; 4.7)
mpp,STC

Finally, the output power of the PV module (P ) can be calculated using Equation 4.8.

By = Wpylpy (4.8)
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4.1.2. PV Module Characteristics

Next, the I-V and P-V characteristics of the PV module

temperatures are simulated.

under various irradiances and
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Figure 4.2: Electrical characteristics of Jinko Solar Panel JKM265P-60 at various irradiances and constant

temperature.
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Figure 4.3: Electrical characteristics of Jinko Solar Panel JKM265P-60 at constant irradiance and various

temperatures.

It is shown from Figure 4.3 and 4.2 that the change in temperature affect the V¢ signifi-
cantly, while the change in irradiance have a little influence to the V5c. On the other hand,
variation in the irradiance significantly affect the Igc, while insignificant change occur in the

Isc under various temperatures.
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4.2. Battery Model

A generic battery model is developed in [22], which is also use in Solar Home System
application in [23]. The output of this model are the SOC and the battery voltage as a function
of battery current. The following are the mathematical equations that are used to calculate
the battery SOC.

IbattAt

SOC(t) = SOC(t — At) + X 100% (4.9)
max
Vbatt
Vel = —— 4.10
cell Ns,cell ( )
Ieen = foart (4.11)
Np,cell
Qc = (100% — SOC(t)) Qumax (4.12)
To calculate the battery voltage, the following equations are used:
For charging (I.ep < 0)
Veen = Eo — K—_Qc - K—_chcell +A-exp(=B-Qc) =R lcen (4.13)
Qmax QC Qmax QC
For discharging (I.e; > 0)
Veen = Eo — K Qmax Q.- K Qmax Qclee + A-exp(—=B - Qc) — R - ey (4.14)
o Qmax - Qc ¢ Qc - 0-1Qmax cee © “
Where,

E, = battery constant voltage [V]

K = battery polarization voltage [V/Ah| and [w]
Qmax = battery maximum capacity [Ah]

R = battery internal resistance [w]

A = exponential voltage amplitude constant [V]
B = time constant inverse [Ah™1]

Q. = discharged capacity [Ah]

I.enn = battery current [A]

All the parameters above can be extracted from the battery datasheet. The equations to
extract the parameters are explained in [23].

4.3. Transient Simulation

The transient condition of the control system is simulated in MATLAB/Simulink. The
model follows the chosen architecture in Chapter 2, except that the AC load and the inverter
are replaced by the DC load (constant impedance). This setup is done to simplify the simu-
lation, and the control of the DC bus voltage and the PV voltage can be observed with ease.
Figure 4.4 and 4.5 show the simplified circuit model of boost converter and bidirectional
buck-boost converter respectively.

i CT) e i 2 R Pioisr
Module 2 T L out ~T™, i VBoost
T, Cin

Figure 4.4: Simplified boost stage equivalent circuit model.
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Vov = (1 — Dpoost) Ve (4.15)
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Figure 4.5: Simplified buck-boost stage equivalent circuit model.

Vhe = (4.16)

Table 4.1 shows the parameters that are used in the simulation. The controller coefficients
(Kp,i> Kpvs Ky, Kijj) are determined from trial and error method.

P,V
Parameter Value | Parameter Value
VDC,ref [V] 48 Lboost [mH] 1
VPV,mpp [V] 31.4 Lbuck—boost [mH] 1
Vbatt,nom [V] 26.4 Cin,boost [I’l’lF] 0.001
PV power rating [W] 265 Cout,boost [MF] 0.002
Load (nominal voltage [V], nominal load [W]) 48, 200 | Cpuyt [mF] 0.001
Converter switching frequency [Hz] 50000 | Cpc.pus [mF] 0.002
Kpv [-] 0.2 Kiy [] 100
Ky [ 0.02 K [-] 100
Table 4.1: Electrical parameters for simulation.
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Figure 4.6: PV power.
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Figure 4.7: PV voltage and DC bus voltage.
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Figure 4.8: Battery SOC.
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Figure 4.9: Duty Cycle.

The simulation ran for 0.4 second. The irradiance for the first 0.2 second was 500 W/m?,
and then it increased to 1000 W/m?. First, the PV could not supply the load alone, hence
the DC bus voltage decreased from its reference value. To balance the power flow in the
DC bus, the battery discharged until the load is fulfilled. After the irradiance increased, the
PV generation is higher than the load, hence the DC bus voltage increased from its reference
value. Then, the battery is charged to store the excess power in the DC bus. It took around 0.1
second for the system to reach the steady-state condition, where the DC bus voltage does not
change and has the reference value. Figure 4.6-4.9 show the PV power, the voltage, the SOC,
and the duty cycle of the converters. Since the transient time is far shorter than the chosen
timestep for the power flow simulation in the case study (1 minute). The transient condition
is neglected in the power flow calculation and energy management strategy algorithms.
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4.4. Power Electronics Efficiency

The efficiency of power electronic converter depends on the input voltage and power. An
efficiency curve will be used to determine each converter input/output power, so more real-
istic power calculation can be performed in the energy management strategy. This section
will present the efficiency curve of the converters used in the PBIM system.
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Figure 4.10: Efficiency of the unidirectional boost converter and bidirectional buck-boost converter as a function
of input power.
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Figure 4.11: Efficiency of the inverter as a function of output power.

For the unidirectional boost converter, its efficiency will vary depending on the PV power.
For the bidirectional buck-boost converter, its efficiency will vary depending on the battery
power. The efficiency curves for both converters are plotted based on the loss calculation
conducted in [24]. Figure 4.10 shows the efficiency curves of the unidirectional boost con-
verter and bidirectional buck-boost converter. If the power input is lower than the lowest
power input depicted in the curve, the efficiency is assumed to be the lowest value depicted
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in the curve.

For the inverter, its efficiency depends on the load demand, hence the efficiency curve of
the inverter is plotted as a function of output power. Figure 4.11 shows the efficiency of the
inverter. This efficiency curve is obtained from the datasheet of ABB micro inverter [25]. The
nominal power of the inverter (Pj,y nom) is chosen based on the PBIM application. If the power
output is lower than the lowest power output depicted in the curve, the efficiency is assumed
to be the lowest value depicted in the curve.

4.5. PBIM Model Overview

Figure 4.12 illustrates the PBIM model that will be used in the next two chapters. This
model utilizes the PV model, the battery model, the chosen EMS (peak shaving or self-
consumption), and the power electronics efficiency. The input of this model are the me-
teorological and load data, and the output of this model are the power flow data, the voltage
of PBIM components, and the battery SOC.

Input Data PBIM Model 0utput Data
Unidirectional boost
L 1 >
PYiees] converter efficiency g RoweriFlow
Meteorological
Data
Bidirectional buck-
Battery Model ] boost converter — > soC
efficiency
A
A 4
Load Data P Inverter efficiency /]
» Voltage

Figure 4.12: PBIM model.

4.6. Concluding Remarks

The PV model and the battery model in the PBIM system have been discussed in this
section. The models can represent the electrical parameters of the components. Also, since
the transient time of the controlled system is less than 0.1 second, the steady-state condition
of the operation can be assumed with a time step of one minute.






Of1t-Grid PBIM in Cambodia

To analyze the performance of the PBIM system with the suitable energy management
strategies, several case studies are introduced. In this chapter, the performance of an off-
grid PBIM in Cambodia is observed. The implemented energy management strategies for this
PBIM application is the off-grid self-consumption. This chapter presents the daily dynamic
behaviour of the PBIM system and analyzes the system performance for a whole year. The
chosen simulation step size is one minute. The simulation is done in MATLAB.

5.1. Location Analysis

Cambodia is a Southeast Asian country located in the tropical zone. The climate in Cam-
bodia is heavily influenced by the annual moonsoon cycle, hence its season is alternating
between dry and wet/rainy seasons. Dry season occurs during the first three months and
the last three months in a year, while rainy season occurs in the middle of the year for around
six months. Figure 5.1 clearly shows the different between the irradiances during dry and
rainy seasons. The data for the environmental condition, such as global irradiation and
ambient temperature were acquired using Metenorm for the chosen location (Stung Treng,
Cambodia). The time step for all the data was 10 minutes.
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Figure 5.1: Annual PV irradiance in Cambodia.
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Figure 5.2: Off-grid load profile.

For this case study, the average daily load profile that represents one house hold is used
(Figure 5.2), and the load varies per minute. This load profile is taken from a stochastic
model developed in [26], and the value is half of the tier 3 load profile.

For observing the daily system dynamic during dry and rainy seasons, the daily data for
both seasons will be used (two days for each season are selected). Figure 5.3 shows that the
irradiance during dry season is significantly higher than during rainy seasons. The irradiance
during dry season can reach around 1000 W/m?, while the irradiance during rainy season
can only reach around 400 W/m?. Futhermore, the ambient and module temperature during
dry and rainy seasons are presented in Figure 5.4. The ambient temperature during rainy
season is slightly higher than during dry season, while the module temperature during dry
season is higher than during rainy season due to big difference in the irradiance. The module
temperatures were calculated using fluid-dynamic model [17].

1200 I I
—G)\p(Rainy Season)
—G1\p(Dry Season)
1000 - 4
5800 4
=
Z
§ 600 - -
£
s
g
B 00 .
200 -
0 | | | | | | | |
0 5 10 15 20 25 30 35 40 45

Time [hours]

Figure 5.3: Irradiance.
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Figure 5.4: Temperature.

For sizing the battery capacity for the PBIM system, the LLP optimization methodology is
used. The PBIM system is simulated under various battery capacity. the starting point of
battery capacity is 260 Wh, which is equal to four batteries. Four batteries is chosen as the
starting point due to the minimum battery voltage in the system, which is set to be 12 V. The
battery capacity increment is 60 Wh, which means adding one battery to the system. The
simulation end with 20 batteries (10 in series, 2 parallels), which has a maximum voltage of
36 V. Figure 5.5 shows the LLP as a function of battery capacity. The chosen battery capacity
is 520 Wh (eight batteries in series), which is located around the knee point of the curve. For
this battery cap city, the LLP value is 2.60% which is acceptable based on the recommended
LLP for a household load [17]. The chosen inverter nominal power is 300 W since the load is
lower than the PV power rating. Also, only one PV module is used in this case study. Hence,
the PBIM system in Cambodia will consists of one PV module and eight batteries in series.
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5.3. Daily System Dynamic

In this section, the daily system dynamic of the PBIM system is analyzed. First, the power
flows for both dry and rainy seasons are discussed. In addition, the modes of operation during
two days simulation are observed. Next, the PV voltage and the battery voltage during dry
and rainy seasons are compared. Finally the battery SOC variation is discussed. The initial
battery SOC for both seasons are 10%.

5.3.1. Power Flow and Modes of Operation

Two days simulation is performed for both dry and rainy seasons. Figure 5.6 and 5.7 show
the results of the PBIM system dynamic for both seasons. For the battery power, positive sign
means the battery is discharging, while negative sign means the battery is charging.
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Figure 5.6: Dry season.
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Figure 5.7: Rainy season.

Dry Season

At the beginning of day one, the PBIM is operating in mode 5 since the battery SOC is 10%
and there is no PV generation. During this mode, the load is disconnected and power fail is
occured. Around 7-8 AM, the PV starts to generate power. The PBIM operates in mode 7 to
charge the battery since the SOC is lower than 10%. Mode 1 occurs during small period after
the SOC is higher than the lower limit since the PV cannot supply the load alone. From 8 AM
until around 11 AM, the PBIM operates in mode 2 due to the increase in the irradiance, and
the battery starts being charged. Around 10 AM , the battery SOC hits the upper operation
limit. Since The irradiance is still high, the PBIM starts to operate in mode 4 to curtail the
PV power to avoid power dump. In the afternoon, the PBIM operates between mode 2 and
mode 4, which is reflected in 5.6. Around 6 PM, since the sun is set, mode 3 occurs. In the
night, the PBIM operates in mode 3 since there are no PV generation to supply the load. In
this situation, the battery is discharging.
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Rainy Season

At the beginning of day one, the PBIM is operating in mode 5 since the battery SOC is
10% and there is no PV generation. During this mode, the load is disconnected and power
fail is occured. Around 7-8 AM, the PV starts to generate power. The PBIM operates in mode
7 to charge the battery since the SOC is lower than 10%. Since the irradiance is lower during
rainy season compared to during during dry season, hence the PBIM rarely operates in mode
4. During the day, the PBIM operates between mode 2 and 1. In the night, mode 3 occurs.
For the second day, since the battery SOC does not start from 10%, mode 4 occurs in the
afternoon, and the PBIM starts to operate between mode 2 and mode 4.
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Figure 5.8: Power fail during dry and rainy seasons.
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Figure 5.9: Battery bank SOC for two days simulation.

Battery State of Charge
Figure 5.9 shows the SOC variation for both seasons. During dry season the SOC always
hit the upper limit in the afternoon, and never hit the lower limit at the end of the day. At
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the end the day, the SOC is around 20-30%. On the contrary, during rainy season, the SOC
does not hit the upper limit in the afternoon. Also, the SOC hits the lower limit in the night

of day one.

Power Fail

Figure 5.8 presents the power fail during dry and rainy seasons. It can be seen that the
power fail during dry season only occurs in the beginning of day one, since the initial SOC
is 10%. Meanwhile, the power fail occurs in the beginning of day one and two, and during
the night of day one. This is caused by the big difference of irradiance between these two

seasons.

5.3.2. PV and Battery Voltages
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Figure 5.10: Voltage of the PBIM components.
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Figure 5.10 shows the voltage of the PBIM components. It can be seen that during dry
season, the PV voltage highly fluctuates compared to rainy season since the PV curtail oper-
ation is performed, while the MPPT operation is performed during rainy season most of the
time. For the battery voltage, its value is fluctuating during the afternoon of dry season be-
cause the battery switches between charging and discharging operation. On the other hand,
the battery voltage during rainy season does not fluctuate highly.

5.4. Yearly System Performance

In this section, the montly LLP of the PBIM system, the reduction of PV generation due to
PV-curtail algorithm, and the energy exchange in the system are discussed.

5.4.1. Loss of Load Probability

Figure 5.11 shows the monthly LLP of the PBIM system. During the beginning of the year
(Jan-Mar), the load demand is fulfilled by the PBIM system most of the the time since the LLP
is lower than 1%. Then, the LLP is increasing as the dry season ends, and the rainy season
starts (Mar-Sep). The LLP during the middle of the year vary around 2% to 7%. After the
rainy season ends, the LLP decreases again until the end of the year (Sep-Dec). This result
means that the PBIM system is well-sized to handle the load during rainy and dry seasons
since the LLP never reach 10% for every month.

Jan  Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec
Month

Figure 5.11: Monthly Loss of Load Probability.

5.4.2. Reduction of PV Generation

Figure 5.12 presents the PV generation comparison between the control system with only
MPPT algorithm and the control system with MPPT and PV-curtail algorithms. It can be
seen that the latter kept the PV generation from exceeding the required load demand and
the available battery capacity through the whole year. Figure 5.13 shows the percentage of
curtailed PV generation for every month. During dry season, the PV generation needs to be
reduced by 55-62% to avoid power dump. Meanwhile, the PV generation have to be reduced
by 10% during rainy season.
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5.4.3. Energy Exchange

The energy exchange in the PBIM system is presented in Figure 5.14. The total energy
generated from the PV module is 212.71 kWh. The losses in the system is around 17% of
the PV generation (37.58 kWh). From the annual load demand of 179.11 kWh, the total load
that is fulfilled is 174.45 kWh, while the remaining 4.66 kWh is not supplied by the system.
At the end of the year, the energy that is stored to the batter is 0.67 kWh.
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Figure 5.14: Yearly energy exchanged by the off-grid PBIM system.
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5.5. Constant Load

In this section, the PBIM is given a constant load at 90 W, which represents an LCD TV
[27]. This is done to observe the behaviour of PBIM operation under constant load. The
irradiance and temperatures have the value like in section 5.1, but only for the first day. The
simulation is done for one day. Figure 5.15-5.18 show the behaviour of the PBIM system. It
can be seen the the PBIM can supply the load for 12 hours without failing. This means that
PBIM can be used as emergency option to supply a certain load.
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Figure 5.15: Power Flow.
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Figure 5.16: Mode of Operation.
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Figure 5.18: Voltages.

5.6. Concluding Remarks

Case study for an off-grid PBIM in Cambodia is conducted. The results show that the PBIM
system has a good performance during dry and rainy seasons. The implemented energy
management strategy performs well, which reflected by keeping the SOC within limit and
curtailing the PV generation when there is an excess energy.



Grid-Connected PBIM in the
Netherlands

In this chapter, the performance of a Grid-connected PBIM in the Netherlands is observed.
The implemented energy management strategies for this PBIM application is the peak shav-
ing. This chapter presents the daily dynamic behaviour of the PBIM system and analyzes the
system performance for a whole year. The chosen simulation step size is one minute. The
simulation is done in MATLAB.

6.1. Location Analysis

The data for the environmental condition, such as global irradiation and ambient temper-
ature were acquired using Metenorm for the chosen location (Delft, the Netherlands). The
time step for all the data was 1 minute. Figure 6.1 shows the annual irradiance in Delft.

Figure 6.2 shows the daily household load variation in the Netherlands, which is obtained
from [28].
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Figure 6.1: Annual irradiance in the Netherlands (Delft).
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Figure 6.2: Daily load variation in the Netherlands.

6.2. System Sizing

For sizing the battery capacity for the PBIM system, the energy drawn from the grid dur-
ing peak hours under various battery capacity are observed. The starting point of battery
capacity is 260 Wh, which is equal to four batteries. Four batteries is chosen as the starting
point due to the minimum battery voltage in the system, which is set to be 12 V. The battery
capacity increment is 60 Wh, which means adding one battery to the system. The simulation
end with 20 batteries (10 in series, 2 parallels), which has a maximum voltage of 36 V. Figure
6.3 shows the energy drawn from the grid as a function of battery capacity. Since there is no
knee point between the simulated battery capacity, the chosen battery capacity is 520 Wh
(eight batteries in series) which is similar with the sizing of the off-grid PBIM in Cambodia.
The chosen inverter nominal power is 300 W since the battery power during peak hour is
always less than 300 W for the chosen sizing, and this nominal power is higher than the PV
power rating. Also, only one PV module is used in this case study. Hence, the PBIM system
in the Netherlands will consists of one PV module and eight batteries in series.
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Figure 6.3: Annual energy drawn from the grid during peak hours on various battery capacity.
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6.3. Daily System Dynamic

In this section, the daily system dynamic of the PBIM system is analyzed. First, the power
flows for the summer days are discussed. In addition, the modes of operation during two
days simulation are observed. Next, the PV voltage and the battery voltage these two days
are presented. Finally the battery SOC variation is discussed. The initial battery SOC for the
simulation is 10%. Figure 6.4 and 6.5 shows the irradiance and the temperatures during
two days in Summer respectively.
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Figure 6.4: Irradiance.
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Figure 6.5: Temperature.

6.3.1. Power Flow

Figure 6.6 shows the power flow during two days simulation, while Figure 6.7 presents
the mode of operation. For the grid power, positive sign means drawing energy from the grid,
while negative sign means supplying to the grid. For the battery power, positive sign means
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discharging operation, while negative sign means charging operation. The duration of the
peak hours is four hours, and it starts from 5 PM until 8 PM.
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Figure 6.6: Power flow.
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Figure 6.7: Mode of operation.

At the beginning of the day, PBIM is not operating since there is no energy stored in the
battery and no PV generation, hence the load is supplied by the grid. Mode 5 and Mode O in
Figure 6.7 represent off condition of the PBIM. After the sun is rising the PV starts to charge
the battery, which means mode 7 is performed. The fluctiation behaviour between mode 7
and mode 0/5 is due to the low irradiance value (which near the lowest operating limit of
irradiance). After the battery is full, the PV starts to help the grid supplying the load, which
means mode 6 is performed. In this condition, the battery is disconnected, so it can be used
fully during peak hours. When the peak hours start, the battery and the PV start to supply
load, and since the load is much a higher than the PBIM power generation, the grid has to
supply the load as well (Mode 1). The fluctuating behaviour between mode 1 and 2 is due to
the irradiance.
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6.3.2. PV and Battery Voltages

Figure 6.8 and 6.9 show the voltage of the PV and the battery respectively. It can be seen
that the MPPT mode is always on when the PV is connected, hence the voltage always near
the maximum power point. Regarding the battery voltage, a constant voltage is occurs when
the battery is full during off-peak hours, then the voltage gradually decrease during peak
hours, which represents discharging operation.
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Figure 6.8: PV Voltage.
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Figure 6.9: Battery Voltage.

6.3.3. Battery State of Charge

Figure 6.10 shows the SOC variation for two days simulation. During off-peak hours, the
battery is being charged until it reach the maximum SOC. After that, the SOC stays at 90%
until the beginning of peak hours. During peak hours, the SOC is decreasing until it reaches

the minimum SOC.
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Figure 6.10: Battery bank SOC.

6.4. Monthly System Autarky

The system autarky represents the percentage of the total load demand that is successfully
supplied using the energy generated from the PBIM system, which can be calculated using

the following equation:

Energy delivered from the PBIM system during peak hours

[
Total load demand during peak hours % 100% (6.1)

Autarky =

Figure 6.11 shows the montly system autarky during peak hours. The monthly system
autarky varies between 6-16%, where the lowest value occurs during winter, and the highest
value occurs during summer. To provide better system autarky, the number of batteries per
PBIM should be increased, or multiple PBIMs should be installed.

Autarky [%)

Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 6.11: Monthly system autarky.
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6.5. Concluding Remarks

Case study for a Grid Connected PBIM in the Netherlands is conducted. The results show
that the system always needs energy drawn from the grid. During the peak hours, the system
utilizes all the energy stored in the battery, hence less energy is drawn from the grid. During
off-peak hour, the PV focuses on charging the battery, while the load is supplied by the grid.
The monthly system autarky shows that one PBIM can only supply a maximum 16% of the
load demand during peak hours in the Netherlands.






Conclusions & Recommendations

In this study, two energy management strategy for PBIM system have been implemented,
namely off-grid self-consumption and peak shaving. After discussing the necessary con-
trol mechanism to implement each energy management strategy in the chosen PBIM system
architecture, two case studies have investigated the performance of PBIM system. The first
case study is the off-grid PBIM in Cambodia, and the second case study is the grid-connected
PBIM in the Netherlands.

7.1. Conclusions
There are four main research questions have been addressed in the previous chapters.

1. What is the suitable system architecture for the PBIM system considering the con-
trol complexity? The chosen PBIM system architecture is the DC couple architecture.
This because DC couple architecture provides sizing flexibility and safety to the battery
since a bidirectional converter is utilized between the battery and the DC bus. The DC
bus reflect the power flow balance in the system, hence the converter operation can be
controlled. The disadvantage of this architecture is that the system is prone to single
point failure. For the PBIM system with DC couple architeture, a unidirectional boost
converter is used to boost up the PV voltage and perform MPPT/curtail algorithm. A
bidirectional buck-boost converter is used to boost up the battery voltage during dis-
charging operation and step-down the DC bus voltage during charging operation. The
inverter is set to have constant modulation since the DC bus voltage is already regu-
lated.

2. How does the control system manage the power flow in the PBIM system to per-
form peak shaving and off-grid self-consumption strategies?

* What type of the control mechanisms are used for the converters operation,
MPPT operation, and PV-curtail operation in the PBIM system? For the MPPT
algorithm, the incremental conduction method is used. For the PV-curtail algo-
rithm, the PV operating point is shifted to the right side of the maximum power
point in order to decrease the PV generation. This is done by increasing the PV
voltage reference until the PV generation is lower than the load demand. Both of
this algorithm will send the PV voltage reference to the unidirectional boost con-
verter controller. A multi-loop PI control mechanism is used to control the boost
converter operation. Controller has to determine the duty cycle in order to achieve
the desired PV voltage reference. Next, after the power flow calculation between the
PV generation and the load demand is conducted, the power deficit/surplus is re-
flected by the DC bus voltage. This DC bus voltage is regulated by the bidirectional
buck-boost converter. A multi-loop PI control mechanism is also used to control
the bidirectional buck-boost converter.
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* Which modes of operation are needed for the implementation of the chosen
energy management strategies? There are seven power flow modes in the PBIM
system. For the off-grid self-consumption application, all the possible modes except
mode 6 are utilized. On the other hand, modes 2 and 4 are not used in the peak
shaving application, while the other modes are employed in this application.

3. How effective is the off-grid self-consumption strategy for the PBIM application
in Cambodia considering the Load of Loss Probability, PV generation reduction,
and the energy exchange? The off-grid PBIM system in Cambodia consists of one PV
panel and eigth batteries in series (520 Wh). The chosen sizing resulted on the LLP
of 2.60% for the whole year and less than 10% per month. During dry season, the PV
generation was curtailed by 55-62% to avoid excess energy, while the PV generation was
curtailed by 20% during rainy season. This PV-curtail operation eliminates the power
dump problem. Regarding the energy exchange, total loss of the system is around 17%,
which is caused by the converters efficiency. To conclude, the PBIM system with off-grid
self-consumption strategy in Cambodia delivers good performance.

4. How effective is the peak shaving strategy for the PBIM application in the Nether-
lands considering the system autarky during peak hours? For the grid-connected
PBIM in the Netherlands, one PV module with eigth batteries in series are used (520
Wh). The system drawn 555.35 kWh from the grid for the entire peak hours in one
year. The monthly system autarky varies between 6-16%, where the lowest value oc-
curs during winter, and the highest value occurs during summer. To provide better
system autarky, the number of batteries per PBIM should be increased, or multiple
PBIM should be installed.

7.2. Recommendations

To further improve the development of PBIM system, various recommendations regarding
further research are given as follows:

* In this work, the controller for the inverter is not discussed. The detail of the inverter
modulation control can be discussed further. Hence the behaviour of the AC output
(i.e. voltage) can be analyzed.

* The components degradation is not taken into account in this research. The effect of
component degradation can be taken into account to evaluate the system performance
for a long period of operation.

* In both case studies, only one PBIM is used., hence there is no discussion regarding how
to control the operation of multiple PBIMs. For further research. The development of
PBIM concept needs a control strategy to operate multiple PBIMs, so it the PBIM system
can be applied in a higher load (higher than household).
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