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ABSTRACT

Due to the clean energy imperatives and strong desire to reduce greenhouse gas
emissions, electric vehicles (EVs) were introduced into the car market several decades
ago. In 2016, electric cars hit a new record with over 750 thousand sales worldwide.
China was the largest electric car market with more than 40% of all car sales in the
world. With an increasing number of electric cars, private and publicly accessible
charging infrastructure has also continued to grow. As most of the time these electric
cars are parked in personal or public car parks. A car park with these parked electric
vehicles can be regarded as a large energy storage system. These vehicle batteries
can be used as energy storage devices to exchange the power between the grid and
vehicles. With this idea, a new smart car park model is proposed, where the power
flows among electrical vehicles, as well as between batteries and the main grid. Based
on this model, an optimal charging/discharging scheme is developed to maximum
the profits for the car park and reduce the cost for the car owners. The proposed
smart electrical car park is able to buy or sell electricity in the form of active and/or
reactive power, i.e. kWh and/or kVARh, from or to the main grid to improve the
power quality. According to the current state of charge of the car battery bank,
customer and grid demands, a control centre makes the decisions and sends the

instructions for the specific charging/discharging mode to each charging station.

The model predictive control (MPC) method is distinguished for its several ad-
vantages: free of modulation, simple inclusion of system parameters, constraints
and demands in the algorithm. With this MPC strategy, EV chargers are able to
transmit the active and reactive power between the EV batteries and the power
grid. When providing the reactive power from the EVs to the main grid, EV bat-
teries can be regarded as static VAR compensators to improve the power quality.
To improve the system performance, a modified MPC scheme is proposed for better
performance. The modified MPC is based on the application of an optimal voltage

vector chosen from an extended set of 20 modulated voltage vectors with a fixed



duty ratio. To solve the computational problem introduced by the increased volt-
age sets, a pre-selective algorithm is proposed for the MMPC method. Six voltage
vectors are pre-selected from the 20 sectors. The conventional and proposed MPC
methods are compared through numerical simulation and experimental test results
via a two-stage two-level three-phase off-board charger. Better system performance

can be achieved with the modified MPC method.

The conventional MPC method, however, produces a large overshoot /undershoot,
a long settling time and a large steady state error under disturbances. To overcome
these deficiencies, a sliding mode controller is employed to replace the PI controller
in MPC. A model predictive sliding mode control (MPSMC) scheme is proposed to
achieve better stability and dynamic performances. Since the control law and the
controller are based on the system model, the proposed scheme can reduce the effects
of unexpected disturbances, such as the output voltage demand and the resistive load
variations. Numerical simulation and experimental test results are obtained via the
proposed MPSMC method and compared with the results form the traditional MPC

scheme.

For convenient integration into the power grid, the topology of an electric car
park can be based on either AC bus or DC bus. The EV chargers can be controlled
to achieve four-quadrant operation, delivering active and reactive power from or to
the main grid. The system performance obtained from simulation tests with these
two topologies are compared and discussed, including the cost, reliability, size, active

and reactive power ripples, and current distortion, etc.



Chapter 1

INTRODUCTION

1.1 Significance and Background

A small-scale electric vehicle (EV) was first designed and developed in the 1800s.
Due to the limitation of technologies in early last century, the performance of EVs
was poor. In the modern time, new battery technologies, in particular, lithium-ion,
which can provide higher power and energy density than other types of batteries,
make EVs much better accepted by the market. As an environment-friendly and
cost-effective substitute of the internal combustion engine (ICE) vehicles, EVs show
many superiorities over the gasoline-powered cars, such as quiet operation, ease of
driving, and independence to fossil fuels. Without emitting the green-house gasses,

EVs are becoming more and more attractive and popular, especially to urban drivers.

By employing the grid-to-vehicle (G2V) technology and a high capacity battery,
EVs can be recharged from the main grid [1]-[2]. With the vehicle-to-grid (V2G) and
vehicle-to-vehicle (V2V) technologies, EVs can be regarded as energy storage devices
which can provide battery power to the main grid or other electric equipments [3]-
[4].  With large numbers of EVs parked, smart car parks could be regarded as
large energy storage systems. These smart car parks located in office buildings and
shopping malls have shown an enormous commercial potential to incorporate EV
batteries into the power grid. Instead of being a burden or unexpected load to the
power grid, EVs can function as active power compensators by charging/discharging

energy from/to the grid.

Besides exchanging the active power with the grid, EVs have high capability in



providing the reactive power, working as static VAR compensators (SVCs) [5]. This
operation is known as the vehicle-for-grid (V4G), in which the EVs can support the

main grid by delivering the reactive power [6].

1.2 Research Objectives

With the increasing number of EVs on the market, it would be a good idea to
make full use of these EV batteries. A smart electric car park, with huge numbers
of EVs parking, can achieve bidirectional active power flow between the EVs and
grid by V2G and G2V technologies. On the other hand, the reactive power can also

be provided or absorbed by the car park to support the grid demand.

The objective of the research in this thesis is to build and analyse a smart car
park model and develop effective control schemes of EV chargers based on model
predictive control (MPC) method. This research objective can be broken down into

three targets as follows:

i. Build a smart car park model and maximize the profit of the car park by an

optimal charging/discharging scheme for the EVs;

ii. Develop the predictive control methods for the EV chargers to achieve bidirec-
tional active and reactive power flow between the EV batteries and the main

grid;

iii. Compare the smart car park systems with AC and DC buses with the MPC

scheme.

1.3 Thesis Organization

This thesis is organised as follows:



o Chapter 2 presents a literature review of EV charger topologies, charging levels,
charging power rates, converter control methods, and wireless telecommunica-
tion technologies. The features of unidirectional and bidirectional, on-board
and off-board EV chargers are analysed in this chapter. The modern digital
control methods, such as the proportional integral (PI) control, direct power
control (DPC), sliding mode control (SMC) and MPC, are briefly introduced

and presented.

e In Chapter 3, a model of the smart car park system with an optimal charg-
ing/discharging method is designed. A real electricity price and vehicle parking
distribution are considered in this model. This chapter shows that with the
G2V, V2G and V2V technologies, the smart car park owner can get benefits

from the electricity price gap between the EV drivers and the power grid.

o Chapter 4 presents the basic MPC scheme for a three-phase two-level EV
charger to work in the four-quadrant operations. The EV charger prediction
model and cost function are built in this thesis research. The system controlled
by the DPC method is used to compare with the MPC technique. A modi-
fied model predictive control (MMPC) with extended voltage space vectors is
proposed. A laboratory scaled-down setup is developed to show and validate
the dynamic and steady state performance obtained by the DPC, MPC, and

MMPC methods.

e Chapter 5 presents a model predictive sliding mode control (MPSMC) for a
three-phase converter. This chapter illustrates that the MPSMC has substan-
tial improvement upon the basic MPC. The proposed method has a faster

dynamic and better steady state performance.

e In Chapter 6, the smart car park system with AC and DC bus topologies are

compared. The features of two topologies, including the system reliability,



system performance, and grid current total harmonic distortion (THD), are

compared and analysed.

e Chapter 7 presents a brief summary of the thesis contents and the project

contributions are given. Recommendation for the future work is given as well.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

Due to the invention of the lead-acid battery by Gaston Plante, the first electric
car was built in the United States in 1891 [7]. With further technological devel-
opments, an electric hybrid vehicle for the U.S. clean car incentive program was
built in 1972. Because of the limitations in the battery technology, the program
only lasted 5 years. After around 130 years since the first electric car was invented,
the commercial production of electric vehicles (EVs) has now been realized. Tesla,
Nissan, Chevy and Bavarian Motor Works are the top EV companies in the current

electric car market.

Currently, EVs are attracting more and more attentions from the researchers due
to their reduced fuel usage and greenhouse emissions. These environment-friendly
EVs also have a higher energy efficiency around 60% compared to 20% for gas
powered vehicles to convent energy into vehicle movement [8]. There was a big issue
of EVs in the early stage that their driving distance was limited by the battery
capacity. Recently, with the advanced technology of lithiumion battery, the driving
range for a fully charged EV has been increased from around 60 ~ 120 miles to 400
~ 500 miles [9]. Due to this improvement, EVs now take a significant place on the

vehicle market and become popular among car drivers.

With the advanced grid-to-vehicle (G2V), vehicle-to-grid (V2G), vehicle-to-vehicle
(V2V) and vehicle-for-grid (V4G) technologies, EVs can support the grid through

ancillary services, such as load balance and reactive power support [10, 11]. When



a huge load is suddenly plugged in or out, a voltage deviation can occur, which is
one of the key power quality concern for the grid [12]. Using the G2V and V2G
technologies, EV batteries can be charged overnight and discharged in the daytime
to smooth the load on power plants and avoid additional generator start-ups. This
enables the system to improve the power quality rather than being a load burden
on the power grid. Besides exchanging the active power with the grid, EVs can also
provide reactive power to the power grid. Since the grid always demands a range of
reactive power, this operation (V4G) can support the grid by improving the power
factor and reducing the voltage deviation. Bidirectional power flows, power factor

control and voltage deviation mitigation can be achieved by the infiltration of EVs.

2.2 Types of Electric Vehicles

Considering of the degree that electricity is used as the energy source, there
are three main types for EVs: hybrid EVs (HEVs), plug-in hybrid EVs (PHEVS)
and battery EVs (BEVs). HEVs are powered by both petrol and electricity. HEVs
start off using the electric motor, and then the petrol engine cuts in as load or speed
rises. The two motors are controlled by an internal computer which ensures the best
economy for the driving conditions [13]. PHEVSs are also powered by both petrol and
electricity, except that PHEVs can recharge the battery through both regenerative
braking and plugging-in to an external electrical charging outlet. PHEVs have an
electric motor range of between 50-100 km before the petrol engine kicks in [14].
Due to the added weight and complexity, the electric motor range of a PHEV will
generally be less than a BEV. BEVs are fully electric vehicles, meaning they are only
powered by electricity and do not have a petrol engine, fuel tank, and exhaust pipe.
BEVs are also known as plug-in EVs as they use an external electrical charging
outlets to charge the batteries. BEVs can also recharge their batteries through

regenerative braking. The range of a BEV is currently around 100-150 km, and



Table 2.1 :

Examples of EVs on the market

Max charger Approximate range Miles added EV types

Model
capacity on full charge per hour
Audi A3 e-tron 3.3 kW 240 km 11 PHEV
BMW i3 7.4 kW 190 km 25 EV
Tesla Model S 10/20 kW 500 km 29/58 EV
Tesla Model X 10/20 kW 465 km 29/58 EV
Cadillac ELR 3.3 kW 550 km 11 PHEV
Nissan Leaf 3.3/6.6 kW 151 km 11/22 EV
Ford Focus Electric 6.6 kW 122 km 22 EV

as most motorists drive around 35-70 km per day, the BEV can be a good option
[14]. Table 2.1 lists the details of some PHEVs and EVs performance on the current

market [15], [16].

2.3 Types and Topologies of EV Chargers

Based on the power ratings, there are three types of EV chargers: Levels 1, 2
and 3, as summarized in Table 2.2. Drivers can plug their EVs into convenient
outlets at home or at the office with on-board chargers for Level 1, known as the
slow charging. EV batteries can be charged during the daytime at the office station
or overnight at home station. As the slowest charging method, it is likely to be
employed in home or residential charging stations during overnight off-peak hours at
low electricity prices. The infrastructure cost is about USD500 - USD880 [17]. The
primary method used for private and public equipment is Level 2 charging, which

is much faster than Level 1. Level 2 requires a 208 or 240 V outlet. It needs some



Table 2.2 :

EV charger power levels

Level 1 Level 2 Level 3 (Fast charging)
Voltage 120 V 208 or 240 V 200 or 450 V
Current type AC AC DC
Useful Power 1.4 kW 7.2 kW 50 kW
Maximum output 1.9 kW 19.2 kW 150 kW
Charging time 4-46 hours 1-6 hours 0.4-1 hour
On-board On-board Off-board
Charging topology
1-phase 1 or 3-phase 3-phase
Charging location Home or office Private or public outlets Commercial station

special equipment and a standardized vehicle-to-charger connection. This leads to
an increase in its installation cost within the range between USD1,000 and USD3,000
[18]. Single-phase charger topologies are usually applied in Levels 1 and 2. Level 3
(DC fast) charging are intended for commercial applications, with three-phase off-
board solutions normally. Due to some dedicated equipment, the infrastructure cost
for this power level charger is approximately between USD10,000 and USD20,000.
Levels 2 and 3 are usually used for public charging and installed in parking lots,

shopping centres, hotels, and restaurants, etc.

EV battery chargers can be classified into four groups based on the designated
power flow direction, namely, unidirectional on-board chargers, unidirectional off-
board chargers, bi-directional on-board chargers, and bi-directional off-board charg-
ers [17]. The P-Q coordinate in Fig. 2.1 describes the available operation regions for
EV battery chargers. The positive axes of P and Q indicate the active and reactive

power flow from the grid to the battery, respectively. According to the power trans-
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Figure 2.1 : Different working operation located in the PQ axis

mission direction, the PQ plane can be divided into eight operation modes. The axes
of the PQ frame, defined as Modes I ~ IV, represent the pure G2V, V2G, inductive
V4G and capacitive V4G operations, respectively. Working under these operations,
the active or reactive power is delivered separately between the EVs and the grid.
The system can be controlled at a unity power factor operation as well. The rest
of the four quadrants shows the V2G or G2V operation along with capacitive or in-
ductive V4G operation. During these working states, EVs can exchange both active
and reactive power with the grid. EV batteries can smooth the electricity load by
plugging in or out of the charging stations, by providing or consuming the reactive

power to improve the power quality.

2.3.1 Unidirectional chargers

Unidirectional chargers operate along the positive P-axis of the P-Q coordinate

(Modes I, V and VIII), as shown in Fig 2.1. The active power flow is available only
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Figure 2.2 : Unidirectional charger structures.

from the grid to the vehicle. Meanwhile, reactive power is possible to be transmitted
during the battery charging process. However, this will introduce undesirable low-
frequency current harmonics [21]. Therefore, these chargers are always preferable to

operate close to unity power factor in Mode I.

Various topologies, such as half-bridge, full-bridge and multi-level converters,
have been studied for both single-phase and three-phase unidirectional chargers.
The power factor correction (PFC) boost converter, a conventional topology, is used
in low-power applications [21]. Considering the costs, sizes and component stresses
of chargers, circuits of different topologies are applied in diverse application fields,
such as the interleaved AC/DC boost converter, inverting or positive buck/boost

PFC converter and the multilevel converter [17, 22|, as presented in Fig 2.2.

2.3.2 Bidirectional chargers

To make full use of EV batteries, smart chargers with V2G technology has been
proposed and studied extensively. With the G2V and V2G technologies, the active
power can be transfered between the EV batteries and the grid. They are con-
trolled to operate in the P-axis of the PQ plane for unity power factor. Apart from

transmitting the active power in V2G/G2V operations, reactive power compensation



12

BAT

=
D!
I
I
A=k

Igc

— BAT Ve

E s

(b) Three-phase bidirectional charger topology.

Figure 2.3 : Bidirectional charger structures.

(inductive or capacitive) provided by the capacitor can improve the power quality
of the utility grid. During the V4G operation, the EV batteries can be regarded
as capacitor banks, and static compensators, etc. Note that it is undesirable for
the battery state of charge (SOC) and its lifetime to be affected during the reactive
power operation [23]. However, the lifetime of DC-link capacitors will be reduced

due to the increasing charging-discharging cycles.

Fig. 2.3 shows the typical circuits of (a) a single-phase and (b) a three-phase
bidirectional battery chargers, respectively. Most EV chargers are able to be plugged
into a home or office outlet for Level 1 (slow charging) or Level 2 [17]. They are
usually designed for on-board chargers for private or public facilities with single-
phase topology. For commercial applications, such as shopping mall and official

car parking spots, three-phase structures are normally applied with Level 2 or 3
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chargers installed for off-board charging. Therefore, a three-phase circuit is selected

and studied for the smart car park in this thesis.

2.3.3 Wireless EV chargers

Wireless power transfer, as an emerging technology, has been used in EV chargers
to transfer power over large air gaps recently due to its convenience [19]. Generally,
a wireless charging system includes a utility interface, an off-board power converter
with controller, off-board coils, on-board power electronics and communication in-
terface between the road-side and vehicle-side radios, as shown in Fig. 2.4. The
off-board power converter consists of an AC/DC power factor correction converter
and a high frequency DC/AC converter. Instead of physical connection or a reg-
ulator transformer, the wireless charger transfers power via a magnetic field [20].
There are some challenges for the wireless EV chargers, such as safety considera-
tions, acceptable power transfer efficiency at high transfer power range, increasing

power level, and misalignment tolerance.
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2.4 Control Strategies and Methods for Chargers

Various of control strategies have been studied to control the power convert-
ers and drives in recent years. Mithat and Metin used the proportional integral
(PI) controllers for both the single-phase on-board and three-phase off-board bidi-
rectional EV chargers [23, 24]. Two outer PI loops are utilized to track reference
active and reactive power commands. In [25]-[27], hysteresis and linear controls with
pulse width modulation (PWM) are the most established. Nevertheless, due to the
presence of faster and more powerful microprocessors, more sophisticated and effec-
tive control methods have been employed in recent decades, such as the fuzzy logic
control, sliding mode control and predictive control. Specifically, the fuzzy logic is
more suitable for applications where the controlled system or some of its parameters
cannot be known. Based on the reaching condition, existing condition and stability
condition, the switching nature of the power converters is considered in the sliding
model control. Besides these control schemes, some others, such as neural networks

and neuro-fuzzy, have been analysed in the literature [28].

Among these control strategies, the predictive control scheme shows great advan-
tages over the others in terms of controlling the power converters. It is conceptually
simple to handle multiple and non-linear variables and constraints, and practically
convenient to implement [28]. Compared with the classical control schemes, the
predictive control strategy needs a high amount of calculation, which can be readily
solved by using fast microprocessors today. Generally, the quality of the controller
depends on the quality of the model. The fundamental principle of the predictive
control is to use the system model to predict the future behaviour of the controlled
variables. The predictive control can be classified into four types: the deadbeat con-
trol, the hysteresis-based predictive control, the trajectory-based predictive control,

and the MPC method. The MPC method can be based on either continuous or
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finite control set. The MPC with continuous control set needs a modulator during
operation, and a fixed switching frequency can be obtained. On the other hand, the
MPC with finite control set is independent of the modulator. The switching fre-
quency is variable and the algorithm is low in complexity. For both MPC schemes,

constraints can be included directly.

2.4.1 Direct power control

Derived from the original direct torque control (DTC) used in controlling AC
motors, DPC is aimed at regulating the instantaneous active and reactive power of
the converter system directly [29]-[31]. The main principle of this scheme is to select
a control vector from a switching table based on the errors between the expected
and estimated values of active and reactive power as well as the angular position
of the estimated voltage source vector [32]. Therefore, no internal current control
loops and PWM modulator are needed in DPC, which contributes to its excellent

transient performance, robustness and simplicity [33]-[35].

Fig. 2.5 illustrates a block diagram of the conventional DPC strategy used in the
AC/DC converter. The reference value of active power, P,.y, is obtained from a PI
controller used as a DC voltage regulator, while the reactive power reference, Q,r,
is always set to be zero to ensure the unity power factor operation. The estimations
of active and reactive power, P and (), are calculated by voltages and currents on
the AC side, as well as the position of power source voltage S, which is located in
an af plane of 12 sectors. The tracking errors between the measured and expected
values of active and reactive power, denoted as dp and dg, are generated by two fixed
bandwidth hysteresis comparators. Then, according to the tracking errors dp and
dg, and the angular position of the estimated voltage source vector, the converter

switching states can be selected from a switching table in each sampling period.

However, there are two significant challenges for this DPC scheme. One is that
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Figure 2.5 : Block diagram of conventional DPC.

the variable switching frequency mainly depends on the sampling frequency, system
parameters, reference values of active and reactive power and the converter switching
states. This will lead to a broadband harmonic spectrum in the AC line currents.
Another challenge is that in order to achieve perfect tracking of a time varying signal,
high sampling frequencies need to be applied. As a result, they are very sensitive
to current ripples. Therefore, variable switching frequency, large power ripples and

high switching frequencies hinder the application of this control method.

2.4.2 Sliding mode direct power control

As an effective robustness control scheme, sliding mode control (SMC) is known
for its high dynamic response and robustness against parameter variations and dis-
turbances [36]. It is a nonlinear control method using a designed sliding surface as
a reference hyper plane [37]. A control law is used to ensure the controlled system
state variables trajectories are directed onto this sliding surface or towards the ex-

pected equilibrium within a finite time [38]. Since the sliding surface and control
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Figure 2.6 : Block diagram of SMC.

law are based on system model, when the parameters or load change, the controller

can work effectively with the updated system and new requirements.

The SMC strategy of AC/DC conversion is illustrated in Fig. 2.6. The error
between the measured and referenced values of the voltage on the DC side, denoted
as Vg and Vi rer, is controlled by the SMC to be zero. The reference value of active
power P,..s can be generated by this SMC controller. Compared with estimated
values of active and reactive power, the two errors are generated by two hysteresis
comparators and sent to the switching table. An optimal vector will be selected to

determine the switching states for the next sample time period.

In order to guarantee the stability and effectiveness of the system, the designed
sliding surface and control law are needed to meet three conditions, namely, the
reaching condition, existence condition and stability condition [39]. The reaching

condition is to ensure that the system reaching point will finally reach the sliding
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surface no matter where its initial position is in the state space. The existence
condition ensures the state trajectory of reaching points in the neighbourhood field
of the switching surface is capable to reach the sliding surface during a finite period
[40]. The stability condition of the sliding mode can be derived by applying the

Lyapunov stability analysis [38].

2.4.3 Model predictive direct power control

The main principle of MPC is to build a predictive system model to predict
the behaviour of system variables over an N-step time horizon [41, 42]. The system
predictive model can be expressed as a discrete-time state-space model. The working
principle of MPC is shown in Fig. 2.7 for a one-time step horizon. A variable x is
supposed to reach the reference value. The state-space model is used to predict all
possible control variables (x(vy), x(va), x(v3), - - -, x(vy)) [43, 44]. A cost function
J is applied to indicate the error between the expected and measured values of the
control variables according to its control objectives [45, 46]. The aim of MPC is to

choose an optimal switching state closest to the reference value for the next sample



19

o R L
&

U I

P

g Ql(+1
Ve //\7\ Vi | Predictive ——— Cost function
N /\// model ] !

Py
}Qref P ref

Figure 2.8 : Block diagram of MPC.

period (7%). This selected switching state can minimize the cost function .J.

Fig. 2.8 shows a block diagram of the MPC scheme used in an AC/DC converter
over one step prediction [47]. The objective of this system is to control the active
and reactive power. Hence, the referenced and measured active and reactive powers
are processed in the cost function to select a DC voltage vector as well as a switching
state. According to the space voltage vector pulse width modulation (SVPWM),
the output voltage of the converter V. can be controlled to eight vectors in two-
phase stationary af coordinate based on eight possible switching states. Based on
the state-space model, there are eight current vectors determined by the voltage
vectors. Thus, eight vectors of active and reactive powers can be achieved and used
in the cost function which has also eight cases [48]. Among these cost function
values, a minimum one is selected for the next sampling period. Once a minimum
cost function is selected, an active power and a reactive power can be determined
as well as the current vector. According to the selected current vector, a switching
state can be found based on the relevant voltage vector. Finally, the active and

reactive powers can be controlled to the reference values, respectively.
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2.4.4 Model predictive sliding mode control

In the conventional model predictive control method, a proportional integral
(PI) controller is used to generate the active power reference, as shown in Fig.
2.8. This traditional model predictive scheme, however, produces a large over-
shoot /undershoot, a long settling time and a large steady state error under dis-
turbances. The PI coefficients are difficult to be tuned to a perfect set manually.
In addition, when the system parameters and demands change, it is impossible to
apply a fixed pair of the PI coefficients to suit all operation conditions. To overcome
these deficiencies, a sliding mode controller is employed to replace the PI controller
in [49]. Since the control law and the controller are designed based on the system
model, the model predictive sliding mode control (MPSMC) method can reduce the
effects of unexpected disturbances, such as the variations of output voltage demand
and load resistance. A control block of the model predictive sliding mode control

scheme is presented in Fig. 2.9.
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2.5 Communication Methods between EVs and Centre Con-
troller

In recent years, wireless telecommunications have been widely used in the smart
micro grid for control data and signal transmission. Among existing technologies,
there are three typical ones: wireless local area networks (WiFi-802.11n), wireless

personal area networks (ZigBee), and wireless metropolitan area networks (WiMAX)

[50).

2.5.1 Wi-Fi

The Wi-Fi technology is based on IEEE 802.11 and has been applied in the fol-
lowing types of network: 802.11b, 802.11a, 802.11g and 802.11n. The first 802.11b
network was able to transfer data at up to 11 megabits per second (Mbps). Then
followed shortly thereafter by 802.11a and 802.11g, the maximum speed of them
being 54Mbps with throughput speeds approximately 25 Mbps. Due to the require-
ment of consumers and businesses seeking higher bandwidth, the network 802.11g
was quickly proposed and accepted [51]. Nowadays, the network 802.11n leads a
new Wi-Fi speed standard which is capable of a bandwidth of around 108 Mbps.
Since it will be a new industry standard, n-compliant devices will be interoperable.
The comparison of the primary IEEE 8-2.11 specifications is summarized in Table

2.3.

2.5.2 ZigBee

A modern technology which empowers the wireless personal area networks (WPAN)
is ZigBee. It is a specification for a suite of high-level communication protocols used
to create personal area networks built from small, low-power digital radios based on
an IEEE 802.15.4 standard [51, 52]. As a global control network standard, it has

the following characteristics:
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Table 2.3 :

Comparison of the primary IEEE 8-2.11 specifications

802.11a 802.11b 802.11g 802.11n

Maximum
54 Mbps 11 Mbps 54 Mbps 600 Mbps
data rate

DSSS or CCK DSSS or CCK
Modulation OFDM  DSSS or CCK

or OFDM or OFDM
RF band 5 GHz 2.4 GHz 2.4 GHz 2.4 GHz or 5 GHz
Number of
1 1 1 1,2,30r4
spatial streams
Channel width 20 MHz 20 MHz 20 MHz 20 MHz or 40 MHz

e Low electricity consumption with its battery life ranging from months to years;
e The typical range around 70-100 m;

e Low cost in device, installation and maintenance. This means that the batter-
ies used in ZigBee devices can last up to years using primary cells (low cost)
without any chargers (low cost and easy installation). Due to the simplic-
ity of ZigBee, low maintenance is needed for the inherent configuration and

redundancy of network devices;

e Maximum data rates allowed for each of the frequency bands are fixed as 250

kbps @2.4 GHz, 40 kbps @ 915 MHz, and 20 kbps @ 868 MHz [51].

2.5.3 WiMAX

The IEEE approved the 802.16 standard in June 2004, which is known as WiMAX

[53]. Tt is able to be employed for wireless networking like WiFi. WiMAX is capable
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Table 2.4 :

Comparison of Emerging Wireless Technologies

Technology Wi-Fi ZigBee WiMAX
Wireless LAN Metro area broadband
Application Sensor network
Internet Internet connectivity
Typical 100 m 70-100 m 50 km
Frequency range 2.4 GHz 2.4 GHz 2-11 GHz
Data rate 108-600 Mbps 250 Kbps 75 Mbps
Modulation DSSS DSSS QAM
Network 1P & P2P Mesh 1P
IT network
Yes No Yes
connectivity
Access protocol CSMS/CA CSMS/CA Request /Grant
Wider bandwidth Throughput
Key advantages Cost, power
flexibility coverage

of higher data rates over longer distances and effective utilization of bandwidth.

Also, interference can be reduced to a minimum value.

2.5.4 Comparison of wireless technology

Table 2.4 summaries the main characteristics of these technologies that enable
smart grid area communication. In this thesis, Wi-Fi is selected as the communica-
tion technology in the smart car park due to its typical range of 100 m and wider
bandwidth, which is low cost and suitable. The control centre communicates with
the power grid, charging stations and energy storage devices via Wi-Fi to achieve

power transmission between EVs and the control centre.
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2.6 Concluding Remarks

In this chapter, a literature survey is presented on different types of EVs on the
current market, types and topologies of the EV battery chargers and describe the
major control methods available today. DPC, SMC, MPC and MPSMC methods
are widely studied and applied in power electronic converters, which are detailed
in the following chapters. The major communication technologies, including Wi-Fi,
ZigBee and WiMAX, for smart micro grid applications, are compared in Table 2.4.
As it performs better than other communication technologies, such as, ZigBee and
WiMAX, Wi-Fi is selected for the smart car parks due to its suitable typical range
and low cost. EV batteries, charging stations and the control centre can readily

interface with each other through Wi-Fi.
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Chapter 3

OPTIMAL CHARGING/DISCHARGING
METHOD FOR SMART ELECTRIC CAR
PARKS

3.1 Introduction

Due to the fast depletion of fossil fuels and large quantities of greenhouse gas
emissions, efficient and clean electrical vehilces (EVs) have drawn great attention
recently [54, 55]. No doubt, they will be widely used in the near future [56, 57].
Furthermore, since the battery banks of EVs consume huge amounts of electric-
ity from the power grid, new vehicele-to-grid (V2G) and vehicle-to-vehicle (V2V)
technologies are being developed to take advantage of the energy stored in these
rechargeable batteries [21], [58]-[60], and help balance the power grid between the

demand and supply needs, and aid in the delivery of the energy to EVs [3, 61, 62].

Compared with the EVs used in public transportation, personal EVs are much
greater in number, but are employed for only around 4% of the day for transport
[63]-[65]. Since they are parked for about 96% of the time, it would be a good
idea to develop their energy storage capability to provide a secondary service in
the electricity market [66]-[69]. A smart electrical car park, with a large number
of parked EVs, can be regarded as a large capacity energy storage unit. Taking
advantage of the new V2G technology and an appropriate economic strategy, this
car park is able to yield profits by providing effective services to the EV customers
and the electricity supplier [70]-[73]. Inspired by this idea, we propose an approach

to using a smart electrical car park to enable the personal EVs to participate in the
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energy market.

In the recent literature of EVs, in which the EV batteries are considerd as con-
trollable parts in the power system. Numerous papers pay attention to optimizing
EVs charging and discharging modes, so as to participate in ancillary services in the
smart grid [74]. Some works aim to minimize the expense of EVs to the owner or
to reduce the total cost of the aggregator separately. The works of [3], [75] and [76]
indicate that the proposed charging strategies of using the realistic analysis of EVs’
driving profiles can cut down the charging costs for EV owners. In 2012, Nguyen
et al. [54] proposed a smart charging and discharging method for multiple plug-in
hybrid EVs (PHEVs) in a building car park to optimize the energy consumption
for this building. An energy cost-sharing model and a distributed algorithm were

presented to minimize the peak load and the total energy cost at the same time.

With the bidirectional chargers, the EV batteries can exchange the active power
with the utility grid in grid-to-vehicle (G2V) and vehicle-to-grid (V2G) operations.
The EV batteries can also meet the reactive power command from the grid, which is
known as the V4G operation. In this operation mode, EV batteries function as static
VAR compensators (SVCs), and capacitor banks, etc. In this chapter, an optimal
charging/discharging method is proposed to enable the smart car park system to
benefit from the electricity price gap between the grid and the EV customers, and

to support the grid with the reactive power.

3.2 System Model

In this section, a smart electrical car park model is introduced. As shown in Fig.
3.1, this smart electrical car park system is composed of numerous smart charging
stations, a central controller and energy storage devices. The smart charging stations
have touch screen panels to interface with the customers, allowing the customers to

input their demands and special needs. These touch panels are connected to a con-
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Figure 3.1 : Framework of the smart car park system.

trol centre via either cable or Wi-Fi [70]. The central controller collects the basic
information from the main grid and EVs. The EV information includes battery ca-
pacity characteristics (i.e. the rated capacity, available capacity, voltages, expected
charging and discharging currents), the initial SOC the final SOC, and the parking
time (arrival and departure time), etc. The charging rates of EVs obtained from the
charging scheme are sent to the chargers by the controller at every time slot. With
the G2V and V2G technologies, EV batteries can exchange the active power with
the main grid. However, the active power commands from the EV batteries and the
utility grid may be different at times. Therefore, energy storage devices, such as
battery and super-capacitor banks, are used to compensate for the power difference
between the grid and the EV batteries within its capacity. It is of great assistance

to keep the balance of the active power for the grid [23].
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Apart from delivering the active power, this car park can supply the reactive
power to support the grid in the V4G operation. During this operation, the EV
batteries function as SVCs. It is important to note that the lifetime of EV batteries
could not be shorten by the reactive power operation [24]. Other components, e.g.
the DC-link capacitors, might be affected due to the increased number of charging-

discharging cycles.

This kind of smart electrical car park can be located in office buildings, shopping
malls, and residential communities in the future. According to the charging time
in the report [77], 30 minutes is the minimum charging period for EVs parked in
an office, home, and public and commercial parking lots. Therefore, in this thesis,
the time slot (At) is set as 30 minutes. Note, however, that the time slot can be

adjusted according to the requirements of different types of smart car parks.

Based on the designed time slot, the working time of smart electrical car parks
is divided into several control periods. A single integer number between 0 and 24
is used to represent the time. For example, if the car park opens from 7 A.M. to 9
P.M., it is divided into 28 time blocks (N = 28) with each time block equal to 30

minutes. For easy reference, all the major notations are listed in Table 3.1.

3.2.1 Range of charging/discharging powers

In order to avoid overcharging or over-discharging the EV batteries, the charging
power constraint for each EV should be considered before participating in the G2V
and V2G processes. Since the charging rate varies depending on the types and
conditions of EV batteries, EVs are divided into several categories according to the
initial SOC, the final SOC, the charging type and the parking time. The information

can be set by the customers through the touch screen panels.



Table 3.1 :

Major notations for variables used in this chapter.
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Symbol Variable
m The mth EV
M Total number of EVs
n The nth period
N Total periods
N, Total parking periods of the mth EV
E" Energy of the mth EV in the nth period (kWh)
E. Current stored energy of the mth EV (kWh)
Ey . Charging energy of the mth EV (kWh)
By 4 Discharging energy of the mth EV (kWh)
Cm Battery capacity of the mth EV (kWh)
SOCh, fin Final SOC of the mth EV (%)
SOCh, ini Initial SOC of the mth EV (%)
2 Charging/discharging power of the mth EV in the nth period (kW)

Pm.,c,max

Pm,dmax

Maximum charging power of the mth EV (kW)

Maximum discharging power of the mth EV (kW)
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A parameter L is introduced to represent the charging type, defined as

1,  this EV can only be charged,
L= 0,  this EV can be charged and discharged, (3.1)

—1,  this EV can only be discharged.

Some of the EVs only park for a short time, and thus, the priority objective is
to meet the demand of customers rather than to charge more economically. In order
to solve this problem, the maximum idle parking time for the mth EV %, , mas is

employed, which is calculated by

Ery need
tm,p,maa: = tm,p — ) (32>

Pm.max

where t,, , is the parking time, E,, ,c.q the needed charging/discharging energy, and
Pm,maz the maximum charging/discharging power, for the mth EV. If the maximum
idle parking time ?,, ; mqz 1S less than one time slot At, the charging or discharging

rate is set to the maximum value.

Finally, according to the above analysis, the charging power range of EVs is

summarized in Table 3.2.

3.2.2 Electricity price

The hourly electricity price is a function of time, denoted as f(t). Specifically,
the hourly electricity prices in NSW, Australia, during one month (January 1 ~ 31,
2015) were obtained from the Australian Energy Market Operator (AEMO) [78],
which is responsible for the National Electricity Market of south-eastern Australia.
The average hourly electricity prices over a month, used for simulation during the
car park opening hours from 7 A.M. to 10 P.M., are presented in Fig. 3.2. It is used

to calculate the electricity fee for the EV drivers and the car park owner.

The car park owner purchases the electricity from the grid at a wholesale rate,

as well as selling it to the grid [5]. Meanwhile, the EV customers buy or sell it at
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Table 3.2 :

Range of charging/discharging power.

Charging power range

SOC demand Type
trpmas < A trpmaz > AL
L=l pm = Pmemas Pm€[0, Prm,c,maz]
SOCr,ini < SOCp pin. L=0  ppm = Pmemae  PmE[—Pm,dmaz; Pm,cmaz]
L=-1 — —
L=1 Pm =10 Pm =0
SOC, ini = SOCy, fin,  L=0 Pm =0 Pm € —Pm.dmaz> Pm.cmaz)]
L=-1 Pm =10 Pm =0
L=1 — —

SOCm,znz > SOCm,fzn L=0 Pm = —Pm,d;mazx me[_pm,d,maxapm,c,mam]
L=-1 Pm = —Pm,dmax me[_pm,d,maxa 0]

a general price as individuals. Therefore, four price-coefficients (d1, 9o, 3 and dy),
are introduced to describe the prices for EV customers and car park owners buying
and selling electricity, respectively. The prices of EV customers and car park owners

charging and discharging electricity can be formulated as
price(t) =0, x f(t), k=1,2,3,4, (3.3)

where £ = 1 means EV customers take electricity from the grid (i.e. charging their
EVs), and ¢; is equal to 1, as the EVs act as individual customers; k = 2 means EV
customers discharge electricity to the grid; £ = 3 or 4 means the car park charges or
discharges electricity, respectively. Normally, d3 is less than or equal to §; since the
car park buys electricity at a wholesale price. s is less than or equal to d, because
the car park has the ability to sell a large amount of electricity to the grid according
to its demands, while an EV customer just sells a small amount of electricity to the

car park as an individual at random periods of time.
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Figure 3.2 : Average hourly prices of electricity in NSW.

3.2.3 Grid demand

Another benefit for this smart electrical car park is that it can provide the stored
energy to the grid during the peak hours and behaves as a load during the off-peak

hours.

Fig. 3.3 exemplifies the relationship between the total electricity demand and
the average regional reference price during one day, which is also obtained from
AEMO [78]. It can be observed that the electricity price is high when the demand
is increasing, and vice versa. Therefore, EVs can discharge energy to the main grid
during the periods of high demands (such as 8 am ~ 0 am), which can relieve the
pressure on the grid. On the other hand, more EVs can be connected to the grid to

be charged during the off-peak hours (such as 0 am ~ 8 am).

3.2.4 Profits of smart electric car parks

The profit of a smart electrical car park is composed of two parts, as depicted
in Fig. 3.4. One is the electricity price gap gained by exchanging the active power

between the EVs and the grid. Another one is the income by working as a static
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Figure 3.4 : Main profits of smart electrical car parks.

var compensator to provide the reactive power. The profit of exchanging the active
power can be divided into two subparts: the charging profit and the discharging

profit.

The profit of providing the active power to the grid can be calculated by

. _(53 X f(n)) X Pgm'd X At’ Pgrid Z 0’
profitpcriq = (3.4)

(54 X f(n)) X Pg’rid X At? Pgrid < 07

where P7,,; is the active power. If Pg,; > 0, the EVs are wanting to be charged

and the car park purchases the electricity from the grid at a wholesale price with
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the price coefficient d3. Otherwise, the EVs are set to discharge energy to the grid
and the car park sells the electricity at a wholesale price with the price coefficient

4.

Due to the energy storage devices, the active power provided by the grid during

the nth time slot can be calculated by
Pg’rid = ng + P;lforagw (35)

where P, is the charged energy for EVs and P} is the energy stored in the

storage
storage devices during the nth time slot. The energy stored in storage devices can
compensate the active power difference flexibly according to requirements for energy

by the EVs and grid.

Then, taking (3.3), (3.4) and (3.5) into account, the total profit for the car park

selling or buying the active power from the grid and EVs can be calculated by

N (M N (M
profity = (61— d5) x f(n)) ) {Z Em} — (05 = 02) x f(m) D {Z E;z,d} :
n=1 (m=1 n=1 \m=1 (36)
where M is the total number of EVs parking during the nth time slot, N the
total number of periods during the opening hours for the car park, £}, . and E}, ,
are the charging and discharging energy for the mth EV during the nth time slot,
respectively. Then, this profit is the sum of the charging and discharging active

power incomes from the grid and the EV owners.

The second profit of providing the reactive power to the grid can be calculated

by
profityy = pricegy X Qg X At, Qg <0, (3.7)
where @, 1s the reactive power that can be provided to the grid and priceg, the
reactive power price. Since the grid always hungers for the reactive power, the
provided reactive power with the direction from the grid to the customers is always

negative.
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According to (3.6) and (3.7), the overall profit for the car park during the nth

time slot can be calculated as

profit" = profitp + profitp. (3.8)

3.3 Proposed Charging/Discharging Scheme

3.3.1 Objective function

In this section, an optimal charging scheme is proposed to maximize the efficiency

and profits for the car park owner.

In this model, the electricity price, charging time and desired SOC are all taken
into account to allow EVs to participate in the V2G, G2V and V2V system. Note
that the reactive power reference is set to be zero to operate at the unity power
factor normally, when there is no requirement of reactive power profit. When the
main grid requires the reactive power, the car park can provide the reactive power
to the grid as requested for up to its maximum capacity. It can be clearly seen that
the reactive power profit is always larger than or equal to zero for the car park. The
profit of the reactive power can be added or deleted directly in the objective function.
Optimizing the active power profit is the main target in this charging/discharging
scheme. Then, according to (3.8), the objective function J at the nth time slot can
be described as

J(n) = Z {(pm'ceEV — pricecp) X Z Eﬁl} , (3.9)

n=1 m=1

where pricegy and pricecp are the electricity prices for EV customers and the car

park owner, respectively. Based on (3.3), they can be calculated by

pricegy = % [(01 + 92) + (61 — 92)] % sz’gn(z El) x f(n), (3.10)
and
pricecp = % [(63 + d4) + (65 — 04)] ¥ sz’gn(z E) x f(n). (3.11)
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Substituting (3.10) and (3.11) into (3.9) yields

a ((61 + 03) — (05 4 04) + (81 — 02) M
n=1 — (03— 84))sign(Ypu_y Bp) x f(n) | m=1

(3.12)

=
S
Il
|
X
3

When operated under the assumption that the electricity price for purchasing
and selling are the same in the simulation (i.e. 6; = J and d3 = d4), the profit for
the EV driver is in the most conservative state. As the electricity price gap between
the charging and discharging modes increases, the benefits for EV drivers and the

car park will increase. Then, the objective function J can be rewritten as

i{ (6, — 63) x f(n ZE”} (3.13)

n=1

3.3.2 System constraints

The following constraints are defined for the proposed algorithm.

0 S p% S Pm.cemax

, (3.14)
—Pm.d,max S p?n S 0
Ehe Pn20
E" = p At = , (3.15)
Egz d’ pZ@ <0
N, ;
E,, = SOC,, ini X Cpy, E". N/ 0, [-Z]], 3.16
X Ot 3B Ny € O15] (3.16)
N,
Erpmeed = ZE” > (o, x At), (3.17)
n=1
0 S Em S Em,nned S Cm> (318)
20% < SOC < 90%, (3.19)
0 < Ps’rzlfora,ge S Pstorage,rated; (320)
Pgrid = P7E1Vs + Ps?orage' (321)
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Constraint (3.14) ensures that the charging rate calculated by the optimal charg-
ing scheme will be kept within the range of the charging power. Constraints (3.15) -
(3.17) assign the charging energy during each time slot and show the current energy
stored in batteries. In this way, EVs can be charged or discharged to the anticipated
value. Constraint (3.18) is proposed to avoid overcharge or over-discharge. Besides,
in order to avoid negative influence to the battery lifetime, the range of SOCs is set
as a default range between 20% and 90% by the car park if car owners do not set
it, as shown in constraint (3.19). However, if the final SOC is set out of the range
by customers, the EVs should be charged or discharged to the desired values. For
example, if an EV customer sets the final SOC as 100%, the range of this EVs SOC
will be updated between 20% and 100%. Constraints (3.20) and (3.21) show that
the storage device is designed to compensate the active power difference between

the EVs and grid demands within its maximum capacity.

3.3.3 Algorithm

The mathematics model is set up in Matlab by using Yalmip Wiki and the

optimization problem is solved by the solver-IBM ILOG Cplex Optimizer 12.6.1.

At the beginning of each day, the central controller updates the system informa-
tion, e.g. the amount of energy stored in energy devices. Then, at the beginning of
a time slot At, the central controller performs the actions, following the flow chart
presented in Fig. 3.5. All the unplugged EVs are be parked in this car park, but

they should be not considered to participate in the charging/discharging scheme.

3.4 Drivers Information

3.4.1 Distribution of vehicles’ parking times

In order to develop an accurate car park system model, the probability density

function of EVs’ parking information is required. An office-type car park, located in
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Figure 3.5 : Flow chart of the proposed algorithm.
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Figure 3.7 : Distribution of arrival time.

the underground level of Building 10 at the University of Technology Sydney (UTS),
was investigated. Its opening time is from 7 A.M. to 10 P.M. from Monday to Friday
with 150 parking lots. The survey of this UTS car park during a normal working
week indicates the parking time of vehicles, as depicted in Fig. 3.6, which is a

normally distributed random variable with =8.30 h and 0=1.81 h. The distribution
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Figure 3.8 : Distribution of departure time.

function for parking hours can be given by

1w
e (3.22)

flzp, o) =

2ro

As shown in Fig. 3.6, most of the vehicles will park more than 3 hours. Their
parking duration times are enough to enable EVs to participate in our proposed

secondary service in the electricity market.

Similarly, the arrival and departure times follow the normal distributions as
well, as depicted in Figs. 3.7 and 3.8, respectively. Table 3.3 lists their distribution

parameters.

Although these cars are traditional vehicles, it is reasonable to assume that the
behaviours of drivers would change little in the future. Therefore, the information

from the survey can be utilized as the EV parking information.

3.4.2 Simulation settings

All EV customers are assumed to have set their demands via the touch screen

panels after parking, such as SOCy, fin, L, tm.p, Pm.cemaz, a0d D dmaz. According



Table 3.3 :

Distribution parameters of arrival and departure times.

Parameter Arrival Departure

I 9.021 17.22
o 0.8755 1.7572
Table 3.4 :

Simulation settings.

Parameter Value

Cn 30 ~ 80kWh
SOCiimi  10% ~ 80%

SOCy jin 50% ~ 90%

At 0.5h
01 1
P 1
3 0.9

04 0.9

41
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Figure 3.9 : Curve of final SOCs and desired SOCs.

to the behaviour of drivers, Table 3.4 tabulates the range of initial SOCs, the range
of final SOCs and the range of capacity of EVs. Meanwhile, four electricity price

coefficients (91, d2, 03 and J4) are set as well.

3.5 Results and Discussions

In this section, the simulations are performed by the proposed charging algorithm
and the results are presented for the car parks with sizes of M = 100, 200, 300, 400,
500 parking lots. Fig. 3.9 compares the curves of desired and final SOCs. It can be
seen that all of the EVs are charged to the desired SOCs prior to their departure

times.

Three EVs (EV 17, EV 53 and EV 84) are chosen randomly to observe their
SOCs and the variation of their SOCs along with the fluctuation of hourly electricity
prices, as shown in Fig. 3.10. The electricity price is shown in on the right side
(AUD/kWh). EV 53, which comes to the car park at 1:30 P.M. and leaves at 2:30
P.M., can only be discharged as set by the driver. It is parked for only 1 hour which
includes only two time slots. During these two time slots, the curve of its SOC

shows that it is discharged at a larger rate during the second time slot, which has a
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Similarly, EV 84, which can only be charged, comes in at 2:30 P.M. and leaves

at 4:30 P.M. During the parking periods, it is charged quickly from 3:30 P.M to its

departure time, because the electricity price is much lower during this period. EV

17, with the charging type L set to zero, is set to be charged and discharged several

times during the parking period and leaves at the desired SOC value. It is also set

to be charged during low-price periods and be discharged during high-price periods.
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An unregulated charging/discharging scheme is used for comparison with the
proposed method. With this method, EVs will be charged/discharged with an av-
erage power rate during the parking hours. The power rate is calculated by using
the expected charging/discharging energy divided by the parking time. It can be
seen from Figs. 3.12 and 3.13 that the costs for EV customers and the car park
owner with the charging scheme are much lower than the ones with the traditional
scheme, respectively. Specifically, the costs for customers can be reduced by 47% on

average, compared with the unregulated charging method.
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Fig. 3.12 shows that the cost of the car park with the optimal scheme are
negative, which means that the car park does not have to pay money to the power
grid even though it takes energy from it. In Fig. 3.13, the profits for the car
park using the proposed charging method are around 3 times of that obtained by

unregulated charging with different car park sizes M.

3.6 Concluding Remarks

This chapter presents a smart electrical car park model involving the V2G and
G2V technology, which enables bidirectional power flow. In order to calculate the
optimal charging/discharging power rates, the real hourly electricity price is col-
lected and analysed. An optimal charging scheme has been proposed. It aims at
making profits for the car park owner and minimizing the cost to EV customers.
The simulation is performed in Matlab with the real-world parking information col-
lected from an underground car park at UTS. Compared with the results of the
conventional charging algorithm, the simulation results show that the benefit to the
car park owner can be increased by approximately 300%. Also, the spending of EV
customers is reduced by 47% on average. At the same time, the SOCs of EVs at
their departure times can reach the expected values set by customers. Furthermore,
this system can provide a near optimal solution, which can be of great benefit to
customers, car park owners and the main grid simultaneously. The car park owners
can make profits and the car drivers can reduce the cost for parking and charging

their EVs.
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Chapter 4

FOUR-QUADRANT OPERATIONS OF A
BIDIRECTIONAL EV CHARGER

4.1 Introduction

With the integration of electrical vehicles (EVs), car parks located in office build-
ings and shopping malls have shown an enormous potential to incorporate EV bat-
teries into the power grid. To exploit this commercial potential, a smart car park,
where a large population of EVs can be parked, was proposed in the previous chapter
[76]. The proposed smart car park system consists of bidirectional charging stations,
a control centre and energy storage devices, as presented in Fig. 4.1. The central

controller coordinates the power received among the EV batteries and the main grid.

As a critical component in electrified transportation, EV batteries support the
main grid by charging or discharging the active power from or to the grid via on
or off-board unidirectional or bidirectional chargers [79]. The unidirectional charg-
ers only transmit the active power from the grid to the EV batteries at a unity
power factor generally. In order to achieve a two-way delivery of the active power,
bidirectional topologies have been studied [80, 81]. Apart from exchanging the ac-
tive power between the EV batteries and the power grid, known as vehicle-to-grid
(V2G) and grid-to-vehicle (G2V) operations, it is possible for the EV to produce
or consume the reactive power in connection with the grid. This operation mode is
known as the vehicle-for-grid (V4G) mode, where the EV batteries can be applied
as static VAR compensators (SVCs). Currently, capacitor banks, SVCs and static

synchronous compensators, etc. are used to compensate the reactive power in the



47

3-phase
Grid Power Supply ’ &

—— Switching States
Bidirectional 2-Level Demand Flow
AC/DC Converter

Switching
States

Y !

Bidirectional Bidirectional Bidirectional
DC/DC Converter| |DC/DC Converter | | DC/DC Converter

Active/Reactive Power
Management System

Demands

Figure 4.1 : Diagram of the smart car park system.

utility grid.

In [23], Kesler et al. proposed a V2G reactive power operation for a single-phase
on-board EV charger, where the charger operates in G2V mode with or without
exchanging the reactive power. The authors have also studied a three-phase off-
board fast charger in [24] to work in the positive axis of active power, P, in the
PQ plane. However, both papers focus on exchanging the reactive power only when
the EVs are charged from the grid. Besides these operations, the operation V4G
combined with V2G is considered and analysed. The system can work properly in all
regions of the PQ) plane. As an example, in [82], EVs are studied to provide reactive
power to the main grid and compensate current harmonics in smart homes with a
single-phase charger. Compared with the single-phase chargers used in smart homes,
a three-phase two-stage bidirectional battery charger is more suitable for commercial
applications. The proportional integral (PI) controllers and phase-locked loop (PLL)
algorithms are used in these papers [23, 24, 82]. Their results show that it takes
around 3 cycles or 60 ms in the case of 50 Hz to reach the new working condition.

Adapted from direct torque control (DTC) for motor control, direct power control
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(DPC) is another popular control scheme for power converters, which can have
fast dynamic performance. A designed switching table is used to select an optimal
switching state [83]. Unlike the PI controller, the DPC does not need the PLL, the
internal current loop or modulators. However, this method introduces high power

ripples, which leads to highly distorted grid currents.

In order to improve the dynamic and steady state performance and avoid using
PLLs, in this chapter, a two-cascaded MPC is proposed to control the active and
reactive power flows between the EV batteries and the power grid, simultaneously.
Due to the ease of implementation and combination of multi-objectives, the MPC
algorithm has attracted the recent attention of many researchers. Most of these
papers use MPC to control a resistive load for unity power factor operation or DC-
link voltage regulation, similar to that in [84] and [85]. The proposed MPC method
in this project is designed to control an EV battery to achieve the bidirectional

four-quadrant operation in the PQ) plane.

PLLs are used to synchronize the grid current with the supply voltage and achieve
the modulation by detecting the phase angle. The grid current magnitude is calcu-
lated from the active and reactive power commands through PI controllers in [23],
[24] and [82]. Since MPC is free of modulation and no need of synchronization, the
PLL algorithm is not required [86]. By controlling the active and reactive power
directly by MPC, the PI controllers can also be avoided. The control strategies
proposed in [24] and [82] take about 3 grid cycles (60 ms in the case of 50 Hz)
to respond to new active or reactive power commands. With the proposed MPC
scheme, a much faster dynamic response of about 2 ms can be achieved in controlling
a two-stage off-board bidirectional charger. Since the system can reach a new work-
ing state much faster, the power quality can be significantly improved. Compared
with the results from DPC, the proposed method can also improve the steady state

performance by reducing the active and reactive power ripples and the current THD
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dramatically.

The proposed two-level MPC scheme consists of a model predictive direct power
control (MPDPC) for the grid-side and a model predictive direct current control
(MPDCC) method for the EV battery-side. MPDPC is used to track the grid active
and reactive power demands. The combination of the active and reactive power
errors is designed as the cost function. MPDCC is proposed for the constant cur-
rent charging of EVs. Both demands from the grid and EV customers can be met
effectively using the proposed MPC strategy. To demonstrate the effectiveness of
the proposed control method and validate the four-quadrant operations, experimen-
tal results obtained with a lab-developed two-stage off-board EV battery charger

prototype are presented.

4.2 Description of EV Charger Topology

In this thesis, the charger is controlled to operate in the four quadrants of the
PQ plane shown in Fig. 2.1, including the two axes, to track the active and reactive
power flows between the battery and the main power grid. The proposed MPC
method is used to achieve this objective, due to its ease of implementation and
ability to fulfil multiple objectives. The classical topology in Fig. 2.3(b) is used
for energy storage systems with the bidirectional power flow [87]. Note that this
topology is essentially a boost converter which provides a limited voltage control
range, i.e. the grid peak voltage to the maximum battery voltage [88] (this will be

proved later in this chapter).

Since the common nominal battery voltage is between 100 and 600 V, a boost
AC/DC converter of the typical topology is preferred in the rectification stage with a
120V /240V grid connection [24], [22]. As the chargers should be designed to operate
under any charging and discharging commands, a DC/DC half bridge bidirectional

converter is used as the second stage to track the battery voltage. With this DC/DC
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converter, the charging/discharging range can be enlarged from the peak value of the
grid voltage to 0 V, compared to the circuit connected with the battery directly in
Fig. 2.3(b). This improved charging/discharging range makes the system topology
available for different voltage level EV batteries. The DC/DC converter operates
as a buck type converter when the battery is charged from the main grid. On
the other hand, it can be controlled as a boost-type converter for V2G operation.
Therefore, the off-board bidirectional charger prototype used in this research project
is composed of a 2-level three-phase AC/DC converter and a DC/DC converter.
The first stage, an AC/DC front-end converter, is connected to the three-phase grid
voltage via a filter inductor (L) and resistor (R) in series. A filter capacitor (C') is
connected on the DC-side to filter the DC voltage (Vj.). As for the second stage,
the DC/DC rear-end converter consists of two insulated-gate bipolar transistor-diode
switches (G and G3). It is used to interface with the EV battery through an output

inductor (Lg.). A filter capacitor (Cy.) is connected in parallel with the EV battery.

The switching state of the three-phase AC/DC converter can be determined by

gating signals S,, S, and S, on each phase, which are defined as

1 upper switch on phase £ is on
Sk = , (4.1)
0 lower switch on phase k is on

where k& = a, b, c. For example, S, = 1 means that on the A-phase, S; is on and S,

is off.

According to the space vector pulse width modulation (SVPWM), eight possible
switch states can be written in a stationary two-axis reference frame («f coordinate

system) as

SabC7 (42)
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Table 4.1 :

The converter voltage vectors in a3 coordinate.

NO. S, Sy Sc Sa Sz Vau Vs IVatiVsl|
O 0 0 0 0 0 0 0 0
1 1 0 0 %2 o0 e o 2Vae
1 1 Ve Ve 2Vie
A R S R S
1 1 Ve Vie 2Vie
30 1 0 5 5 % 7 =5
4 0 1 1 -2 o e 9 Ve
1 1 Ve Vie 2Vie
v e v S
1 1 Ve Vie 2Vie
6 1 0 1 35 -5 % -5 75
7 1 1 1 0 0 0 0 0
where
Sa
Sa
Saﬁ: > Sabc_ Sb
Ss
Se

Then the input voltage (V;,) of the three-phase AC/DC converter in the af

coordinate system can be expressed by using the switching matrix as

Va Sa
VO‘B = = Saﬁ‘/dc = Vdc- (43)
Ug Sp

These eight input voltage vectors of the converter can be obtained from the eight

possible switching states, as listed in Table 4.1 and Fig. 4.2.

Assume that the reference voltage V. is located in sector 1 of the vector diagram

presented in Fig. 4.2. Based on the parallelogram rule, V,.s can be obtained from
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, 2 B
V3 (010) ;

V, (110)

V,(011) V, (100)

V5 (001) Ve (101)
2 zero vectors V., V4

Figure 4.2 : Eight converter input voltage vectors

the two closest voltage vectors (V; and V3) by

T T
! Vo = Lre
T ! T 2 /

Y

(4.4)
Tl + T2 -+ TO - Ts

where T7, Ty and T} are the action periods for the three basic voltage vectors Vi, V5
and Vj 7, respectively.

In the af coordinate system, the included angle between the reference value

(Vier) and the voltage vector (V7) is denoted as 6. By the sine rule, the relationship
among Vi, V5 and V,.y can be expressed as

Vel _ 1AV Bu -
sin(3)  sin(§ —0)  sinf '
Since both the amplitudes of V; and V5 are equal to 2‘§d°, (4.4) and (4.5) can be
rewritten as

T, = stsm(g —0)

Ty = mT,sinb

(4.6)
| To=T,—T,—T,
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where
\/§|‘/ref|
m = —_—,

- (4.7)

is the SVPWM modulation index.

In the space vector modulation, the following system constraint condition should
be met

T +T, < T (4.8)

Substituting (4.6) and (4.7) into (4.8), one can express the system constraint

Vie
Vyes| < —o— 20— (4.9)

V3sin(Z +0)
In order to satisfy (4.9) for any included angle 6, it can be deduced that

Ve
Vi = [Vies| < 75 (4.10)

or

V:ic Z \/gvm - ‘/;Jh—piw (411>

where V,, is the amplitude of phase voltage and V,,_,, the voltage between two

phase lines, or the line-to-line voltage.

Therefore, the output DC-link voltage V. of the three-phase AC/DC converter
has a minimum value. With the topology in Fig. 2.3(b), the range of the battery
voltage is limited from the line voltage of the grid to the fully charged voltage of the
battery. In order to achieve the full range charging/discharging from the minimum to
the maximum battery voltage, a DC/DC bidirectional converter is used to interface

with the battery, as described in Fig. 4.3.

4.3 Proposed MPC Scheme

4.3.1 Conventional DPC

Derived from DTC, DPC has now been widely used in controlling converters

[89]. The basic principle of DPC is that the errors between the commands and cal-
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Figure 4.3 : Circuit topology of AC/DC converter connected with battery via a

DC/DC converter.

culated values of active and reactive powers will produce two digitized error signals
via two hysteresis comparators. The three-phase grid voltage is converted into a
voltage vector in the a5 plane. Based on the location of the voltage vector, the a3
plane is divided into 12 sectors. The two error signals along with the pre-calculated
sector location of the current grid voltage are transferred to a switching table. An
optimal switching state is selected from the designed switching table to control the

instantaneous active and reactive powers [90].

4.3.2 MPDPC for grid-side

The proposed two-cascaded model predictive control (MPC) scheme is shown in
Fig. 4.4, including a model predictive direct power control (MPDPC) and model
predictive direct current control (MPDCC) for AC/DC and DC/DC converters,
respectively. The main working principle of the MPDPC scheme is to select an
appropriate switching state to minimize the cost function. The cost function (g) is
designed as the error between the predicted and reference values of the controlled
variables. The appropriate switching state that minimizes the cost function is chosen

for the next sample interval to track the commands.

It is assumed that a balanced three-phase grid power supply is provided in the

system (in Fig. 4.3). Applying the Kirchoff’s voltage law and the standard af
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(b) Controller for DC/DC converter.

Figure 4.4 : Proposed MPC scheme for two-stage charger.

frame transformation, the input current dynamic of the charger’s first stage can be

expressed in the vector form as

dt = Vgap — Rigap — Vas, (4.12)

where vg o and ig o3 are the grid input voltage and current vectors in the a8 frame,

respectively, and can be calculated by

v 1 -1 -2 .
v o g, o 2 2 2
g.af — Y Vg |
v 3o 8 _8 ’
9.8 2 2
Yg,c
l
g7a
» 1 1
Co (e 2 T ,
g8 — — 9 1g.b
i S 1o 8 _8 s
9.8 2 2

lgc



o6

Based on the forward Euler approximation, the derivative of the input currents

in the continuous-time model can be represented with a sampling period T as

dig,aﬁ _ igyaﬁ(k‘ + 1) - ig,aﬁ(k?).

= 4.1
dt T, (4.13)

The grid current (4.12) can then be expressed in the discrete-time domain as
. T . :
igas(k +1) = (Vgas(k) = Rigas(k) = vas(k)) + igas(k) (4.14)

Eight future instantaneous power transmitting from the grid to the battery at
the (k 4 1)th instant can be predicted on the basis of the eight predicted input

currents as

Pk+1)= gRe {veis}

5 (4.15)
= 5(UW(I@ + 1)iga(k+1) +v,5(k+1)igp(k+1))
Q(k + 1) 3[m {Vglg}
(4.16)

2

(Ug sk + Diga(k +1) = vga(k + 1)igs(k + 1))

where vy (k+1), v, 5(/€+ 1), iga(k+1) and i, 3(k+1) are the predicted grid voltage
and current values at the (k + 1)th instant in the a5 coordinate system. Among
the eight future values of the active and reactive powers obtained from the eight
possible switching states, a cost function is defined to select an optimal switching

state as

9=/ (Preg = Pk + 1)) + (Qrey — Q(k + 1))2 (4.17)

In the smart carpark system, the power commands (P, and Q,.r) are deter-
mined by the centre controller to satisfy the requirements of the power grid and the

EV customers.
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4.3.3 MPDCC for EV-side

To avoid short-circuiting, the switches G; and G5 are operated in a complemen-

tary manner. Therefore, the switching state GG is defined as

1 upper switch G; is on
G = ' _ (4.18)
0 lower switch (G5 is on

This means that when G is on and Gy is off, the switching state G is equal to

1. Otherwise, G is 0.
Based on Kirchhoft’s voltage law (KVL), when G is controlled to be 1, the DC-
link voltage can be expressed as

di bat

Vie = L
d dt

+ Viat, (4.19)

where V. is the DC capacitor voltage, and Vj,; and 4,4 are, respectively, the instan-

taneous values of voltage and current of the EV battery.

Similarly, when the switching state G is 0, the KVL of the DC/DC converter

can be expressed as
dibat

0=1L
dt

+ Viat.- (4.20)

Combining (4.19) and (4.20), one can express the mathematical model of the

DC/DC bidirectional converter as

di bat
dt

G‘/:jc - L + ‘/bat- (421)

Then, the battery current can be calculated in the discrete time domain as

. : T
%Ah+n:um+jﬁwa—%M. (4.22)

For constant current charging, the cost function g.. is defined as

Jee = (ibat - Z'ltat>2a (423)
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where 7}, is the reference value of the battery current.

Neglecting the power loss in the transmission, the grid active power reference

(Pres) can be calculated as

N N
Pref = Z P;at#n + Pstor = Z ‘/bat#nizat#n + Pstom (424)

n=1 n=1

where Py, Viargn and i, are the charging power reference, voltage and ex-
pected charging current of the nth EV battery, respectively, N is the total number
of the parked EVs, and P, the power delivered to the storage system. In this
paper, as an example, N is selected as 1 and neglecting the storage system, which

leads to Prey = By = Viatlyg

4.4 Proposed Modified MPC

Fig. 4.3 shows the topology of the two-level three-phase off-board bidirectional
charger. Based on the system model analysed in (4.12), the complex apparent power
S can be calculated by

S=P+jQ= ;ig*vg, (4.25)
where P and () are the active and reactive power, respectively, lowing from the grid

side to the EV battery.

Taking the derivative with respect to time on both sides of (4.25), one obtains

dS 3, di* . dvg

aaVeg tiy

). (4.26)

For a balanced power supply, the derivative of grid voltage (vg) can be calculated

by
d d|vg|vivt .
Ve _ Vel vy = jw|vg|v]"" = juvg. (4.27)

dt dt

According to the system model in (4.12), the derivative of grid current (ig) can

be obtained as
di 1 .
d—f = Z(Vg — v — Rig). (4.28)
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Substituting (4.27) and (4.28) into (4.26) yields

as _ 3
dt 2L

(Il? — vg0") + (G = TS, (1.29)

The discrete-time model of the complex apparent power at the (k+1)th instant

for a sample time 7, can be expressed as

dsSk

Sk+1 — Sk =
dt

(4.30)
In order to track the active and reactive references, the cost function for this

stage can be designed as the square of the magnitude of the apparent power error,

expressed as

Fl — ’Sref . Sk+1|2

= (P — PMR 4 (@ - QF)2, (4.31)

where P/ and Q"¢ are the reference values of the active and reactive power, re-
spectively. Ignoring the power loss during the transmission, P/ is equal to the
power charged or discharged by the battery, calculated by the battery current ref-
erence timing the DC voltage Vj.. Q™ can be controlled to meet the requirement

of the main grid.

The mathematical model of the second-stage DC/DC half bridge can be written

as

di bat
dt

GV;ic =L + ‘/bata (432)

where 7., and Vj,; are the battery current and voltage, respectively, and G is the
switching state. GG equals 1, when G is on and G5 is off. Otherwise, it is set to be

Z€ero.

The predicted current for the next sampling time can be calculated by

. . T,
lef;tl = Zl’fat + I(Gvdkc - ‘/b]fzt>‘ (4.33)
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Figure 4.5 : Basic and extended voltage vectors

To achieve the constant current charging for the EV battery, the cost function

for the second stage is defined as

Fy = |if — ik, (4.34)

bat

where ZZZ{ is the reference value of the battery current.

4.4.1 Modulation of the extended voltage vectors

Twenty voltage vectors are created in the proposed MMPC method. Two adja-
cent basic active voltage vectors are modulated, which are selected from the eight
possible voltage vectors, including 6 non-zero vectors (Vi, Vs, - -+, Vi) and 2 zero vec-
tors (Vig and Vo). The duty ratios for the two basic vectors are fixed as 0.5. The
extended voltage vectors along with the corresponding switching states are listed
in Table 4.2. For example, the extended voltage V7 is modulated by V; and Vi,.
Both of these two basic voltage vectors operate half period during one sampling
time. Since Vig is a zero voltage vector, the new voltage vector V7 is half magnitude

of the basic voltage vector V; and has the same direction as V;. The af plane is



Table 4.2 :

Modulation of the extended voltage vectors

Vector Type  Vector No. Modulated by Switching state (d = 0.5)
Vi 1,0,0
Va 1,1,0
Non-zero basic Vs 0,1,0
active vectors Vi 0,1,1
Vs 0,0,1
Ve 1,0, 1
Va Vi+ Vig d, 0,0
Vs Vo + Voo 1,1,d
Vo Vi + Vig 0,d, 0
Vio Vi+ Voo d, 1,1
Vi Vs + Vig 0,0,d
Extended Via Vs + Voo 1,d,1
voltage Vis Vi+ Vs 1.d,0
Viy Vo+ Vs d, 1,0
Vis Va+Vy 0,1,d
Vie Vi+Vs 0,d,1
Viz Vs + Ve d, 0,1
Vis Ve + V7 1,0,d
Zero basic Vio 0,0,0
active vectors Vao 1, 1,1

61
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divided into six sectors, Sy, Ss, - -+, S¢. In each sector, there are six voltage vectors,

including 4 non-zero vectors and 2 basic zero vectors, as shown in Fig. 4.5.

4.4.2 Pre-selection algorithm

In the conventional cost function, 20 voltage vector candidates should be consid-
ered to get the 20 predicted values of active and reactive power, and the conjugate
of the converter input vector in (4.29) is also required to be calculated. To reduce
the computing time and complexity of the scheme, a cost function for the first-stage
charger by using the negative conjugate of the complex apparent power is defined

as

F3 _ ‘(_S*)ref . (—S*)k+1‘2. (435>

From (4.25), the first-derivation of conjugate of complex power can be calculated
by
ds*  d(3igvy)

dt dt
3, ,dig dvy

= (v e g8, 4.
Ve e (4.36)
Substituting (4.28) into (4.36) yields
as* 3.1 « Vo ke
e i(z(vg -V — ng)vg — Jwvgig)
= ﬁ(|vg|2 — VVg) — Z(RS + jwLS"). (4.37)
The predicted value of (—S*)*™! can be expressed as
d(—S")*
—SMFH = (SN T,
() = s A
. 3 1 : .
= (S (P - v~ TR+ L)) (439
Substituting (4.38) into (4.35), the cost function can be rewritten as
3T,
Fy = |err — 22y v|?
3 = |err 5T VgV,
T,
— Jerr — 2220, |20, v, (4.39)

2L
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where the introduced error, err, between the predicted and expected values can be

calculated by

err = (—S*)" — (=S")F + (; 2 — (R+ jwL)(S")"). (4.40)

e~ 03

Based on the analysis, to minimize the cost function (4.39) is to find the voltage
vector nearest to err. There are two steps for this control scheme. Firstly, one
optimal sector S,, (from S, Ss, - - -, Sg) where err is located should be selected.
Then, an optimal switching state from the six switching states located in the selected
optimal sector S, is chosen to minimize the cost function F3. Since the sampling
frequency (8 kHz) is very high compared to the grid frequency 50 Hz, it can be
assumed that the grid voltage is is relatively constant during the sampling period
and is slow changing. This means that the amplitude of grid voltage v, in the time
instant k is the same as that in the next time instant k£ + 1. The grid voltage angle
0, should be added to the angle of err to synchronize with the input voltage vector
v. Once the optimal sector .9, is selected, one optimal switching state located in the
selected sector S, is selected to minimize the cost function F3. As an example, if err
is located in the first sector 57, as illustrated in Fig. 4.5, it would be better to use
the vectors in sector S;. This pre-selection algorithm helps reduce the complexity
by using 6 vectors instead of 20 vectors. In each sector, there are six voltage vector
candidates, as summarized in Table 4.3. The control algorithm of the proposed

MMPC method is shown in Fig. 4.6.

4.5 Simulation Results

To verify the effectiveness of the proposed MPC and the improved MMPC meth-
ods, these control schemes are numerically simulated in the environment of MAT-
LAB/Simulink on a bidirectional two-level off-board EV charger. Firstly, a system

with the real power level connected with a lithium-ion battery is tested using the



Table 4.3 :

Pre-select algorithm

Sector Vectors

St Vi Vi Vig Vig Vig Vi

S Vo Vs Vg Vi Vig Vi

Sy Vs Vo Vis Ve Vig Vi

Se Vi Vip Vie Vis Vi Vao

Sy Vs Vi Vir Vig Vi Vao

DC/DC
thc
1 1
C C
T "—| dc—ll‘—
A i bat
Switching v
signals > Current
3/2 Pre-select prediction
transformation scheme Switching
l T signals
P
Complex power |, err Cost function
prediction prediction |e— of F,

Figure 4.6 : Control diagram for the MMPC method
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MPC method. To be consistent with the experimental results, a scaled-down system
using the conventional PI, DPC, MPC and MMPC methods are simulated under

various operation conditions.

4.5.1 Real power level system

A real power level system for this off-board charger using MPC is simulated in
the MATLAB/Simulink. A lithium-ion battery with a nominal voltage at 400 V
is used as the EV battery. The nominal current for the battery is set to be 30 A.
The grid voltage is 240 V (RMS) on the first stage. The EV charger power is equal
to around 12 kW, which would take 4 ~ 8 hours to fully charge a 60 ~ 70 kWh
EV battery. The sampling frequency for this simulation is 20 kHz. Three AC filter
inductors (16 mH) are connected on the grid side. Firstly, we investigate the battery
current tracking during the inductive V4G operation. The reactive power is positive
under this condition, i.e. @,y = 8 kVAR. It can be seen from Fig. 4.7(a) that
the system can track the battery current effectively. The battery can be charged or
discharged as commanded. The battery voltage is around 430 V. Fig. 4.7(b) shows
the active and reactive powers provided from the grid. During the first second, the
battery current is 30 A and the battery voltage is approximately 430 V. Therefore,
the transferred power is equal to 12.9 kW. It is -12.9 kW during the discharging
mode. The reactive power is controlled to the expected value, 8 kVAR. The grid
voltage and current on the A-phase are presented in Fig. 4.7(c). Since the reactive

power is positive, the current is always lags its associated voltage.

Another operation condition where the reactive power is transferred from the
load side to the grid is simulated using the same system parameters. The battery
charging/discharging current is also set to 30 A/-30 A. From Fig. 4.8, it can be seen
that the system works effectively during the charging and discharging operations.

The current reference values can be followed with the MPC method. The reactive



~_ 50 T T T
iﬁ/ —Ibat
= ==~ TIref
o
=
5 0 :
2
o3
8
v
m _50 1 1 1
0 0.5 1 1.5 2
Time (s)
o 500 T T T
Z
g, 400 -
s
'S 300} .
E 200 1
5
M 100 : : :
0 0.5 1 1.5 2
Time (s)
(a) Battery current and voltage performance
4
4 x10 : . .
3
5 2 :
z
o
o 0Of E
L
2
S -2F .
< 1 1 1
0 0.5 1 1.5 2
Time (s)
x10°

[N

—_
(9]
T

o
U’l

o

Reactive power (Var)

S

Time (s)

(b) Active and reactive power performance

66



SOO T T T T T

Va (V) and Ia (A)*5
]

-500 :
0.9 0.95 1 1.05 1.1 1.15 1.2

Time (s)

(c) Grid voltage and current performance
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power can be controlled to the -4 kVAR. With the negative reactive power, the grid

current leads its associated voltage, as shown in Fig. 4.8(c).

4.5.2 Scaled-down system

In [24], Metin, et al. used a PI controller for V2G reactive power operation
with an off-board charger. With the proposed system controller, the reactive power
reference can be tracked effectively while charging the EV battery. However, it took

around 3 grid cycles (60 ms in the case of 50 Hz) to respond to a new command.

By using the proposed MPC method for the system in [24] under the same
transient simulation operation, the response time can be reduced dramatically. From
the zoomed version of the active and reactive power in Fig. 4.9(a), it can be seen
that the response time for the system changing from a unity power factor operation
to a 0.4-pf (leading) operation is less than 2 ms. Compared with the 3 cycles (60 ms
in the case of 50 Hz) response time in [24] and [82], the response speed is improved
significantly. The grid current in Fig. 4.9(b) can also reach the new commanded

operation within 2 ms.

Because of the capacity limitation to the experimental setup in the lab, a scaled-
down bidirectional EV charger system is used in the experimental test, as shown in
Table. 4.4. The simulations for this system using the conventional DPC, proposed
MPC and improved MMPC methods are presented. Two working scenarios are
designed to observe the EV charger system working under the bidirectional four-

quadrant operations, as depicted in Fig. 2.1.
Two simulation scenarios were designed as follows:

(1) This scenario was developed to show the performance under G2V, V2G, and
V4G (inductive or capacitive) independent operations. The system only exchanges

the active or reactive power between the EV battery and the grid. The charging
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Table 4.4 :

System parameters for simulation and experiment

Symbol Quantity Value
L AC filter inductor 16 mH
C AC filter capacitor 680 puF
L Output inductor 35 mH
Clec Output capacitor 68 uF

Vir,  Grid line-line voltage (RMS) 100 V/

f Grid frequency 50 Hz
Ty Sample time 100 ps
Viat Battery rated voltage 144 V

current 7;,, is varied from 2 A to -2 A at t = 1 s, which leads to the active power
reference P,y dropping from around 320 W to -320 W. Then, it steps up to 0 A
at t = 2 s, and keeps constant until the end of the experiment. Meanwhile, the
reactive power reference keeps 0 VAR during the V2G and G2V operation modes.
Then it rises to 400 VAR at t = 2 s and drops to -400 VAR at t = 3 s to meet the

grid commands.

(2) The second scenario describes the system when it operates in V2G or G2V
combined with V4G (inductive or capacitive) modes. Both the active and reactive
power are transferred during this scenario. The charging current i;,, is decreased
from 2 A to -2 A at t = 1 s, which means the active power reference P, is reduced
from 315 W to -315 W, and after that, it is restored to 2A at t = 2 s. Then it steps
down to -2 A with P,.; equal to around -315 W. During each charging or discharging

operation, the reactive power reference is reduced from 400 VAR to -400 VAR.
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Figs. 4.10, 4.11 and 4.12 show the performances of EV charger system working
under the first scenario by using the conventional DPC, proposed MPC and improved
MMPC, respectively. During this operation, the system exchanges the active or
reactive powers with the main grid separately. The system can work effectively
with the above mentioned three methods. The battery current demand and the
grid reactive requirement can be satisfied. From Figs. 4.10(b), 4.11(b) and 4.12(b),
it can be seen that the active and reactive power ripples can be reduced by using
the MPC and MMPC method instead of using the conventional DPC method. The
ripples in the MMPC scheme are the smallest among the three methods. The grid
current performance can also be improved by using the MPC and MMPC methods,
as depicted in Figs. 4.10(c), 4.11(c) and 4.12(c). Since only the active power is
transferred from the grid to the EV battery during the first second, the grid current
is in phase with its voltage. Then the transmission direction of the active power is
changed from the EV battery to the grid. Therefore, the grid current is out of phase
with its voltage. During the third second, the reactive power is delivered from the
grid to EV battery, which causes the grid current lagging the voltage by 90°. When

the reactive power flow direction changed, the current leads its voltage by 90°.

It has been further verified through the numerical simulation when the system
working under the second scenario. All the results obtained from the conventional
DPC, proposed MPC and improved MMPC are shown in Figs. 4.13, 4.14 and 4.15,
respectively. With these three control methods, both the battery current and grid
reactive power can be controlled to track the expected values. Compared with
the results from DPC, the performances of the active and reactive power and grid
current are improved by using the proposed MPC and MMPC. This conclusion is

in accordance with that from the previous simulation results in the first scenario.
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4.6 Experimental Results

The proposed control strategy was validated by a downsized experimental setup,
as shown in Fig. 4.16. The setup consists of an insulated-gate-bipolar-transistor
(IGBT)-based three-phase two-stage bidirectional converter, three AC filter induc-
tors and DC power sources. Twelve 12V24Ah sealed lead-acid batteries are con-
nected in series to act as the EV battery. Therefore, the nominal voltage and the
capacity of this sealed battery are 144 V and 24 Ah, respectively. The experimental
conditions are the same as those of the simulated system, as listed in Table 4.4.
The AC filter inductor was 12 mH in the experiment. The control algorithm was
implemented on a dASPACE DS1104 processor board. The system was operated at
8 kHz. All the measured parameters are viewed through the dSPACE control desk.
Note that during the experimental test, the battery contactors were closed prior to
turning on the main power on the AC-side. Otherwise, a current spike would occur
due to the difference between the IGBT output voltage (V) and the battery volt-
age (Vpar). The conventional DPC method was applied to compare its performance
with that obtained by the proposed MPC scheme. Two experimental scenarios were
designed to be the same as the numerical simulation tests. One operation was that
the system exchanges the active or reactive power with the main grid separately,
known as the first scenario. The other working condition was that both the active
and reactive power were delivered simultaneously, as in the experimental test of the

second scenario.

The results in Figs. 4.17, 4.18 and 4.19 show how the system exchanges the
active and reactive powers with the power grid in an independent operation of G2V,
V2G and (capacitive/inductive) V4G separately. Both the active and reactive power
demands can be tracked effectively by the conventional DPC, proposed MPC and

MMPC schemes. In Modes I and II, since no reactive power is transferred in this
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Figure 4.16 : Experimental setup.

operation, the bidirectional charger works in G2V and V2G modes, separately. As
in the G2V operation mode, the grid current is in phase with the main grid voltage,
which means the active power flows from the grid to the EV battery. In V2G mode,
the current is out of phase with the voltage, discharging the stored energy from

battery to the power grid.

In Modes III and IV, the converter compensates the reactive power to the grid
without any energy transmission (V4G operation). Since there is no active power
transferred, when the reactive power is delivered from the grid to the battery, the
grid current is 90° lagging behind the grid voltage. Otherwise, it is 90° leading, as
shown in Figs. 4.17(c), 4.18(c) and 4.19(c). The bidirectional charger responded to
the new active and reactive power commands is less than one-fifth of the grid cycle
in all three methods. However, the active and reactive power ripples and the current
performance can be improved significantly by using the proposed MPC and MMPC,
in comparison with the conventional DPC method. The MMPC scheme shows the

best performance among these three methods.

The second experiment was performed to show the system dynamic and steady
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state performance in the rest regions of the PQ plane. Besides exchanging the active
power, the reactive power can be supported from the charger system. As described
in Figs. 4.20, 4.21 and 4.22, it can be observed clearly that all methods work
effectively. The system can track the references of the active and reactive power at
the same time. Figs. 4.20(a), 4.21(a) and 4.22(a) show that the battery was charged
or discharged according to the EV commands with the conventional DPC, proposed
MPC and MMPC methods, respectively. However, the active and reactive power
ripples by using DPC are much larger than those obtained by using the proposed
MPC and MMPC methods, as shown in Figs. 4.20(b), and 4.21(b) and 4.22(b).

The performance of the grid voltage and current of phase A are compared in
Figs. 4.20(c), 4.21(c) and 4.22(c). In Mode V, where the charger operates in the
G2V mode with inductive V4G operation, the main power grid provides the positive

active and positive reactive power to the load. The grid current lags its voltage by
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taneously operation.

about 50°. When the system operates in Mode VI, delivering the active power from
the EV battery to the power grid, the grid current lags its voltage by about 140°.
The EV battery can be regarded as an energy storage device. With an increasing
number of EVs parking, the car park can be treated as a energy storage system to

support the grid. EVs are no longer a burden for the grid.

During Modes VII and VIII, the system serves as a static VAR generator to
compensate the reactive power in V2G or G2V with capacitive V4G operations.
The grid current i, leads the voltage v, by about 50° and 140° in Modes VII and
VIII, respectively. The battery is charged and discharged with the specified current
while producing the reactive power to the grid in this scenario. Overall, the EV
charger quickly reaches the new operation points with a short dynamic response

equal to approximately 2 ms with the proposed MPC method. It has been further
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verified that less active and reactive power ripples and better grid currents can be

achieved with the proposed MMPC scheme.

4.7 Concluding Remarks

This chapter proposes a two-level MPC method (in four-quadrant operations)
for the bidirectional battery chargers to be deployed in smart car parks. The basic
operation mode includes the independent G2V, V2G and V4G operation modes, in
which the EV battery can exchange active and reactive powers with the grid indi-
vidually. Four innovative cooperating operation modes are proposed, namely, G2V
with inductive V4G mode, V2G with inductive V4G mode, G2V with capacitive
V4G mode, and V2G with capacitive V4G mode. During these operation modes,
both active and reactive powers can be delivered to the grid at the same time,
which means EV batteries can function as a static VAR generator while charging or

discharging the batteries with the power from or to the grid.

The proposed system MPC controller receives the discharging and charging cur-
rents from the EV charging stations and active and reactive power references from
the grid. A laboratory bidirectional EV battery charger prototype was developed
to compare the proposed method with the conventional schemes. Compared with
the PI and conventional DPC controller, the bidirectional two-stage charger using
the proposed MPC method responded to the active and reactive power commands
in less than one fifth of a grid cycle (around 4 ms in the case of 50 Hz). The active
and reactive power ripples and the distortion of the grid current can be reduced

effectively.

Then, a predictive control method with extended 20 voltage vectors, named the
MMPC method, has been presented. To reduce the complexity and computational
time, a pre-selection method was proposed in the MMPC scheme. As evidenced by

the simulation results, both the conventional and modified MPC have a fast dynamic
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performance. In terms of the steady-state performance, the proposed MMPC ex-
hibits less ripples in the active and reactive powers and better current performance.
Key experimental results were presented to validate the better stable steady-state

stability and fast dynamic performance under the aforementioned operation modes.
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Chapter 5

MODEL PREDICTIVE SLIDING MODE
CONTROL

5.1 Introduction

Three-phase switching AC/DC converters have recently attracted significant at-
tention because of their abilities to achieve bidirectional power flow, low harmonic
line current, controllable power factor, and good DC-link voltage regulation [24].
They are the preferred converter topology in many industrial power systems [91],
and have found extensive applications, such as railway electrification systems [92],
renewable energy systems (wind power generation) [93], smart micro grids [94], and
DC transmission systems [95]. Various advanced converter control strategies for
three-phase AC/DC converters have been proposed [96, 97]. Remarkably stable
and efficient schemes are employed to improve the power quality and reduce the
effects caused by unexpected disturbances [98, 99]. Some good examples are voltage
oriented control (VOC), direct power control (DPC) and model predictive control

(MPC) which have been extensively and systematically studied.

Based on a converter system model in the rotational frame (d — ¢ coordinate),
the classic VOC method applies the PWM to control the active and reactive powers
to track their references asymptotically [100]. Since most pulse width modulation
(PWM) methods ensure the harmonics on the output side, the converter input cur-
rent ripple might be introduced, as well as the power ripples [101, 102]. A voltage
outer loop and a current inner loop are also included in this scheme, and propor-

tioanl integral (PI) controllers are used in these two loops because of their simple
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structures. However, another drawback of this strategy is that the corresponding
performances are highly dependent on the PI parameters and the current loop [103].
The stability and dynamic performance will be limited by the fixed PI parameters
during disturbances. Controlling the active and reactive power through a switching
table, the DPC scheme does not require the internal current control loop and PWM
modulator block [104]-[105]. Due to the difficulty in constructing a perfect heuristic
table, the DPC method is also susceptible to producing large power ripples which

would impact the system steady state performance [106].

Compared with the above two methods, the MPC method is a model-based con-
trol technique which provides fast demand tracking speed and low power ripples
[107, 108]. This method has several advantages, such as: it is free of modulation,
and has simple inclusion of system parameters, constraints and demands in the algo-
rithm [109]. For a 2-level converter, MPC is devised to select an optimal switching
state from eight possible states to obtain an optimal voltage vector. Based on the
system model, a cost function is designed to minimize the errors between the refer-
ences and the real-time acquisitions of the controlled variables. In a standard MPC
strategy, a PI controller is used to generate the active power reference which will be
transferred to the cost function. The PI controller gains by this model predictive
PI control (MPPIC) scheme should be tuned and adjusted in an ad-hoc manner
to satisfy the latest system demands and unknown disturbances. However, the PI
parameters are constant and fixed during the operation. It is hard for them to be
tuned automatically according to the latest system objectives and the updated load

demand.

In order to solve this problem, a sliding mode control (SMC) scheme is considered
to improve both the dynamic and steady state performances. SMC is known for its
excellent dynamic response and strong robustness to disturbances and uncertainties,

such as unknown variations of control variables and system parameters [110, 111,
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112]. As an effective nonlinear control technique, a control signal is employed to
guide the system trajectory points onto a surface, known as the sliding surface or
hyper plane. All the trajectory points will be forced to the vicinity of the sliding
surface within a finite time and towards the system equilibrium point thereafter
[113]. During the operation of unknown uncertainties, a control law is designed to
maintain the control variables on the sliding surface [114]. In addition, SMC is simple
to implement and execute. Since the system parameters are required in designing
the controller and the controller law, system parameter identification plays a vital
role in the SMC. When controlling a complex system, it might be difficult to get
highly accurate system parameters. The system performance, including the dynamic
response and steady state error, will then be affected by these incorrect or inaccurate
parameters. This problem mainly occurs in some complex systems or topologies
where accurate system models or parameters are hard to get or predict. The system
studied in this chapter, an AC/DC three-phase two-level converter connected with
a resistive load, as shown in Fig. 5.1, is a simple system whose parameters can be
accurately measured. Also, because of the use of space voltage vectors, the switching

frequency of MPC is not constant.

This chapter presents an MPC scheme cooperating with a SMC strategy, named
the model predictive sliding mode control (MPSMC), to compensate for the weak-
ness of the standard MPC method using a PI controller. The SMC technique is
employed to track the active power reference to improve system dynamic and ro-

bustness performance.

5.2 System Model

Fig. 5.1 illustrates the power circuit of a three-phase AC/DC converter, consist-
ing of six IGBT switches, S; (1 =1, 2, ---, 6). The main grid adopts the symmetrical

three-phase three-wire system, connected with this IGBT full bridge through three



Figure 5.1 : Topology of a three-phase AC/DC converter.
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series filter inductors with the same value, L, and resistors with the same value, R.

A capacitor, C, is connected on the DC side to filter the voltage harmonics.

The mathematical model of the AC/DC converter in the abe frame can be ex-

pressed as
T _
L% -R
di
L%t _ 0
dic
L% 0
dVe
L O ] | Sa

o o o]
R 0 0
0 —R 0
s s -1

lq
1
ie

i

Uga — Uca

Vgp — Vch

Ugc — Uee
0

(5.1)

where vy, Vg, and v, are the grid phase voltages; i,, %, and i. the input currents

of the converter; v.,, v, and v.. the converter input voltages; v4. is the DC output

voltage; iy, the load current; S,, Sy, and S. stand for the switching state of the

switches, respectively, and

1

Y

0,

Sk =

upper switch on phase k is on

upper switch on phase k is off

For example, S, = 1 means S; on and Sy off.

(5.2)

The switching state can be expressed in the two-phase stationary af orthogonal
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Based on the analysis in Chapter 4, the dynamic model of the AC/DC converter

can be expressed with af-axes components, as

L 0 dig.o R 0

dt

g0 0 R

dt

Vg,a

(5.4)

&

Ugﬁ 0 L

5.3 Model Predictive Control

The main purpose of MPC used in this chapter is to control the active and
reactive power flow to the desired values and in the desired directions, in addition
to the output voltage regulation. In the MPPIC scheme, a PI controller is applied
to track the DC-link voltage to generate the active power reference, as shown in Fig.

5.2.

In the form of a space vector equation, (5.4) can be rewritten as

X = AX + Buy o + Dvggs. (5.5)



101

where
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The discrete-time model of the grid current at (k+41)th instant for a sample time

T, can be expressed as
. T . .
igas(k +1) = —(Vgas(k) = Rigas(k) = vas(k)) + igas(k). (5.6)

Then, the active and reactive powers of this system can be calculated by

P = %Re{vgiz} = 5(Vg.alga + Vgpigp),

Q= %Im{vgi;} =

[\eJ[oM]

(5.7)

W

(Vg,81g.0 — Vg.alys)-

For the active and reactive power control, the cost function J can be defined with

a measurement of predicted input error, as

J= /(P Pug)? + (Q — Quey)?. (5.8)
where P,.; and @),.s are the active and reactive power references, respectively.

It can be seen from (5.6) that the eight voltage vectors of the converter input
voltage result in eight vectors of line current i,.g. Substituting (5.6) into (5.7),
one can deduce eight possible values for the active and reactive powers. The cost
function is employed to select the optimal voltage space vector that yields the P
and @ with the minimum value of cost function J, and this optimal switching vector

(Sept in Fig. 5.2) is then applied for the next step switching.

5.4 Proposed MPSMC Scheme

The traditional PI controller has only one single set of unchangeable controller
parameters during the operation. The system will suffer from slow dynamic perfor-

mance when the system parameters and demands vary. On the contrary, the SMC
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has excellent dynamic performance since the controller and the control law are both
based on the system model. Taking advantage of this feature, the proposed MPSMC
method applies a sliding model controller to replace the PI controller. The control
problem is to detect an appropriate control law so that the system state can track

the expected active power and desired DC-link voltage.

From Fig. 5.1, the instantaneous power (FP;) conservation equation is used to

describe the dynamic process of DC-link voltage, which is

dVy,. —V?
d_'_ﬂ

Pi: c>c: c .
Vd 1d C’Vd dt RL

(5.9)

By the principle of power equilibrium, the input instantaneous power of the
converter is equal to its instantaneous output power. The converter power loss is
neglected in this thesis. In the steady state, the instantaneous power is equal to
the active power, which is proportional to the voltage on the DC side. Therefore,
in order to control the active power, the objective of the SMC can be converted to

control the DC-link voltage.

5.4.1 Active power sliding surface

The control problem in the converter is to find a suitable control law so that the
control variable V. can track the expected demand Vi ,.r accurately. To achieve

this control target, the tracking error e, can be defined as

€y = Vige — ‘/dc,'ref~ (510)

To design the sliding surface, methods include a proportional of the error and a
combination of the proportional and integral of the error. In this chapter, to control
the steady state error to be zero, a linear combination of proportional error and the
integral of the designed voltage error is selected as the sliding surface [115]-[117],

that is

Sy = k1e, + ko / e, dt = Ney, + /evdt =0, (5.11)
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where A (A = k;/ks) is a positive constant related to the time constant of the output
voltage. Therefore, the response speed increases as A is decreased, an idea originaing
from [118] but modified for the proposed controller. With such a relationship, a
proper A can be selected to optimize the dynamic and steady state performances
of the control system, such as the settling time, overshoot/undershoot, steady state

error, and control robustness.

Taking the derivative of S, with respect to time and substituting (5.10) into
(5.11), one obtains

Sv - )\(Vdc - Vdc,ref) + V;ic - ‘/dc,ref- (512)

5.4.2 Active power control law

According to the inherent uncertainty with respect to the active power in this

system, the control law can be designed as

Pr(t), S,>0,

Pu(t), S, <0.

where u is the control law, and P (¢) and P, (t) represent the instantaneous power
when the sliding variable reaches different sides of the sliding-mode surface S,
respectively. Fig. 5.3 depicts the control block diagram of the proposed MPSMC

scheme.

According to (5.9) and (5.13), the first-order derivative of DC-link voltage versus

time can be expressed as

U 1

T CVae RO

Vie Vie + 6, (5.14)

where ¢ is called the uncertainty disturbance on V..

Here, the bound of the uncertainty disturbance, p, is assumed to be [§| < p < 1,

i.e. pis a given positive constant.
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Figure 5.3 : Basic principle of the proposed MPSMC method.

Based on the aforementioned analysis, the controller can be designed as

us, = C’Vvdc (

1

R;C )\

1 1
A

where k£ > 0 represents a suitable control gain.

5.4.3 Proof of existence condition

)‘/dc + _Vdc,ref - (P + k)Sign<Sv) )
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(5.15)

All the trajectory points in the vicinity of the sliding surface should reach to the

designed sliding surface within a finite time [117, 119]. To guarantee this existence

condition, one only needs to show that

lim S-S < 0.

Sy—0

Substituting (5.14) and (5.15) into (5.12) yields

Sy = —X|[(p+ k)sign(S,) — 4].

(5.16)

(5.17)

Multiplying S, by (5.17), one obtains the sliding-mode existence condition as
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follows

(5.18)

= —\E[S,| — AS,(psign(S,) — 0).

Therefore, the existence condition of the sliding mode can be satisfied with the

following two cases [120].

Case 1: If the reaching point is in a positive position in the neighbourhood field

of the created switching surface S,, i.e., S, > 0,

SySy = —Ak|Sy| — AS, (psign(S,) — 9)

= _)‘k‘sv’ - )‘Sv(p - 5)

(5.19)
< —Ak|Sy|
< 0.
This leads to
lim S,S, < 0. (5.20)
Sy—0t

Case 2: If the reaching point is in a negative position in the neighborhood field

of the created switching surface S, i.e., S, <0,

SySy = —Ak|Sy| — AS, (psign(S,) — 9)

= —Ak|Sy| + AS,(p +6)

(5.21)
< —Ak|Sy|
< 0.
This results in
lim S,S, < 0. (5.22)
Sy—0—

From (5.20) and (5.22), one can conclude that (5.16), the existence condition,

can be satisfied by selecting the proper sliding coefficients, A and k.
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5.4.4 Proof of tracking condition

The tracking condition of the sliding mode can be derived by applying the Lya-
punov stability analysis [87, 114]. For this analysis, a Lyapunov function candidate
is designed as

52

Ve (Vi) = 2 (5.23)

It is positive for any reaching points, except for the equilibrium point V. =
Vierer- Only when the sliding variable reaches the equilibrium point, will the Lya-
punov function Vg, be zero. Hence, the proposed Lyapunov function Vg, is positive

definite.

Based on (5.20) and (5.22), the derivative of Vg, with respect to time can be
obtained as

Vs, (Vae) = SuS, < 0. (5.24)

Therefore, the derivative of Vg, is negative definite.

Theorem: If a Lyapunov function V is positive definite and its derivative is

negative definite, the system is asymptotically stable at the equilibrium point.

As a result, the designed Lyapunov function Vg, complies with the robustness
of Lyapunov stability analysis. Moreover, the system stabilises at the equilibrium

point (Vierer), which can be expressed as

VZ
P,. = Py, = VI, = —2erel. (5.25)
Ry,

Substituting (5.15) into (5.14) reveals that when the system trajectory points
reach the sliding surface, i.e., S, = 0, the uncertainty disturbance is equal to zero
as well, i.e., § = 0. Then, the first-order derivative of the voltage error with respect

to time can be rewritten as

L 1
€o = Ve = Vacrer = =5 (Vae = Vicrer)- (5.26)
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According to (5.26), as long as the sliding coefficient A is positive, the trajectory
points can keep stable at the sliding surface theoretically. However, as the AC/DC
converter is a nonlinear system, a positive A can hardly guarantee all the reaching
points satisfy the stability condition, except for those points from the vicinity of
the stability field. By applying the MPC and SMC schemes simultaneously in this
system, all the trajectory points can hit and remain stable at the designed sliding

surface only when A is chosen from an inherent range of the analyzed set, i.e., A\ > 0.

Based on the aforementioned analysis, the nonlinear criteria to choose the switch-

ing state should be as follows,
(1) Vae > Viaerer = Vie < 0 = choose a switching state suitable to decrease V.,
(2) Vae < Viaerer = Vie > 0 = choose a switching state suitable to increase Vi,

(3) Ve = Viaerer = Vi = 0 = choose a switching state which does not significa-

ntly change V..

5.5 Numerical Simulation

5.5.1 Converter parameters

This section provides the simulation results obtained from the standard MPPIC
and the proposed MPSMC schemes. The simulations have been carried out in a
MATLAB/Simulink environment with a detailed AC/DC converter configuration, as
shown in Fig. 5.4. Table 5.1 shows the simulation operation and electric parameters
of the converter. It should be noted that when the desired DC-link voltage is 150
V and the resistance load is 140 , it leads to an active power equal to 161 W. The
reference of the reactive power (),.s is set to be 0 VAR during all the simulation
testing to ensure a unity power factor operation. Note that taking the overshoot
and response time into consideration, a properly paired PI parameters is chosen in

the following simulation and experimental tests.
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Table 5.1 :

Electric parameters of the AC/DC converter.

Symbol Quantity Value
L Filter inductance 20 mH
C Filter capacitor 680 pF
R, Load resistance 140 Q

Vir  Grid line-line voltage (RMS) 50 V

f Grid frequency 50 Hz
Vie DC output voltage 150 V
T, Sample time 50 ps

5.5.2 Start-up dynamic and steady state performance

Fig. 5.4 shows the start-up and steady-state responses of the converter by the
MPSMC and MPPIC methods, respectively, to regulate the DC-link voltage at
150 V. As shown in Fig. 5.4(a), both methods can control the voltage to the ref-
erence value as required, but the converter controlled by MPSMC can track the
reference voltage much faster than that controlled by MPPIC. The settling time,
which is defined as the time required to reach zero steady state error, is about 0.03
s under MPSMC, which is only 8.57% of 0.35 s, the settling time under MPPIC.
Compared with the 9.13% output voltage overshoot obtained by the conventional

MPPIC scheme, the output voltage overshoot can be almost eliminated by using

MPSMC.

As also shown in Fig. 5.4(b), the active power under MPSMC responds much
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Figure 5.4 : Steady and dynamic performances, where (a) DC voltage, (b) Active

power, (c) Instantaneous voltage and current of phase A in MPSMC, and (d) In-

stantaneous voltage and current of phase A in MPPIC.

faster than that under MPPIC, and has almost no undershoot, while both MPSMC

and MPPIC deliver similar steady performance. Figs. 5.4(c) and (d) illustrate the

performances of phase A grid current under MPSMC and MPPIC, respectively. The

AC current under MPSMC takes around one cycle time to reach the steady state,

whereas the conventional MPPIC algorithm uses about 1.50 cycle time to reach

steady state with an overshoot much bigger than that under MPSMC. The AC

current responding speed has been increased by approximately one third.
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Figure 5.5 : Unexpected DC Voltage demand increase condition, where (a) DC
voltage, (b) Active power, (c) Instantaneous voltage and current of phase A in

MPSMC, and (d) Instantaneous voltage and current of phase A in MPPIC.

5.5.3 Operation under load voltage demand variation

Fig. 5.5 shows the dynamic performances to an unexpected increase of DC
voltage demand under MPSMC and MPPIC, separately. The DC-link voltage is
stepped up from 150 to 180 V at t = 2's. As shown in Fig. 5.5(a), under the standard
MPPIC, it takes 0.10 s to reach the new operation state with no steady state error,
which is almost three times longer than that under the proposed MPSMC. On the
other hand, the DC-link voltage tracks the reference value with almost no overshoot

under MPSMC, while under MPPIC there is an apparent overshoot of 1.78%.
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Figure 5.6 : Unexpected DC Voltage demand decrease condition, where (a) DC
voltage, (b) Active power, (c) Instantaneous voltage and current of phase A in

MPSMC, and (d) Instantaneous voltage and current of phase A in MPPIC.

Fig. 5.5(b) shows the much faster active power dynamic response before reaching
the steady state value of 131 W under MPSMC than that under MPPIC. Figs. 5.5(c)
and (d) present similar dynamic and steady state performances of AC currents

obtained from both algorithms, respectively.

Compared to the response when a step change is applied to the DC voltage,
similar dynamic and steady state performances can also be achieved when a sudden
drop in voltage is imposed. In Figs. 5.6(a) and (b), both the DC voltage and active

power obtained from the proposed MPSMC and the standard MPPIC schemes can



112

155 : - - 400
=) ‘“’""W 5}
s &
= ~

145 —rw 0

—MPPIC —MPSMC
- - =Reference —MPPIC
140 - . : 200 - : :
1.5 2 2.5 3 35 1.5 2 25 3 3.5
Time (s) Time (s)
& (@) O
E 150 : o 150 ® .
% —Va % —Va
i 100 —TIa*10]] e 100 —Ta*10]1
& 50 -
g $ 50
o 0 o 0
% *
s _sof = 50}
g B
5-100} & -100}
o e
Z,-150 : - <150 : :
s 19 2 2.1 228 719 % 2.1 22
Time (5) Time (s)
(©) @

Figure 5.7 : Unexpected load variation condition, where (a) DC voltage, (b) Ac-
tive power, (c) Instantaneous voltage and current of phase A in MPSMC, and (d)

Instantaneous voltage and current of phase A in MPPIC.

track the reference values and reach the updated steady states. Figs. 5.6(c) and
(d) show the similar dynamic performances of grid currents obtained from the two

strategies, respectively.

5.5.4 Operation under load resistance variation

A sharp load resistance decrement from 280 2 to 140 2 at time instant 2 s
is applied to the system, as illustrated in Fig. 5.7. By following the designed
control law based on the system model, the output voltage can avoid excessive

distortion in MPSMC. Although the MPPIC can recover to the original voltage
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Figure 5.8 : Experimental setup of the AC/DC converter, where the labelled num-

bers are () DC resistive load, @ DC power supply, @ dSPACE, @ inductors, 5

DC capacitor C', ® AC/DC converter, and (7) control unit.

within a finite time length, the settling time, equal to 0.6 s, is much longer than
the proposed method and the undershoot, equal to 2%, can hardly be avoided. The
proposed MPSMC performance exhibits a fast response with no undershoot on the
load voltage, as well as the active power, as illustrated in Figs. 5.7(a) and (b). Note
that the transient currents on the grid side obtained from the MPSMC and MPPIC

strategies present similar performance in Figs. 5.7(c) and (d), respectively.
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5.6 Experimental Testing

A laboratory prototype of the AC/DC converter, as shown in Fig. 5.8, was
developed for the verification of the proposed MPSMC and the MPPIC schemes.
A three phase variac was used to achieve a 50 V / 50 Hz power supply voltage. A
6MBP50RA-060-55 Three-Phase IGBT Module from Fuji Electric was used as the
three-phase AC/DC converter. A 680 uF' DC capacitor and a 140 € resistance load
with a current limitation of about 1.5 A are connected in parallel on the DC side.
The experimental parameters are the same as the simulation parameters, presented
in Table 5.1. Four LEM voltage sensors (LEM LV 25-P) and three LEM current
sensors (LEM LA 25-NP) were used to measure the DC-link voltage, grid voltages

and grid currents, respectively.

The experimental tests of the proposed MPSMC and the conventional MPPIC
methods are carried out by applying the real-time interface system dSPACE with a
DS1104 control desk. This control desk works together with MATLAB /Simulink-
R2009. Both control schemes are implemented in C language, and the computations
are performed on the dSPACE DS1104 controller board. The sampling frequency
is 10 kHz in the experimental tests. The data recording and reference values were
observed and set via the dSPCE ControlDesk environment. The obtained experi-
mental results are shown in Figs. 5.12, 5.13 and 5.14 for both MPSMC and MPPIC
schemes during various disturbance operations. The reactive power is set to 0 Var
to achieve a unit power factor. Since it takes a long time for the system to reach the
new operation with no steady state error by using the conventional MPPIC method,
the response time for the MPPIC scheme in the following experimental results is
realistically defined as the time for the system to reach a new operating condition

within a 1% steady state error.
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5.6.1 Selection of PI parameters for MPPIC scheme

In order to choose the best MPPIC method performances to compare with
MPSMC, the standard rule of designing the PI controller proportional and inte-

gral parameters, denoted as K, and K, respectively, is used in this chapter [121].

A parameter z defined as

V'dQ
— _de 5.27
ek (5.27)
is introduced to analysis the system plant.
Then the first-order derivation of z can be written as
5 = ViVie. (5.28)
Equation (5.9) can then be rewritten as
2
Prop=Ci+ (5.29)
Ry
The system plant can be expressed as
- Ry

Pref %S—I—l

Based on the standard rules in Table 4.5 in [121], the rate of K,/ K; is calculated
by using
K, &R

By &/C 5.31
K (1+ 82 (5.31)

where ¢ is the damping ratio of the system, and recommended to be set as 0.707.
Based on this design principle, the PI parameters K, and K; are fine tuned

for each specific operation condition. The selection process is analysed and the

obtained DC-link voltage performances with different controller parameter values

are compared.

Fig. 5.9 shows the different voltage performances with varying K, values and

a constant /;. With the same reference, the overshoot and response time will be
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affected by the gains of PI controller. As shown in Fig. 5.9, the output voltage
can reach the reference value much faster with a larger proportional part. On the
other hand, this increased K, leads to an overshoot on the voltage. Taking both the
overshoot and response times into consideration, an appropriate K,, which equals

0.15, was selected for this test.

Once the gain of K, is adopted, the integral parameter K; is chosen based on the
steady state error and the oscillation. It can be observed from Fig. 5.10 that the DC
voltage is able to achieve the target under different K; gains. The steady state error
keeps within 2% of the expected value. However, when the K is small, as shown in
Fig. 5.10(b), the output keeps increasing to reach the reference without any error.
This takes a long settling time for the system. While with a larger value of K; in
Fig. 5.10(c), this yields a faster response, but also a larger amplitude of oscillation.
Considering these two factors, a K; coefficient with 600 is devised for this system.
Therefore, a PI controller with K, and K;, equal to 0.15 and 600, respectively, was

designed for voltage variation operations.

It is noticeable that if the same parameters are used in load variation operations,
as described in Fig. 5.11(a), the undershoot is comparatively large, which is not
the best performance for MPPIC. From Fig. 5.11, it can be seen that the larger
coefficient K, the system has, the less undershoot the DC-link voltage will perform,
as long as the system is stable. Therefore, K, = 0.3 was tuned manually to get
better performances in the load variation comparison study. Based on the above
analysis, it can be seen that automatic tuning is significant and necessary for the PI

controller to achieve better steady and dynamic performances.

The oscillations that are observed in Figs. 5.9-5.11 are due to the background
noise, analogue-to-digital conversion error, limited vectors in the MPC method, and

certain uncontrollable practical factors.
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5.6.2 Comparison of MPSMC and MPPIC schemes

The dynamic performances of the standard and proposed methods with the DC-
link voltage demand variations are experimentally compared in Figs. 5.12 and 5.13.
It can be seen clearly that the output DC-link voltage can be regulated to the desired
value for both proposed MPSMC and traditional MPPIC methods. The DC voltage
reference steps from 150 V to 180 V at 0.3374 s. It takes 0.0177 s for the system
controlled by the proposed MPSMC method to reach the new steady state, which
is much shorter than 0.0253 s by the conventional MPPIC scheme with 1% steady
state error. The response time has been reduced by 30%. From Fig. 5.12(b), it
can be observed that there is an obvious overshoot of DC-link voltage by using the
traditional method. Similar performances of active power and reactive power for
both schemes are illustrated in Figs. 5.12(c) and (d), respectively. For both two
algorithms, an overshoot is introduced on the active power and the PQ coupling
cannot be eliminated. When the active power increases, there is an obvious spike on
the reactive power obtained from the MPPIC strategy. Figs. 5.12(e) and (f) depict
the grid currents of phase A for two control strategies. The current dynamic response
obtained from MPSMC also presents a much faster speed than that from MPPIC.
The grid current response time is similar to that for the DC voltage obtained from

the corresponding scheme within 1% steady state error.

Fig. 5.13 presents the dynamic and steady performances of the two methods
when a reduction in the voltage demand is applied. The DC voltage obtained from
MPPIC has a steady state error of approximately 1.3% for the operating point
while the error for MPSMC is zero. This means that a much longer response time
is required for MPPIC to track the reference value without steady state error. The
reason for this steady state error is that the PI control parameters are selected
to ensure the system will operate effectively when a 180 V voltage reference is

employed. During the operation, this pair of parameters is fixed and constant.
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123

However, these selected parameters are not the best choice for the new working
condition when the voltage reference is reduced to 150 V. It is impossible for them to
be tuned automatically based on different operations, which leads to a long response
time. Compared with the dynamic performances of MPPIC, similar performances
of active power, reactive power and ac current are shown in Figs. 5.13(c), (d), (e)
and (f), respectively. With the selected PI parameters, the system voltage inclines
to decrease rather than increase, which yields no overshoot. Therefore, the current
during the voltage drop operation is different from that during the voltage increase

operation, which can also be proved in the simulation result.

The dynamic responses to the external load disturbance by applying MPSMC
and MPPIC strategies are exhibited in Fig. 5.14, where the external load is suddenly
changed from 280 €2 to 140 2 at time instant 3.4 s. As the sliding surface is designed
based on the model, the DC-link voltage can reach the new state almost immediately,
as shown in Fig. 5.14(a). Fig. 5.14(b) is the experimental DC-link voltage waveform
for the conventional MPPIC. It has an undershoot of the DC voltage and takes
around 1.5 s to track the reference after the load variation. It can be verified
that the control performance by using the proposed method is improved since the
undershoot can be eliminated. Fig. 5.14(c), (d), (e) and (f) show that the dynamic
performances for active power and grid current are much similar for both schemes,

respectively.

5.6.3 Discussion

Table 5.2 summarizes the settling time of simulation and experimental tests by
using the proposed MPSMC and MPPIC algorithms. The response time for the
simulation results is from the starting point to the steady point when the output
hits the reference with no steady state error. For the experimental results, due to

the signal transmission and acquisition, the settling time with no steady state error
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Instantaneous voltage and current of phase A in MPPIC.
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is longer than the simulation results. In order to analyze the dynamic performance,
the response time is defined from the starting point to the final point within 1%
steady state error for voltage variation operations. Therefore, the results obtained
from the experimental tests are much shorter than those from simulation tests dur-
ing the voltage varying operation. It can be seen from Table 5.2 that the settling
times obtained from MPSMC are much shorter than those from MPPIC for both
simulation and experimental tests. For the load variation operation, in order to ob-
serve the steady state performance, the settling time is compared when the output
hits the reference value with no error. As shown by both simulation and experimen-
tal results, the proposed MPSMC exhibits better performance than the traditional
MPPIC. Due to the use of space voltage vectors, both the switching frequency for
MPPIC and MPSMC methods are not constant.

There is an inrush current in the simulation results of MPSMC or MPPIC, as
shown in Fig. 5.4. The reason is that the grid source with 50 V amplitude was
connected all the time. When we started the system, there was an inrush current at
the beginning. In the experiment, for safety reason, a variac is connected between the
power grid and the system. The voltage increases slowly from 0 V to the expected
value. By increasing the power supply slowly, the inrush current can be limited.
However, since the actual system will be connected to the power grid directly, it
will cause a large inrush current that may destroy or reduce the lifetime of the
semiconductor as well as false-trigger the protection circuit in the AC power supply.
Nevertheless, a by-pass diode or a soft-start procedure can be added in this situation

to reduce and limit the inrush current.

5.7 Concluding Remarks

In this chapter, a novel model predictive sliding mode control technique named

MPSMC was presented and implemented for an AC/DC converter. The proposed
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Settling time for simulation and experimental tests.

Operation

Control schemes

MPSMC (s) MPPIC (s)

Voltage increase

Voltage decrease

Load variation

Simulation results
Experimental results
(within 1% steady state error)
Simulation results
Experimental results
(within 1% steady state error)
Simulation results
Experimental results

(steady state error is 0)

0.03 0.35
0.0177 0.0253
0.025 0.025

0.02 0.03
< 0.01 0.6
<0.1 1.5

control method was compared and contrasted to a model-based control scheme called

MPPIC, which is based on the system model and the designed cost function. Accord-

ing to the objectives and parameter references, it was possible to select an optimal

switching state to achieve the target. The PI controller was applied to generate the

active power reference in the control loop. During the operation, the system will

encounter some transient disturbances, such as voltage and load demand variations.

However, the parameter values of the PI controller are constant, which are hard

to adjust along with system disturbances. MPSMC combines the main advantages

of both MPPIC and SMC schemes, such as the ability to achieve multi objective

control and simple implementation. The designed surface of the SMC is based on



127

the system model. This design can help it track the references and load resistance
much more accurately and faster. The proposed MPSMC method was validated
by extensive simulation and experimental testing in comparison with MPPIC. The
results show that with the same demand variation, the MPSMC technique has a
faster dynamic response and no steady state error of the DC-link voltage compared
with the MPPIC scheme. The effect of improvements depends on the variations of
different system disturbances and demands. On the other hand, the dynamic and
steady state performances of active power, reactive power and grid currents obtained

from the MPSMC were much better than those achieved from the MPPIC.
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Chapter 6

SYSTEM CONTROL OF A SMART CAR PARK
INTEGRATION WITH GRID

6.1 Introduction

Electrica vehicles (EVs) have been extensively used in a range of applications
in transportation systems, such as public buses [122], personal vehicles [123], and
railway trains [124]. Compared with the traditional gasoline cars, EVs have sev-
eral advantages: the application of the clean energy, high efficiency, environmental

protection and control over the charged or discharged energy [125]-[128].

With the widespread use of EVs, a larger number of EV batteries will be plugged
into the grid or distributed systems. To take full advantage of the plugged EV
batteries, bidirectional converters have attracted researchers attention [129]-[130].
Energy management system and optimization charging methods were proposed and
reviewed in [126] and [131]. With effective control strategies, the EV batteries can
exchange the energy with the main power grid. Generally, the grid provides the ac-
tive power to charge the batteries, known as the grid-to-vehicle (G2V) technology.
On the other hand, the EV batteries can operate as active power generators with
the bidirectional control schemes, called the vehicle-to-grid (V2G) operation [80].
Apart from supporting the grid with the active power, nowadays, EVs have abili-
ties to improve the power quality by compensating the reactive power, and this is
called vehicle-for-grid (V4G) [5]. The works in [24] and [132] investigated the reac-
tive power operation for EVs using off-board chargers while charging the batteries.

Tanaka proposed a reactive power control strategy to reduce the capacity of smart
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Figure 6.1 : System block diagram for EV charging stations with (a) AC bus struc-

ture, and (b) DC bus structure.

chargers for EVs [133]. In most of these papers, EV chargers have been used as the
SVCs. In this chapter, the proposed system operates in G2V, V2G and V4G modes
to support the grid by exchanging both active and reactive powers simultaneously

102, 134].

For micro-grids, such as smart homes, smart buildings and smart car parks, DC
bus and AC bus topologies are the two basic connections between the grid and
numerous charging stations [135]. The EV charging station with the AC parallel
solution is presented in Fig. 6.1(a). The topology has several interleaved AC/DC
converters to connect the grid with loads. Each integrated charger is independent of
the others, which improves the system stability. However, one of the disadvantages

for this complex structure is that more components are required compared with



130

| I
AV -~ [
| — —| : DC Bus
[ : |
Grid: = : = = o Renewable
| Modular | — — = Sources
'bidirectional! | |
: AC/DC : Storage EVs Electronic
| converters || _Dystem loads

Figure 6.2 : DC bus topology with modular AC/DC converters.

the DC bus system. This serious problem leads to higher cost, larger size and
more complex control strategies for this AC parallel topology. In a DC distribution
system, shown in Fig. 6.1(b), a main central AC/DC converter with high power
ratings is needed to interface the grid [136]. The main AC/DC converter is in
series with the EV chargers, storage systems and other electronic loads via AC/DC
converters. The reliability of the distributed system relies strongly on the central
converter. Once unexpected faults occur in the AC/DC converter, the whole system
will be affected and influenced. To solve this problem, an improved topology with
modular bidirectional AC/DC converters is proposed in work [137] to replace the
main central AC/DC converter, as shown in Fig. 6.2. Due to the DC structure,
it is a viable solution for the nature of the loads [136]. However, since there is no
zero-crossing point in the DC bus system, it has a great potential risk of the DC
arcing fault [138]. Table 6.1 compares the pros and cons of the AC and DC buses

structures from the users view.

To analyse the dissemination of EV batteries bidirectional power flow, a com-
parison of AC and DC buses systems for off-board EV charging stations is presented

in this chapter.
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Table 6.1 :

Features of AC and DC buses systems

Compare aspects AC system DC system
in parallel, independent in series, dependent
AC/DC converter
and convenient and high power ratings
do not rely on rely on the main
System reliability
AC/DC converters AC/DC converter
Cost high low
Size larger small
more complex control N0 Zero-Crossing

Others features

strategies are needed  leads to DC arcing fault

6.2 Active and Reactive Power Controllers for AC and DC
Buses

A smart car park consists of numerous charging stations, an aggregator and
some storage devices, as proposed in the work [76]. Fig. 6.3 shows the smart car
park system with a DC bus, which is composed of a central three-phase 2-level
AC/DC converter and numerous bidirectional DC/DC converters interfaced with
the EV batteries. Fig. 6.4 shows the smart car park system with an AC bus, where
the EV batteries are connected with the main grid through a three-phase 2-level
AC/DC converter and a bidirectional DC/DC converter. Each charging station is

independent of the rest of the chargers.

Ignoring the power loss in the transmission, the active and reactive powers re-
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lationships among the main grid, EV batteries and the storage devices can be ex-

pressed as
N
PGrid - Z Pdc#n + PStOT‘7 (61>
n=1
N
QGrid = Z Qdc#n + QStora (62)
n=1

where Pgria, Qcrids Pstor, Qstors Pacyn and Qgexr are the active and reactive powers
provided by the grid, absorbed by the storage system, transferred by the nth DC/DC
converter, respectively, and N is the current number of EVs parking in the smart
car park. The positive direction of the active and reactive powers flows from the

grid to the batteries.

Each EV battery will be plugged into the charging station after arriving at the
car park, and the battery demands are sent to the central controller via the WiFi

connection. Therefore, the nth battery expected energy (Py,4,) can be represented
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as

Pb*at#n :P;c#n (TL: 1’7N) (63)

where Pj_,, is the reference value of the nth DC/DC converter active power. Py,

is determined by the nth EV’s parking time, expected SOC and rated capacity.

The grid active and reactive power are sent to the MPC strategy as the reference

values to control the AC/DC converters, and can be expressed as

M

Périd = Z PaC#m (6.4)
m=1
M

Q*G’rid - Z Qac#m (65)
m=1

where Pyesm and Quesm are the transferred active and reactive power of the mth

AC/DC converter, and M is the number of the current connected AC/DC converters.

From Fig. 6.3, it can be seen that one main three-phase 2-level AC/DC converter

is needed in the DC Bus, which means M is equal to 1. Thus, (6.4) and (6.5) can
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be rewritten as

N

Pgrid = PG«C = Z Pl;kat#n + PStOT7 (66)
n=1

Q*Gm‘d - Qaw (67)

In the AC bus system, as shown in Fig. 6.4, each DC/DC bidirectional charger
interfaces with the main power grid via an AC/DC boost converter. Hence, (6.4)

and (6.5) can rewritten as

N+1 N

Pria = Z Pactn = Z Pl:zt#n + Pstors (6.8)
n=1 n=1
N+1 N

QETid = Z Qac#n = Z QZc#n + QStOT; (69)
n=1 n=1

Once the active power commands obtained from the main grid and the EVs are
determined, the storage device is used to compensate the difference between them.
Since the capacitor of the storage system (Psorcqp) is limited, one system constraint
is defined as

PStor < PStor,cap- (610)

6.3 Numerical Simulation

Comparative simulation results obtained from the smart car park system with
DC and AC buses are presented in this section. In order to simplify the observa-
tion of the power flow during transmission and the EV battery information, five
charging stations are used in this simulation. The smart car park system electric
parameters are shown in Table 6.2. The five EVs arrival and departure time infor-
mation are presented in Fig. 6.5. The active power reference vector of EVs By,
is defined as [1000 -500 -1000 2000 500] (). The two topologies are compared in
the G2V, V2G, inductive or capacitive V4G, and the combination of G2V or V2G
with (inductive/capacitive) V4G operations. Note that the vehicle-to-vehicle (V2V)

operation mode exists along with the aforementioned eight operations.
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Table 6.2 :

System parameters for bidirectional charger

Symbol Quantity Value
R Grid line resistance 0.25 Q
L Filter inductor 10 mH
C Filter capacitor 470 pF
Lge DC inductor 100 pF
Vir Grid line-line voltage (RMS) 100 V/
f Grid frequency 50 Hz
Ty Sample time 50 ps
Vit Battery rated voltage 300 V
SOC;,; Battery initial SOC 50%

EVs
departure

Figure 6.5 : Arrival and departure time of the parking EVs.
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Fig. 6.6 compares the dynamic response of active and reactive powers provided
by the main power grid with DC bus and AC bus connection topologies, respectively.
It can be observed that with the proposed two circuit structures, the system can
be controlled to meet the grid active and reactive power requirements effectively.
However, both the active and reactive powers obtained from the AC bus topology
have larger ripples than the power from the DC bus, as shown in Figs. 6.6(a) and

6.6(b), respectively.

Fig. 6.7 shows that all the EVs can be charged or discharged with expected
powers based on their demands, arrival and departure times. For example, the 1st
EV (#1) is plugged into the station at ¢ = 1s and parked for 2s with the power
reference equal to 1000 W. It can be seen that the charger can track the EV’s
demand and has a fast dynamic performance. The battery active power reference

Pyo: 1s set to be zero when no EVs are plugged into the chargers.

A storage device, such as a super-capacitor, is used to compensate the active
power difference between the grid and the EVs. It works effectively in both DC
and AC buses, as shown in Fig. 6.8. According to the demands from the grid and
the EV customers, the storage system can operate as the energy consumption load
or an active power generator. On the other hand, when the active power provided
from the grid is equal to the active power absorbed by the EV batteries, no action
is performed in the storage system. As an example, since no EVs are plugged in
during the first time interval (0 ~ 1s), the storage device is considered as the only

load to absorb the energy from the grid to meet the needs.

In Figs. 6.9 and 6.10, the batteries’ SOCs and currents are described according
to the expected batteries charging power P,,;. From the results, the fast dynamic
response and the great steady-state performance are further verified. The battery

SOC keeps constant when EV battery is unplugged.



Pgrid (W)
obtamed from DC bus

Pgrid (W)
obtaimned from AC bus

Qgrid (VAR)
obtained from DC bus

Qgrid (VAR)
obtained from AC bus

137

5000 - - -Pgref] |
O —_H =
-5000 F 5
_10000 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Time (s)
5000 F - - -Pg ref] |

G2V with V2G with V2G with G2V with|

ST - G2V Trduetive V2G Capacitive ;, qctive inductive capacitive capacitive
VG VAG  waG | vaG | V4G | V4G
- 10000 L 1 L 1 1 L L
0 1 2 3 4 5 6 7 8
Time (s)
(a) Active power.
2000 T T T 1 T T 1
---Qg
P - -Qg7ref
4 m
: PR '
-2000 | 1
_4000 L L L 1 L L L
0 1 2 3 4 5 6 7 8
Time (s)
2000 T T T 1 T T T
0 -
-2000 F , G2V with V2G with V2G with G2V witlr]
Gay Inductive g Capacitive g4 eive  inductive capacitive capacitive
VG VAG | wvug | vaG | V4G | V4G
_4000 1 L L 1 1 L 1
0 1 2 3 4 5 6 7 8
Time (s)

(b) Reactive power.

Figure 6.6 : Active and reactive powers of the power grid.



Pstor (W)

Pstor (W)

1000 T T T T T T T
P S S 7Pbat,LPF
- 7PbatMAF
= 500f '
5
3
g or ]
B
3
5] I i
g -500
_1000 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
Time (s)
Figure 6.7 : Active power of the EV batteries.
@0 5000 1 T T 1 T T 1
=
O
@]
)]
g of —L_____I—j——— |
Q
=
o
]
.
Z2-5000F .
O
e 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Time (s)
] 5000 T T T T T T T
=
i)
@]
<
g or _L—'I §
=]
3=
é i Conacitive G2V With V2G with V2G with G2V with
G2V pauctive = G apacilive i, quctive - inductive capacitive capacitive
£ -5000 V4G Va6 vag 4G V4G V4G |
c 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Time (s)

Figure 6.8 : Active power of the storage device.

138



_Z #1
X 5 50.005 H—#2 e
S
&) ) —#3
S &  SOH % .
u 2 —#5
g = 49.995F 3
2 Q
o § 49.99 F .
e
49.985 L L L 4
0 1 3 4 7
Time (s)
) T T T 1
= #1
£ 3 50,005 H—#2 -
S
S g S0H—# .
v 2 —#5
2 5 49.995 - : —
303'_). E —— o G2V with V2G with V2G with G2V with
S - L. G2V V2G inductive - inductive capacitive capacitivel
49.99 p p
M ;: V4G V4G G VG V4G V4G
49.985 L k k L
0 1 3 4 7 8
Time ()

Figure 6.9 : SOC of EV batteries while connected to charging stations.

5 10 ; ; : —
<o
i:/ O 5t —#2]
Z
i —#3
E E | 1| #a]
= o — "
e o<l i
g
L

e B =}

S_10 : : |

0 1 3 4 7 8
Time (s)

;10 : . —
<o
<5 st —nl
T
£ < —#3
EE o [ — L|—#4]
= %——-—-——J —#5
&2 st , G2V with, V2G with ! V2G with |G2V with
E '% Gay  Inductive y,5  Capacitive jnguctive inductive capacitive capacitive
22,k R V4G vag  vag  vaG  vaG

o - - . .

0 1 3 4 7 8
Time (s)

Figure 6.10 : Currents of EV batteries while connected to charging stations.

139



140

Table 6.3 :

System performance of DC and AC buses

Parameters DC Bus AC Bus
Paria 92 W 144 W
Ripple
Qcrid 87 VAR 203 VAR
G2V 4.3% 5.9%
V2G 18.0% 33.0%
Inductive V4G 5.0% 12.0%
Capacitive V4G 20.5% 41.0%
THD

G2V with inductive V4G 4.9% 11.0%

V2G with inductive V4G 4.4% 8.4%
V2G with capacitive V4G 4.1% 8.5%
G2V with capacitive V4G 4.0% 5.5%

Execute time 115 sec 775 sec
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Table 6.3 presents the comparison results of DC and AC bus systems in the
dynamic performance, including the power ripple, THD and execute time. From
the comparisons, it can be seen that lower active and reactive power ripples can be
achieved with the DC bus topology. The THD obtained from the DC bus system is
much smaller than that from the AC bus during numerical simulation operations.
The execute time is reduced from 775s to 115s by using a DC bus instead of an
AC parallel structure. It should be noted that the active and reactive power ripples

were calculated using standard deviations.

6.4 Concluding Remarks

DC bus and AC bus topologies for bidirectional power flow chargers in the smart
car park have been presented in this chapter. The two system structures have been
compared from the users view and the grid side. With a main central AC/DC
converter, the system reliability of the DC bus topology is limited and affected. The
AC/DC converter power level is higher in the DC bus system than the AC system.
On the other hand, the system cost and size can be reduced due to less components
compared with the AC parallel structure. The MPC strategy is utilized to track
the commands sent by the grid and the EV customers. Both circuits operate under
G2V, V2G, V4G and the combinations of G2V and V4G or V2G and V4G modes,
to support the grid and the batteries. The storage device and EV batteries can
be regarded as not only the general loads, but also the active power generator and
the reactive power compensator. An efficiency comparison is presented in terms of
power ripple, THD and execute time. This comparison was performed under the
proposed eight operations. The obtained results show that both the DC and AC
bus structures can track the grid references and satisfy the EV batteries demands
effectively. The dynamic response is fast and the steady state performance is good

in both two systems. However, the power ripples, THD, execute time are much
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lower using a DC topology than applying an AC topology.



143

Chapter 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

This dissertation presents a smart car park system model and finite control set
model predictive method for bidirectional chargers. A car park with numerous EVs
can be regarded as an energy storage device. It can support the main power grid
by exchanging active and reactive powers. The model predictive control theory has
been used widely in science and it has received high attention for power electronics
over the last several decades. Compared with PI control and direct power control,
predictive control scheme show better system performance. This work develops
a smart car park system where the EV batteries and charging stations exchange
the active and reactive power using model predictive control or a modified MPC

technique.

In Chapter 3, the infrastructure of a smart car park model with numerous EVs is
presented. The proposed model has a control center to interface with the power grid
and charging stations. The charging/discharging power rates, real-time electricity
price and grid demand are considered in the model. Profits of the car park obtained
from exchanging the active and reactive powers are detailed and described. An
optimal charging/discharging method is proposed to maximize the profit for the car
park owner and save the cost for EV drivers. From the simulation results, it can
be seen that with the proposed optimal charging/discharging scheme, the car park

profit is improved and the EV customers costs are reduced.

In Chapter 4, a modified model predictive control method for bidirectional power
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flow control between the EV chargers and the main grid is proposed. In contrast to
the conventional finite control set model predictive control which selects an optimal
switching state from eight possible voltage vectors, the proposed MMPC is based
on the application of an optimal voltage vector chosen from an extended set of 20
modulated voltage vectors with a fixed duty ratio. To reduce the computational bur-
den introduced by the increased number of voltage sets, a pre-selection algorithm
is developed for the MMPC method. Six voltage vectors are pre-selected from the
20 sectors. Due to the increased choice of voltage space vectors, the grid currents
and active and reactive power performance can be improved by using the proposed
MMPC scheme. Both the conventional and proposed methods are compared through
numerical experimental test results of a two-level three-phase off-board EV charger.
The active and reactive power ripples are reduced by using the MMPC method. Bet-
ter steady-state stability and fast dynamic performance are achieved in the proposed

scheme.

In Chapter 5, a model predictive sliding mode control scheme for a three-phase
AC/DC converter is presented to achieve better stability and dynamic performances.
In the conventional MPC method, a proportional integral controller is used to gener-
ate the active power reference. This traditional model predictive PI control scheme,
however, produces a large overshoot/undershoot, a long settling time and a large
steady state error under disturbances. To overcome these deficiencies, a sliding
mode controller is employed to replace the PI controller. Since the control law and
the controller are based on the system model, the proposed MPSMC scheme can re-
duce the effects of unexpected disturbances, such as the output voltage demand and
the resistance load variations. Both methods were simulated in MATLAB/Simulink
during various disturbances. Compared with the performances of MPPIC, the re-
sults obtained from MPSMC show that the settling time of the DC voltage can be

minimized by about 91% and the overshoot can be eliminated from 9.13% during the
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steady state progress. The active and reactive power from MPSMC can also be con-
trolled to the desired values, respectively, with a much smaller overshoot /undershoot

and a faster response speed. Similar dynamic improvements can be achieved with

MPSMC when the DC voltage demand varies.

In Chapter 6, a comprehensive comparison of a smart car park with DC bus topol-
ogy and AC bus topology for two-stage bidirectional electric vehicle battery chargers
is presented. The model predictive control algorithm is applied in these two method.
In terms of power ripple, THD, execute time, quantity of switches, AC/DC converter
power level, switch cost and size, comparative simulations of the two topologies are
performed under the proposed eight operations in Matlab/Simulink. The obtained
results show that both the two system structures can operate effectively and the
commands from the grid and EVs customers can be satisfied. On the other hand,
the power ripple, THD, execute time, quantity of switches obtained from the DC
bus topology are much lower compared with the AC bus system. Therefore, the
switch cost and system size can be reduced in a DC bus. However, the power level
of the AC/DC converter in a DC bus is much higher than the AC bus. Fast dynamic

performance and better steady-state response are achieved in both topologies.

7.2 Future Work

This thesis takes the model predictive control for bidirectional EV chargers from
numerical simulation to experimental testing results. However, there still is the

potential for future research:

e In this thesis, the system can work effectively with an MPC method. However,
two MPC controllers are used to control the two-level EV charger: the AC/DC
converter and DC/DC converter. In my future work, one whole MPC controller

will be studied to control the bidirectional two-level charger.
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e Experimental validation for DC and AC bus systems in Chapter 6 will be

developed to compare the characteristics of each topology.
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