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ABSTRACT

The Electric Vehicles (EVs)/ plug-in hybrid EVs (PHEVs) are slowly and
steadily making inroads, in public as well as personal vehicle markets worldwide. The
limited fuel reserves and pollution caused due to conventional internal combustion
engine (ICE) driven vehicles are the main driving elements for allowing a paradigm shift
towards EVs. However, with the rapidly increasing demand of EVs, many experts had a
manifest concern regarding the charging infrastructure and thus, several studies have
been presented over it. With the growing popularity of EVs, power distribution networks
are under stress to accommodate the charging infrastructure. The large-scale penetration
of EV charging loads in low voltage network may lead to severe voltage fluctuations,

overloading of distribution transformer and harmonics related power quality issues.

To subsides the negative effect of EVs on distribution system, smart charging
technique must be required. During one of the two operating mode, EV charger transfers
active power to grid as well as compensating reactive power and known as Vehicle to
grid (V2G) mode. This mode requires a bidirectional EV charger which may operate in

all over the active-reactive (P-Q) power plane.

Moreover, single phase single stage EV chargers have inherent problem of
producing second order ripple component on DC side. This problem is further
exaggerated during vehicle-to-grid (V2G) mode of operation where it may be normally
controlled to supply both active as well as reactive power. During the V2G reactive
power compensation, the second order harmonics ripple component at DC side will
increase which further reduces the life cycle and performance of battery pack. Therefore,
the second order ripple component must be minimized for improving the life of battery

pack.

Therefore, the main aim of proposed study is to develop a robust control system
for EV charger to operate it in wide range of G2V and V2G mode of operations while
maintain the amount of ripple content on DC side within the permissible limit. The EV
charger may supply active power to grid if required and compensate reactive power
(inductive or capacitive) if a battery charges at slower rate. In that case, the remaining
rating of charger is utilized for compensating the reactive power for optimally utilization
of charger’s rating. Moreover, if the battery is not connected to the charger, then the EV

charger can work as an active power filter and improves the power quality.
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In this regard, total four control techniques based on proportional integral (PI),
proportional resonant (PR), plant integrated proportional integrated (PIPI), repetitive
controller (RC), and adaptive neuro-fuzzy inference system (ANFIS) have been presented
in this thesis for two stage EV charger. The two control techniques have been presented
for both ON board and OFF board EV charger. These EV chargers having two
conversion stages i.e., AC-DC and DC-DC converter. Both the converters have their
separate controller. Moreover, for single phase single stage ON board EV charger, a
control technique has been proposed for minimization of second order ripple presented
on DC side. For this, single phase AC-DC converter is utilized for charging purpose.
Further, all the EV chargers are able to compensate the reactive power of local load.
They all have active and reactive power input references where active command depends
on customer desire charging rate and reactive command is requested by grid. All EV

charger prototype is controlled by using dSPACE 1104 in laboratory.
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1.1 Why Electric Vehicle?

With depletion of oil reserve, a paradigm shift is required from fossil fuel vehicle
to zero emission, more efficient and sustainable electric vehicle (EV). To discourage the
use of fossil fuel usage in order to get rid of pollution and greenhouse emission, the
interest in research for EVs has increased significantly in last two decades [1]. Although,
the industry of such vehicle is massively growing but the obstacle of short driving range
is creating a hindrance in the pathway of overruling the automotive industry where fuel
based conventional vehicles is still a priority for consumers [2]. Therefore, hybrid
electric vehicles (HEVs) are gaining popularity. These types of vehicles having
minimum two energy sources in which one of them is providing electrical energy [3].
They carry a conventional gasoline engine and an electric motor. Therefore, a HEV
provides long driving range but highly reliant on gas. Since, a hybrid vehicle has two
powertrains, they are much more complex, highly expensive and required more

maintenance in comparison with gasoline and electric vehicle as they have single




powertrain. However, the EVs are clean alternative for environment as there is no need
of liquid fuel. They are highly responsive, provide a high torque and may save more on

fuel consumption and maintenance in comparison with other gasoline based vehicles [4].

1.2 EVs, Chargers and Charging Power Levels

1.2.1 Classification of Electric Vehicles (EVs)
Generally, EV can be classified as Battery Electric Vehicle (BEV), plug-in hybrid
electric vehicle (PHEV), HEV and Fuel Cell Electric Vehicle (FCEV) [5] [6].

Table 1.1: Comparison of EV types.

EV Driving

Source Merits Demerits
Type Component
No carbon
. emission, less Battery life and its
Electric motor . .
Battery, running cost, less cost, short driving
BEV . : . :
Ultracapacitor maintenance costin  range and charging
comparison with time
HEV & PHEV.
Expensive, required
Gasoline Battery, Moderate emission, = more maintenance,
HEV  engine, Electric Ultracapacitor, higher range than  highest running cost
motor Gas BEV. and complex
architecture
Highly expensive,
Gasoline Battery, Very less emission, required large
PHEV  engine, Electric Ultracapacitor, highest driving battery pack than
motor Gas range. HEV and complex
architecture
N.O garbon High fuel cell cost,
emission, not .
depends on transportation and
FCEV  Electric motor Fuel cell petx production of
electricity and .
required less time hydrogen and life
d cycle of fuel cell

to refuel.

a) Battery Electric Vehicle (BEV): - The EV which has only single source of

energy i.e., battery is known as BEV. The BEV only depends on energy available in
battery pack. Hence, the range of BEV directly depends on capacity of battery pack.
Generally, these vehicles can go 100-250 KM on single charge, whereas the vehicles
having larger battery bank can cover around 300-500 KM. However, these ranges may
vary and depends on driving style and conditions. Moreover, BEVs are environmental

friendly and very less running cost [7].



b) Hybrid Electric Vehicle (HEV): - These types of EVs have two sources of

energy i.e., fuel and battery pack. They have both internal combustion (IC) based engine
and electrical powertrain. The electrical energy source can be used in low-speed
conditions, urban areas and when low power is required. It can help in reduction of fuel
consumption in case of traffic jams condition. When high speed is required, these
vehicles switch to IC engine. Moreover, both drivetrains can be used together to increase
the performance of vehicle. However, due the two energy sources the cost of HEVs is

higher than the BEVs. Further, the working modes of HEV is discussed below [8], [9].
(i) Electric only

In Electric only working mode, the vehicle is driven by battery energy only as
shown in Fig. 1.1. Here, the electrical energy is passed through the DC-DC and AC-DC
converters. During this mode, there is no consumption of fuel and vehicle is driven by
electrical energy of battery pack. Due to that, this mode is very much suitable for

environmental point of view.

Lrame oni
Tank Control
I ¢
Engine Generator Rectifier AC
DC
DC
DC
Battery
Pack

Figure 1.1: Electric only mode of HEV.

(ii) Hybrid Electric Assist

In this working mode, both IC engine and battery pack supplies energy to wheels
as shown in Fig. 1.2. This working mode is used to improve the driving performance of
vehicle. However, during this the stress on mechanical coupling is increased due to the
simultaneously operation of IC engine and electric motor. Generally, small vehicles use

this combination because of its compact configuration.
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Figure 1.2: Electric assist mode of HEV.

(iii) Battery Charging
Tudl Motor
( Tank ) Control
B —
| Engine [F{Generator}-#4{Rectifier
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Figure 1.3: Battery charging mode of HEV.

During this mode, the IC engine drives traction motor while charging the battery
pack as shown in Fig. 1.3. However, this required two back-to-back conversion stages
i.e., AC-DC and DC-AC to drive the motor and a DC-DC conversion to charge the
battery pack. This increases the stress on IC engine as it performs two operations

simultaneously.

(iv) Regenerative Braking

Uram { Contra
Tank ontro
I U
Rectifier AC
| DC
DC
DC
Battery
Pack

Figure 1.4: Regenerative braking mode of HEV.
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Fig. 1.4 shows the regenerative braking mode, during this, the electric motor
works as a generator and charge the battery pack by the energy available on wheels.
During this, the kinetic energy available in motor is converted into electrical energy and

supplied back to the battery pack.

¢) Plug-in_Hybrid Electric Vehicle (PHEV): - The PHEVs have also two

powertrains (i.e., gasoline engine and electric motor) like HEVs but the electric
propulsion is main driving force in PHEVs. Therefore, it requires larger battery pack
than HEV, whereas the gasoline engine provides a boost in driving range or charge up

the battery source [10].

d) Fuel Cell Electric Vehicle (FCEV): - The EVs which has fuel cell source to

provide power to drivetrain are known as FCEVs. The advantage of such vehicle is the
electricity produce by fuel cells emits no carbon and time required to refueling it is same
as convention vehicle. However, due to the demerits in FCEVs such as high fuel cell
cost, hydrogen storage, transportation and production of hydrogen and life cycle of fuel

cell, these vehicles are not much popular [11].

On the other hand, the major barriers that has stagnated the overall success of
EVs are high cost, battery life, energy storage capacity, charging complications, short
driving range and lack of charging infrastructure [12]. Table 1.1 summaries the

comparison of above discussed EV types.

The EV mainly consist of three electric parts: an electric motor with gear box,
energy storage system (battery) and power electronics converter for battery charging and
motor driving as shown in Fig. 1.5 [13]. To overcome the problem of short driving range
in EV, the establishment of fast EV chargers is mandatory [14]. The system employs two
types of charging i.e., ON board charging and OFF board charging [15]. The OFF board
chargers are known as outdoor chargers, whereas ON board chargers are installed onto
the vehicle. The EV chargers may be two or single stage [16]. A single stage charger
consists of one power conversion stage i.e., AC to DC. In which the grid is connected
across the AC side and vehicle battery pack is connected to the DC side [17]- [18].
Whereas, dual-stage EV charger consists of two back-to-back connected power
conversion stages i.e., AC-DC and DC-DC converters [19]. The second stage DC-DC

converter reduces the ripple at battery side and provides galvanic isolation between grid



and battery pack [20]. From the battery life point of view, it is suggested to use a DC-DC
stage in between battery and AC-DC conversion stage. However, the use of DC-DC
stage will increase the hardware cost, with decreased efficiency and increased component
count. Moreover, in comparison of two stage charger the control complexity is quite low
for single stage charger but it must have higher voltage at DC link than the amplitude of
the AC side voltage. However, the EV charger attains the requisite voltage level by two-

stage conversation in accordance with battery parameters [21].
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Figure 1.5: Typical EV architecture.

1.2.2  Electric Vehicle Chargers

The charging systems can be inductive and conductive as shown in Fig. 1.6 [15].
The inductive power transmission systems transfer the power without physical electric
connection. It can transfer power from transmitter to receiver wirelessly by using
electromagnetic (EM) field [22]- [23]. Therefore, the efficiency of inductive charger is
less and it is expensive than conductive method. However, the conductive system has
physical electric contact between transmitter and receiver. Therefore, it has higher

efficiency and lesser in cost than the inductive systems [24].
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Figure 1.6: EV charger (a) Inductive and (b) Conductive.

1.2.3 Charging Levels

The charging system are further categorized on the basis of charging time as level
1 (slow), level 2 (semi-fast) and level 3 (fast) charging [45], [46], [47]. Level 1 is slow
charging method generally used for overnight charging at home or office. The voltage
level required for ON board slow charger is 120 V AC or 230 V AC. Level 2 (semi-fast)
charging method for both public and private and required 230 V AC outlet. Level 3 (fast)
is OFF board fast charging method for commercial and public applications and required

208-600 V 3-phase AC or DC.

Some important specifications including level 2 charging time are listed in Table
1.2. It can observe that generally the vehicle has nominal battery pack voltage around
350 V. However, it depends on arrangement of cells and it varies from vehicle to vehicle.
The trend of higher battery pack voltage can be seen in Table 1.2 for example Porsche
taycan has 800 V battery pack [42]. Generally, the rating of ON board charger is between
3 kW to 7 kW. By using level 2 charging, Honda e takes 6 hrs to fully charge the 35.5
KWh battery pack via 6.6 kW ON board charger [33]. On the other hand, it takes 9 to 10
hrs to fully charge the 64 KWh battery pack of Kia Niro [37]. Therefore, the charging
time depends on the battery pack capacity and ON board charger rating.

In level 3 (fast) charging, first AC voltage is converted into DC and vehicle is DC
connected to OFF board charger or charging station [48]. The charging current is very
high in comparison with ON board charging. Therefore, it takes very less time to charge
the battery pack. Nevertheless, this high value of current will diminish the battery pack
life span due to the heat develop in batteries. Generally, the time required to charge the
battery pack from 20% state of charge (SOC) to 80% via level 3 charging is around 30
minutes. As an example, the Porsche taycan takes 22.5 minutes to charge the battery

pack upto SOC 80% [42].



Table 1.2: Some EVs specifications.

Battery Electric Battery Charger CI;;‘;eliﬁ
Vehicle Type Size Range Voltage Power Tin%e g

(KWh) (KM) W) (KW) (Hrs)
BMW 13 EV 422 246 352 7.4 5
[25]
Jaguar I- 0
Pace [26] EV 90 470 390 7 10 (80%)
I[glj]san Leaf — py 40 230250 360 6.6 8
E";T“ar 2 78 4425 N/A 7.4 7.7
MG ZS [29] EV 44.5 340 6.6 6-8
Tata Nexon EV 30.2 312 320 3.3 8
[30]
Hyundai
Kona [31] EV 39.2 452 356 7.2 6
Toyota Prius .
133] Hybrid 4.4 40 201.6 33 2.1
Honda e [33] EV 35.5 220 N/A 6.6 6
Audi ¢Tron EV 90 400 396 11 10.5
[34]
Mercedes-
Benz B- EV 28 140 360 11 3.5
Class [35]
Ford Focus-
Electric [36] EV 23 185 240 6.6 5.5
Kia Niro
137] EV 64 384 356 7.2 9-10
Eegia““ Zoe gy 52 394 375 7.4 6-7
Peugeot [39]  Hybrid 50 310 400 7.4 7.7
Tesla Model
3 [40] EV 54 250 350 7 13
Chevrolet
Volt [41] EV 60 383 360 7.2 93
Porsche
Taycan [42] EV 93.4 388-412 800 9.6 12
Volkswagen
e-Golf [43] EV 35.8 300 323 7.2 6
Mitsubishi i-
Mi [44] EV 16 160 360 3.6 6




1.3 Battery Technology, Charging Definitions and Profiles
1.3.1 Battery Definitions

Battery Capacity

It is the generation of free charge at negative electrode by active material and
consume by positive electrode is known the battery capacity. In other words, it is the
total amount of energy which can battery stored. It is measured in Ampere-hour (Ah) or

watt-hour (Wh), where 1 Ah = 3600 coulomb (C) [49].
Specific Energy

It is gravimetric energy stored by battery and measured in watt-hours per
kilogram (Wh/Kg). The gravimetric energy is amount of energy stored in correlation to

its weight.
Energy Density

It is volumetric energy stored by battery and measured in watt-hours per liter

(Wh/1). The volumetric energy is amount of energy stored in correlation to its volume.
State of Charger (SOC)

It is the amount of energy available in battery. The SOC of fully charged battery
is 1 or 100 % and 0 or 0 % of fully discharge battery. It is found by Equation (1.1).

Qi + [ ipgedt

c

S0C = x 100 (1.1)

Where, Q; is the battery initial charge before discharging/charging it, ipa: is
battery charging/discharging current and Q. is nominal charge capacity of battery. The
battery current is negative in case of charging and vice versa. It means, SOC will

increase in case of charging and vice versa.
State of Discharge (SOD)

It is complement to SOC, means that it tells the amount of energy has been
consume from the battery. It also terms as depth of discharge (DOD). The SOC and SOD

always sum to 1.



SOD = 1-S0C (1.2)
State of Health (SOH)

A method of estimation to calculate the condition of battery is known as state of
health (SOH). It is relative evaluation to new battery. It gives the battery condition and
determines that whether battery is working above its guaranteed operating condition or
not. The only method of assessing SOH is battery management system (BMS) in which

the history of usage is recorded.
Charging Rate (C-rate)

Every battery has its rated charging current rate and it is termed as C-rate. C is
the amount of battery charging current that will fully charge it in one hour. The battery
charging current is n times of rated charging rate i.e. n x C. The value of n can be less or
greater than one. For example, n = 0.5 means battery is charging at half of rated current
and takes two hours to fully charge, similarly for n = 2 means battery is charging at twice

of rated current and takes half an hour to fully charge [50].

1.3.2 Life of Electric Vehicle Battery

105 === Chevrolet Volt Ford Focus
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Figure 1.7: Battery life comparison of Chevrolet Volt and Ford Focus.

The battery plays a very important role for EVs. However, the biggest hindrance
in the success of EV is availability of a small size high energy storage device. Since, the
driving range of EV depends on capacity of battery pack, therefore a large battery pack is
required to minimize the obstacle of short driving range. The battery energy is measured

in watt-hour (Wh) or amp-hour (Ah) [51], however the researchers focus on specific
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energy i.e., watt-hour per kilogram (Wh/Kg) or energy density i.e., watt-hour per liter

(Wh/1) due to the limited space available in EV.

State of Health (%)

- Time in years
Figure 1.8: Battery life degradation with time.

The charging time of battery is always important because usually it is slower than
discharging. However, with the advancement in battery technology, they can charge at
high current value, tendering a better and fast charging solutions and may overcome the
problem of range anxiety. The modern EV usually takes around 30 minutes for fast
charging to 10 hours or more for semi-slow/slow charging to fully charge the battery
pack. However, the high current during fast charging diminishes the life cycle of battery
faster. The life of battery is measured by two ways i.e., minimum calendar year and
number of charger/discharge cycles. It is expected that the average life of an EV battery
is 15 years with minimum degradation [52]. However, the charge/discharge cycle may be
two types i.e., shallow and deep. The deep charge/discharge cycle means completely
charge the battery from 20% to 90% of SOC and completely discharge up to 20% of
SOC, respectively. A shallow charge/discharge cycle having very narrow SOC band i.e.,
40% to 60%. Since, a narrow SOC band is used in shallow cycle, it is more preferable
than deep cycle because it affects the battery life lesser in comparison with deep cycle.
The Fig. 1.7 shows the life cycle of 2015 model of Chevrolet Volt and Ford Focus [53].
It is observed that during the initial time life degradation rate of Chevrolet Volt is around
1.2% annually, whereas it is around 3% in case of Ford Focus. Therefore, it means that a
Chevrolet volt lose the driving range of 5 KM in first years which has initial driving

range of is 383 KM. The initial degradation rate is very less and linear but it increases
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with the time and finally a significant drop is experienced at the end of battery life as

shown in Fig. 1.8. Therefore, the overall battery life curve is non-linear [54].

1.3.3 Types of EV batteries

Table 1.3: Comparison of batteries.

Battery Energy Charge- Self- Merits Demerits
Type Density Discharge  discharge
(Wh/l) Cycles rate (per
month)

Li-ion 250-693 300-500 <10% Highest energy ~ Very expensive,
density, low moderate
self-discharge discharge rate,
rate, low required
maintenance, no  protection from
need of overcharge and
periodically overheat.
discharge.

NiMH 140-300 180-2000 13.9-70.6%  High charging Very high self-
efficiency, discharge rate,

(at room . o
temperature) eqv1ronment 11m1ted
friendly, discharge rate,
recyclable, required
resistant to periodically
overcharge and  discharge, high
overheat. maintenance.

Lead- 80-90 200-300 3-20% Inexpensive, Low energy and

acid lowest self- power density,
discharge rate, environment
low unfriendly,
maintenance, cannot
high discharge discharge
rate. beyond 20% of

rating.

Generally, three types of batteries are used for supplying electrical energy in EVs

and these are nickel metal hydride (NiMH), lithium-ion (Li-ion) and lead acid. The Li-
ion battery is very much popular among all other batteries due to its high specific energy
and energy density. It can provide high discharge current for faster acceleration
applications (for e.g., electric bus and train) and increases the driving range. Moreover,
lighter weight and higher efficiency make them much better for EV applications. It has
admirable energy density i.e., 250-693 Wh/l and for graphite material, it provides 4 V at
100% SOC and 3 V in discharge stage. Comparatively, it has very less life degradation
rate and low self-discharging rate i.e., less than 10% per month. However, it is expensive

and suffers from overcharging, which result heat develop above 100°C and
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decomposition of anode. Therefore, it requires equalizer to balance the charge of each
cell in more precise way. Moreover, it also needs a battery management system (BMS)
to make suitable them for abusive weather conditions and save from overheating and

overcharging [55].

A NiMH battery is the advancement in nickel family batteries named as Nickel-
Cadmium (NiCd) and Nickel-Hydrogen (NiH). It has high power and energy density
(i.e., 140-300 Wh/l) and longer life cycle i.e., up to 2000 charge/discharge cycles. The
energy density is nearly two times compared to lead-acid battery. Therefore, the driving
range of vehicle having NiMH battery is double compared to lead-acid battery based
vehicle. It has resistant to damage, therefore it can allow deep discharge and limited
overcharging. Due to the low internal resistance, it has a capability to accept high charge
which outcomes in high charging efficiency i.e., up to 92% at room temperature.
However, the efficiency may diminish in high temperature conditions. Moreover, the
NiMH battery suffers from high self-discharging rate which is 5-10% on first 24 hours
and after that around 0.5-1% per day at ambient temperature. It has a very limited
discharging rate and requires full discharge regularly to restrict crystalline formation.
The decrement of 200-300 life cycles is experienced if supplying power to high current
loads [56].

The lead acid battery was most usable for EV applications because of low cost,
simple in manufacturing, high cell voltage (i.e., 2.1 V) and high reliability. It has good
discharging rate which makes it preferable for quick acceleration applications and also
capable to respond fast for load variations. It has very low self-discharging rate i.e., 3-
20% per month. However, it has low power and energy density (i.e., 80-90 Wh/l) and
short life span (i.e., < 300 cycles) limits it for the use in wheeled applications. The
presence of electrolyte and lead content makes it environment unfriendly because they
may result environmental damage. Moreover, it cannot be leave in discharge condition
[57].

1.3.4 Charging Profile

Generally, two types of charging profile are used for battery charging purpose
i.e., constant voltage (CV) and constant current (CC) charging. The CC charging is used

at starting, during this a constant value of current is supplied to the battery. The charging

method is transferred to CV charging after reaching certain voltage level. During this,
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constant value of voltage is regulated across the battery terminal and very less amount of
charging current flows in battery. In CC charging, the battery is charged up to 80% SOC
and rest 20% is charged by CV charging. The time taken by CC charging is around 25%
and rest 75% of complete charging time is taken by CV charging. From the observation
of lithium-ion battery having 4.2 V of maximum voltage, the charging time during CC
charging is around 50 minutes and 2 hours 40 minutes during CV charging as depicted in
Fig. 1.9. Therefore, the total charging time of abovementioned battery is around 3 hours
30 minutes [58].
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Charge time (hr)

Figure 1.9: Battery Charging Profile [50].

1.4 Effect of Ripple in Charger Output on Battery Life

The EV charger must comply two important requirements that the output DC
voltage and current are well regulated. The amount of ripple available is as small as
possible and ideally it is zero. Moreover, the availability of ripple component is low or
does not exceed the permissible limit. At present, the information of allowable ripple of
Li-ion battery without affecting its lifetime is not available. However, the allowable
amount of current ripple in lead-acid battery without affecting the lifetime is different
and varies with the manufacturers. Some of the manufacturers allow the amount of
current ripple is C/10 or C/20, where C is the charging current of battery. It means if a
battery charging current is 100 Amps, then the allowable ripple is 10 Amps for C/10 type
of battery and 5 Amps for C/20 [59]. Therefore, ripple in output of the charger must be

within that permissible limit to prevent the battery from overheating and life degradation.
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Figure 1.10: Battery model.

The EV charger affects battery life by producing two frequency ripples: one is
low frequency ripple (Zrippie-df) and converter switching frequency ripple (Zrippie-sw) [60].
To apprehend the outcome of current ripple on battery life, first it is required to know
that how the extra heat is developed by ripple current. For this, consider a battery model
shown in Fig. 1.10, where R} is internal resistance of battery and Vigsrippie 1S the root
mean square (rms) value of battery voltage ripple. The extra heat developed by ripple
current is due to battery internal resistance (Rp) and it is equal to the power loss across Rp
due to ripple current.

Iiopte = Vbat}—?rl'pple
b

Pripple = Eipple ‘Rp (1.3)

Moreover, the battery internal resistance varies with change in frequency and it
increases with decrement in frequency. Therefore, low frequency ripple across the
battery affects more as it increases the internal resistance and Pppe. However, the
frequency of switching ripple is very high and correspondingly does not produce extra

heat in large amount because of electro-chemical process in battery.

This unfavorable ripple component poorly affects the battery life span because of
internal heating and also raises the count of micro charge/discharge cycles of EV battery
pack which deplete the life span more rapidly. This ripple component may diminish by
using the large filter circuit or a proper control design. The use of large filter circuit may

increase filter component cost, size, overall vehicle weight and system order which
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increases control complexity. Therefore, it is convenient to design a controller for

minimizing this ripple on DC side in case of EV charging.

Therefore, EV charger designer must keep in mind that the amount of ripple in
output current and voltage must be restricted within the allowable limit of battery to
minimize the excessive heat generation. As the heat generation by switching ripple is

very less, the designer must focus on reducing the low frequency ripple.

1.5 Electric Vehicle Charging Standards

1.5.1 International Electrotechnical Commission (IEC)

The international electrotechnical commission (IEC) is an international standard
developing organization. It formulates the international standards for all related
technologies of electrical and electronic [61]. The IEC standards cover wide range of
technology from power grid, solar energy, semiconductors, batteries, nanotechnology
and many more. The IEC has also developed many standards which deal with many
aspects of EV charging. Such as, I[EC 61851 discussed about the general requirements of
EV charger and IEC 62196 deals with socket outlets, connectors, plugs and vehicle inlets
[62]- [63]. Whereas, IEC 61980 discussed about the wireless charging system of EV
[64].

Table 1.4: IEC 62196 charging standards.

Charging Voltage level Supply svstem Maximum Maximum
Method V) PPy sy Current (Amp)  Power (KW)
AC Level 1 240 AC Single- 16 3.3
phase
AC Level 2 240 AC Single- 32 7.6
phase
AC Level 3 415 ACphTa Teee' 250 120
DC Fast 600 DC 400 240
Charging

The IEC 61851 comprises following standards: -

e JEC 61851-1: General requirements.
e [EC 61851-21-1: Requirements for electromagnetic compatibility of on-board EV

charger.
e [EC 61851-21-2: Requirements for EV AC to DC conductive charger and

electromagnetic compatibility of off-board EV charger.
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[EC 61851-23: Requirements for DC EV charging station.
IEC 61851-24: Requirements for digital communication between EV and DC

charging station for control charging.

The IEC 62196 comprises following standards: -

IEC 62196-1: General requirements of socket outlets, connectors, plugs and
vehicle inlets.

IEC  62196-2: Requirements for dimensional compatibility and
interchangeability of contact tube accessories and AC pin.

IEC  62196-3: Requirements for dimensional compatibility and
interchangeability of contact tube vehicle couplers, DC and AC to DC pin.

IEC TS 62196-3-1: Vehicle inlet, connectors and cable assembly of DC charging
must be used thermal management system.

IEC TS 62196-4: Requirements for dimensional compatibility and
interchangeability for contact tube accessories and DC pin of class II or III
applications.

IEC  62196-6: Requirements for dimensional compatibility and
interchangeability for contact tube vehicle coupler of DC charger supply

equipment where electrical separation is ensured.

IEC 62196 charging standard: - IEC 62196 comprises of four charging standards as
listed in Table 1.4. It defined three AC charging levels namely AC level 1, AC level 2
and AC level 3 and a fast DC charging standard [65].

PP PE CP

(a) (b)
Figure 1.11: (a) Vehicle inlet and (b) IEC 62196 type-2 connector.
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1IEC 62196 type-2 connector: - The IEC 62196 type-2 connector is round in shape with
flat top edge as shown in Fig. 1.11. It has seven pins in which two are small and five are
larger in size. The top row contains two small pins i.e., proximity pilot (PP) and control
pilot (CP). These two pins are used for signaling purposes. The middle row consists three
larger pins i.e., line-1 (L1), protective earth (PE) and neutral (N). The rest two larger pins
i.e., line-2 (L2) and line-3 (L3) are used for phase connection in case of three phase AC

fast charging [66].

(b)
Figure 1.12: (a) CSS connector and (b) Vehicle inlet.

Combine Charging System (CCS): - The CCS is extension of IEC 62196 type 1 and 2
connectors and named as combo 1 and 2 connectors. In CCS, two extra contacts are
provided for fast DC charging. It can charge the battery pack up to 350 KW. Several
electric car makers like General Motors, BMW, Audi, Volvo, Porsche has already
introduced this CCS (combo 1) in 2012. Moreover, in 2019 tesla introduced combo 2
type CCS which has the features of fast DC charging and home plug facilities. The CCS

connector and vehicle inlet are shown in Fig. 1.12 [67].

1.5.2 Society of Automotive Engineers (SAE)
Table 1.5: SAE J1772 Charging Standards.

Charging Voltage level Supply svstem Maximum Maximum
Method %) PPTy Sy Current (Amp)  Power (KW)
AC Single- 12 1.44
AC Level 1 120 phase 16 L9
. 16 3.3
AC Level 2 208 to 240 AC }Slgfle' 32 7.6
P 80 19.2
DC Level 1 200 to 450 DC 80 36
DC Level 2 200 to 450 DC 200 90
DC Level 3 200 to 600 DC 400 240

The society of automotive engineers (SAE) is an American based standard

developing organization for various discipline in engineering [68]. It also provides forum
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for government agencies, industries, research institutes and consultants to develop many
standards for EV and designing of charger connectors. The SAE standard J1772 covers
general requirement for EV conductive charging levels and designing of connectors in
North America. Moreover, SAE is also developing a combine charging system (CCS) for
fast DC charging [69].

SAE J1772 charging standard: - The SAE characterized five charging levels in October
2017 as listed in Table 1.5. It defined two charging levels for AC charging and three for
DC charging system [70].

Moreover, J1772 standard also ensuring the safety of EV charging in wet
conditions and level of shock protection. The interior of connector must be isolated with

connection pins and ensure that there is no physical connection between them.

SAE 1772-2009 connector: - This type of connector is also known as J plug and has a
formal title “SAE EV conductive charge coupler”. It has diameter of 43 millimeter and
five pins i.e., line, neutral, control pilot, proximity pilot and protective earth as shown in
Fig. 1.13. It is directly connected to the single phase (120 or 240 V) grid from other side.
The proximity pilot is used to provide a control signal to vehicle so that it prevents the
vehicle movement while charging. The control pilot is a communication line between
vehicle and charger which is used to inform the charging level and other parameters of

EV [71].

Figure 1.13: SAE 1772-2009 connector.

Combo Coupler System: - The SAE proposed a combo coupler design which has
additional pins in J 1772-2009 connector (combo 1). The extra pins are used for fast DC
charging at voltage level of 250-450 and power rating up to 90 KW [72]. The above-
mentioned combo system also uses communication system between EV charger, EV and

smart grid without any extra pins in connector.
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1.5.3 CHAdeMO

CHAdeMO is trade name of fast DC charging method which can deliver up to
400 KW of power by 1000 V, 400 A DC supply as listed in Table 1.6. It is the shortening
of “CHArge de MOve” which is corresponding to charge n go. The CHAdeMO charger
can charge a low range (120 KM) vehicle in less than 30 minutes [73]. Moreover, the
CHAdeMO is currently developing a 900 KW ultra-high power charger with
collaboration of China electricity council [74]. The fast DC charger aim to charge battery
pack up to 80 % SOC as charging mode from 80 % to 100 % is changed to constant
voltage charging. The CHAdeMO connector has ten pins in which two for input DC
supply, two for communication, one for ground and rest are start/stop and connection

check as shown in Fig. 1.14.

Table 1.6: CHAdeMO Charging Standards.

Charging Voltage level Supply svstem Maximum Maximum
Method (V) PPIy sy Current (Amp) Power (KW)
DC f'flst 1000 DC Single- 400 400
charging phase

Figure 1.14: CHAdeMO Connector.

1.5.4 Charging Standards in India
In India, bureau of Indian standards (BIS) has developed IS: 17017 for EV
charging [75]. It covers the safety norms and general requirements for charger. The

charging standard in India is summrized in Fig. 1.15. The home charger has developed
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with 230 V, 15 Amps single phase AC supply that delivers 3.3 KW of power. This uses
grid AC supply and charge the battery pack via ON board EV charger. Till now, there is
no special standard or policy has been defined for home EV charger. However, the use of
residual current circuit breaker (RCCB) and IEC 60309 connector are mandatory as per

Bharat EV specifications [76].

Moreover, the government of India has defined standards for public EV charging
stations for low voltage EVs (<120 V). They published two specifications for EV charger
namely: Bharat EV charger AC 001 and Bharat EV charger DC 001 [77].

The Bharat EV charger AC 001 can supply maximum 15 Amps of current at 230
V to three vehicles simultaneously. Each vehicle can take 3.3 KW of power at a time.
According to alliance for an energy efficient economy (AEEE) report, the cost of AC
001 charger equipments varies from 41,800 to 52,500 Indian rupees (INR) [78].
However, there is no communication protocol has been defined for AC 001 charger yet.
They use open charge point protocol international standard to communicate between
charger and central management system (CMS) over the internet.

Private
Charging

No special
policies
(defined yet. J

r

Indian AC Bharat EV AC 001
Charging Low Charging Standard
Standard Vgllltang EV N

- =) [Bharat EV DC 001
— (=120 V) J Ch?rcin Standard (output
Public _1areme | 48/60/72 V)
Charging . >
AC IEC 62196 Type-2
High Charging Standard
Voltage EV >
Charging DC CCS-2 and
Charging CHAdeMO

Figure 1.15: Indian EV Charging Standards.

The Bharat EV charger DC 001 can supply maximum 15 KW of power with 200
Amps of current at. It generates the output DC voltage of 48/60/72 V according to
vehicle battery pack and uses three-phase 415 V grid voltage as input. According to
AEEE report, the cost of DC 001 charger varies from 2,02,800 to 2,63,500 INR [78]. The
DC 001 charger uses chinese charging communication GB/T 27930 to communicate
between charger and CMS. Whereas, the existing vehicles use controller are network

(CAN) protocol for internal communication. However, the department of heavy industry
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(DHI) has announced standard of DC 001 in 2017, they added an extra output for 3.3
KW of power, where the communication protocol for second output has not been defined

till now.

For high voltage vehicle charging like Mahindra and TATA electric cars, BIS
published standard in 2018 IS: 17017-1, which uses the protocols of CCS-2 and
CHAdeMO for DC charging purpose. However, IEC 62196 type-2 standard is used for
high voltage AC charging. Therefore, the government of India has planed to install all
Bharat standard, IEC 62196 type-2, CCS-2 and CHAdeMO charging point at all public
charging stations [79].

1.6 Motivation

The EVs are future of transportation industry. India is a growing country in the
field of EV and it is assumed that the sales of EV is increased up to 80% of two and three
wheelers, 30% of private cars, 70% of commercial cars and 40% of buses by 2030. The
efficiency of EVs is much more than IC engine-based vehicle. They are less noisy,

simple in design, do not pollute environment and required less maintenance.

Since, the population of EVs is increasing day by day, it is assumed that large
number of EVs will be connected to grid at a particular time. This can be very
advantageous to utility in respect of stability. The EV can support grid actively as well as
reactively. It can supply active power to grid in case of emergency and can compensate
reactive power as well simultaneously. Moreover, the EV can pollute grid if operated by
improper control. Therefore, a proper charging control is must from the battery life and

grid quality point of view.

The reactive power compensation by EV charger further increases the power
quality by supplying the reactive power (inductive or capacitive), filtering the current
harmonics and voltage regulation to certain extent. Supporting reactive power by EVs
can curtails the installation and maintenance cost of reactive power compensators such as
static synchronous compensators, static VAR compensators, and capacitor banks [61].
Moreover, the controlled exchange of reactive power further reduces the chances of
voltage fluctuation. This helps the grid remains stable and meet the set standards.
However, the reactive power compensation through EV charger may put lot of stress on

battery and reduce its life cycle due to the presence of unwanted ripple current
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component in EV charger as explained in [56]. This unfavorable low frequency ripple
component of current adversely affect the battery lifetime because of internal heating,
and also raises the count of charge/discharge micro cycles of the battery pack which
deplete the lifetime more rapidly as discussed above. During the continuous operation of
charger in V2G mode, there are chances of enhanced power conversion losses and

battery discharge.

Moreover, single phase single stage EV chargers have inherent problem of
producing second order ripple component on DC side. This problem is further
exaggerated during vehicle-to-grid (V2G) mode of operation where it may be normally
controlled to supply both active as well as reactive power. During the V2G reactive
power compensation, the second order harmonics ripple component at DC side will
increase which further reduces the life cycle and performance of battery pack. Therefore,
the second order ripple component must be minimized for improving the life of battery

pack.

Hence, the proper charging of EVs can help truly towards grid stability and cost
reduction of reactive power compensators. This is the vision and motivation of
developing robust control algorithms for EV charging. Therefore, in this thesis, the
control techniques have been designed for both ON and OFF board EV chargers. The EV
charger is commanded to perform charging operation of battery pack, ripple

minimization and grid supporting whenever required.

1.7 Scope of Research Work

This research work proposes the design of EV charger controller. In this regard,
an EV charger prototype by using dSPACE 1104 has been designed in laboratory. This
study presents the design of control architecture for OFF board, on-board EV charger
and minimization of second order ripple in single stage on-board EV charger. A novel
control architecture for single stage on-board EV charger has been designed to minimize
the inherent feature of producing second order ripple on DC side. For this, single phase
AC-DC converter is utilized for charging purpose. Further, the control system has been
designed for both on-board and off-board EV chargers. These EV chargers having two
conversion stages i.e., AC-DC and DC-DC converter. Both the converters have their
separate controller and these are based on proportional integral (P[), proportional

resonant (PR), plant integrated proportional integrated (PIPI), repetitive controller (RC),
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and adaptive neuro-fuzzy inference system (ANFIS). All EV chargers are able to
compensate the reactive power of local load. They all have active and reactive power
input references where active command depends on customer desired charging rate and

reactive command is requested by grid.

Therefore, the main aim of proposed study is to develop a robust control system
for EV charger to operate it in wide range of G2V and V2G mode of operations while
maintain the amount of ripple content on DC side within the permissible limit. The EV
charger may supply active power to grid if required and compensate reactive power
(inductive or capacitive) if a battery charges at slower rate. In that case, the remaining
rating of charger is utilized for compensating the reactive power for optimally utilization
of charger’s rating. Moreover, if the battery is not connected to the charger, then the EV

charger can work as an active power filter and improves the power quality.

The performance of all EV charger’s controllers has been tested in eight different
modes including charging/discharging and compensating linear/non-linear reactive
power. The performances of all proposed control strategies have been simulated and
verified in MATLAB/Simulink environment with the real time validation through

hardware prototype.

1.8 Thesis Structure

Chapter -1: This chapter describes the introduction and basic features of
EV and its charger. The overview of various EV charger ratings used in latest EVs
throughout the world are presented. Various issues of battery during charging and

standards of EV charger have also been discussed.

Chapter -2: This chapter presents the operating modes of EV charger i.e., G2V,
V2G and reactive power compensation. Further, the development of hardware prototype

and design of its components required for experimental validation has been discussed.

Chapter -3: This chapter deals with the design of two stage bidirectional EV
charger. The chapter includes mathematical modelling of first stage AC-DC converter,

second stage DC-DC converter and battery pack.

Chapter -4: This chapter deals with the design of two stage bidirectional off-
board EV charger. The charger comprises of two bidirectional stages i.e., first (AC-DC)
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and second (DC-DC) conversion stages. The first control strategy is based on PI
regulator and second one is based on adaptive neuro-fuzzy inference system (ANFIS).

Both controllers can work in all possible active (P)-reactive (Q) power cases.

Chapter —5: This chapter deals with the design of single phase, single stage on-
board EV charger. The single phase single stage EV chargers have inherent problem of
introducing second order ripple component on DC side. This problem is further
exaggerated during vehicle-to-grid (V2G) mode of operation where it may be normally
controlled to supply both active as well as reactive power. During the V2G reactive
power compensation, the second order harmonics ripple component at DC side will
increase which further reduces the life cycle and performance of battery pack. Therefore,
a second order ripple component compensation technique is proposed by pre-
compensating the reference current itself. The resultant reference current is periodic in

nature and accordingly, repetitive controller (RC) is used to track the reference current.

Chapter -6: This chapter deals the control design and implementation of two
stage ON board EV charger. The charger is controlled to perform four quadrants
operation in active-reactive (P-QJ) power plane. Therefore, in this chapter the inner
control is performed in AC domain where the signals are periodic. The proportional plus
resonant (PR) controller is found to be very useful in tracking such type of periodic
signals of fixed frequency in case of single-phase system and accordingly, it has been
designed and successfully implemented for the proposed work. Moreover, a reduced
order plant integrated proportional integrating (PIPI) controller for on-board EV charger
has been proposed. The proposed technique has all the functionalities of conventional PR

controller and can track any periodic signal.

Chapter -7: This chapter of thesis presents a summary of the work presented and

some suggestions for future work scope.
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2.1 Electric Vehicle Charger Operating Modes

The EV charger can be categorised based on location (OFF board or ON board),
supply type (AC or DC), topology (integrated or dedicated), connection type (conductive
or inductive) and power flow direction (bidirectional or unidirectional) [80]. This section
focuses on the operating modes of EV charger. Fig. 2.1 shows the general structure of
on-board EV charger. Generally, two stage on-board EV charger is used to charge the
battery pack. This consist of AC-DC power conversion in first stage and DC-DC power
conversion in second stage. Each of these stages consists of many active and passive

elements combination like capacitor, inductor and semiconductor devices.

VEHICLE
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PHASE GRID AC-DC DC-DC r—.
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MANAGEMENT l
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Figure 2.1: General structure of ON board EV charger.
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On the basis of direction of power flow, on-board EV charger can be categoried
by two ways in terms of active power transfer and reactive power support as listed in

Table 2.1 [81].

Table 2.1: Type of Charger.

Type of Charger Active Power Transfer Reactive Power Operation

Unidirectional Grid to vehicle (G2V) NO
only/ Charging only
Bidirectional Grid to vehicle (G2V)/ Both capacitive and
charging and vehicle to inductive

grid (V2G)/ discharging

2.1.1 Operation of Unidirectional EV Charger

The unidirectional topologies transfer active power from grid to vehicle (G2V)
only with almost unity power factor [82]. This mode is also known as battery charging
mode. This type of charger mostly used in today’s EV and it allows only to control the
active power command to charge the battery pack. Since, it does not allow the control of
reactive power, the charger works only on right side of x-axis of P-Q plane as shown in

Fig. 2.2.
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Figure 2.2: Operating mode of unidirectional charger.
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Fig. 2.3 shows the relation between voltage and current during the operation of
unidirectional charger. As the main function of unidirectional charger is to charge the

battery pack, the grid voltage and current are in approximately same phase.

i(t) v(t) |

Time(sec)
Figure 2.3: Current and voltage relation of unidirectional charger.

2.1.2 Operation of Bidirectional EV Charger
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Figure 2.4: Operating mode of unidirectional charger.

The second type of charger is bidirectional, it has capability to transfer the active
power in both directions, therefore, it can work in both G2V and vehicle to grid (V2G)
mode [83]. It allows the controlling of both active as well as reactive power as shown in
Fig. 2.4. By employing V2G technology, EV customers can sell the battery energy to the
distribution grid during peak hours or transfer this energy to other vehicles, this
operation is known as vehicle-to-vehicle (V2V). The bi-directionality of EV chargers

supports the grid to meet the peak load demands or to provide instantaneous power
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during intermittences. The main purpose of bidirectional EV charger is to have the
exchange of active as well as reactive power between grid and vehicle. Thus, the EV
may supply active power to grid whenever there is sudden increase in demand and may
also absorb it in case of availability of surplus power. Therefore, the large amount of
EVs in distribution network may not only help in absorbing the mismatch in demand and
supply but also very useful in the large-scale integration of intermittent renewables in to
the grid. Moreover, the control of reactive power may supply the harmonic current

within the permissible limit of charger.

Table 2.2 - Charger Operating Modes.

Active Power Reactive Power

Mode W) (VAR) Operation Power Factor
1 Positive Zero Charging 1
2 Negative Zero Discharging -1
3 Zero Positive Inductive 0
4 Zero Negative Capacitive 0
5 Positive Positive Inductive-Charging Lagging
6 Positive Negative Capacitive-Charging Leading
7 Negative Positive Inductive-Discharging Lagging
8 Negative Negative Capacitive-Discharging Leading

Here, it is worthwhile to mention that in four quadrant operation with exchange
of active and reactive power, only eight modes of operation are possible as listed in
Table 2.2. The Fig. 2.4 shows the operating modes of EV charger on active-reactive
plane. The reactive power is positive in mode- 3,5 and 7, negative in mode- 4,6 and 8
and zero in mode-1 and 2. Similarly, active power is positive in mode- 1,5 and 6,
negative in mode- 2,7 and 8 and zero in mode 3 and 4. Note that the power transfer from

the grid to vehicle takes positive sign and vice versa.

The traces of voltage and current waveforms during all operating modes are
shown in Fig. 2.5. Here the main aim is to demonstrate the variation in phase angle
between voltage and current during different mode of operation. The positive active
power (P) indicates the charging operation as power is transferred to the vehicle while
the negative power shows the discharging operation. For inductive operation, reactive
power (Q) is positive and in capacitive operation it is taken as negative. Mode 1 and 2

shows the exchange of active power i.e., charging and discharging of battery,
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respectively, while the reactive power is kept at zero. Therefore, the current is in phase
with voltage in mode 1 as shown in Fig 2.5 (a) and out of phase in mode 2 as shown in
Fig. 2.5 (b). Similarly, the compensation of inductive and capacitive reactive power
without exchange of active power are related to mode 3 and 4, respectively. In that case,
the current is lags behind voltage by 90° during mode 3 as shown in Fig. 2.5 (c) and
leads by same angle during mode 4 as shown in Fig. 2.5 (d). Mode 5 and 6 are associated

with the exchange of reactive power (i.e., inductive and capacitive respectively) while

|— i v(t)|
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Figure 2.5: Current and voltage relation during (a) mode-1 (b) mode-2 (c) mode-3 (d)
mode-4 (e) mode-5 (f) mode-6 (g) mode-7 and (h) mode-8.

charging of battery simultaneously. Since, being a G2V mode, the active power flows
from grid to battery while the reactive power supplied may be inductive or capacitive.
Accordingly, the current lags or leads the voltage while having phase difference less than

90° as shown in Fig 2.5 (e) and Fig. 2.5 (f), respectively. Similarly, during V2G mode,
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the active power is supplied back from battery to grid while the reactive power may be
inductive or capacitive. Accordingly, the current lags or leads the voltage while having

phase difference more than 90° as shown in Fig 2.5 (g) and Fig. 2.5 (h), respectively.

2.2 Reactive Power Support by EV Charger
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Figure 2.6: EV charger with reactive power support.

Fig. 2.6 shows the application of EV charger in improving the grid power quality.
The EV consumer can allow on-board charger to negotiate with grid for supporting the
utility reactively also. The charger can supply reactive current (i.) of local load. This will
help in improving the efficiency of transmission line and decrease the overloading on

distribution transformer [84]- [85].

The reactive power compensation mode may further enhance the power quality
by supplying the reactive power (inductive or capacitive), filtering the current harmonics
and voltage regulation to certain extent. The application of EV charger for reactive
power compensation has been discussed in technical literature [86]. Supporting reactive
power by EV chargers can curtail the installation and maintenance cost of reactive power
compensators such as static synchronous compensators, static VAR compensators, and
capacitor banks [87]. Moreover, the controlled exchange of reactive power further
reduces the chances of voltage fluctuation. This helps the grid remains stable and meet
the set standards. However, the reactive power compensation through EV charger may
put lot of stress on battery and reduce its life cycle due to the presence of unwanted
ripple current component in EV charger as explained in [88]. This unfavorable low
frequency ripple component of current adversely affect the battery lifetime because of

internal heating, and also raises the count of charge/discharge micro cycles of the battery
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pack which deplete the lifetime more rapidly as discussed above. During the continuous
operation of charger in V2G mode, there are chances of enhanced power conversion
losses and battery discharge.

Therefore, the requirement of a robust control system is mandatory which can

command EV charger to work in both modes without violating the ripple limitation.

L 1 1 | | | | | |
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Figure 2.7: Load current harmonic compensation.

Moreover, the on-board EV charger can be used as active power filter and
compensate harmonic component of current generated by single phase non-linear load.
Fig. 2.7 shows the waveform of load current harmonic compensation. Where, ve, ig, iz
and i. are grid voltage, grid current, load current and charger current, respectively. The
EV charger can be commanded to supply harmonics component of load current which
results in purely sinusoidal of grid current. The on-board EV charger can compensate
this harmonic component of non-linear load current while charging of battery pack or

without charging.

2.3 System Configuration

Fig. 2.8 and 2.9 shows the system architecture of off and on-board EV charger
respectively. The system having AC-DC (first) and DC-DC (second) conversion stages.
Here, in case of on-board EV charger, single phase AC-DC converter is used and three-
phase in case of off-board EV charger. Both the converters are based on insulated gate

bipolar transistor (IGBT). The AC-DC stage consist six IGBTs and two in DC-DC stage.

Each switch has voltage blocking limit is ¥z and a maximum conduction current of v/2

I, where, I, is root-mean-square (RMS) grid current. The first stage is directly linked to
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the three-phase grid via interfacing inductors (Ls) and battery is connected across the
second stage. The second stage acts as bidirectional buck-boost, which acts as buck
converter in case of charging/G2V mode or vice versa. The charger architecture is
capable to operate in all possible active-reactive power commands cases. The simulation

and experimental parameters of both on and off-board EV chargers are listed in

Appendix A.
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1, Ls
_rvl;ﬁv\ Loa
V. J—
’ Coc | Ve
+
G |
_| —| _| Vbat
S4 S3 S6

Figure 2.9: ON board EV charger.

2.3.1 Designing of components for EV charger Development

In this section the designing of both on-board and off-board EV charger has been
presented. The major difference in on-board and off-board EV charger is rating and
operating voltage and the values of EV charger components depend on these values.
From the literature survey, it has been found that the rating of on-board EV charger is
varies between 3.3 to 9.4 KW, therefore it has been designed and simulated in MATLAB
for 6.6 KW. The off-board EV charger is rated around 100 KW, however it is designed
and simulated for 12.5 KW. The designed parameters are listed in Table A.1 and A.2.
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Selection of AC-DC and DC-DC Converters
In present case, the first stage AC-DC converter is used for charging as well as

reactive power compensation. Therefore, it is good enough if charger can compensate the
total reactive and harmonic demand of load. However, for this reason, the charger rating
cannot be increased and EV charger can be fully utilized in compensation of reactive and
harmonic demand of external load if battery is charging at lower rate or not charging.
Therefore, in simulation both converters are rated as 12.5 KW for off-board EV charger
and 6.6 KW in case on-board EV charger. Moreover, in case of hardware, higher rating

of converters has been designed for safety reasons.

Selection of DC Link Voltage

The DC link voltage in both on-board and off-board EV charger is between 400-
800 V. For proper rectification operation, it must be greater than the peak of line-to-line
voltage and battery voltage. Generally, battery voltage is around 350 V and it varies
according to the SOC. Therefore, the DC link voltage has been selected 600 V and 400 V

in case of off-board and on-board EV charger respectively.

The minimum DC link voltage in case of off-board EV charger is,

VDCminoff > \/E ' \/§Vph

>+/2-/3-230 > 56338V @2.1)
Where, V,; is phase voltage.

The minimum DC link voltage in case of on-board EV charger is,

VDCmin_on > \/E ' Vph
>+/2:230 > 325.26 V (2.2)

Selection of DC Link Capacitance
The DC link capacitor of first stage AC-DC converter of off-board EV charger

has been found as follow [89],

c 6k1Vph (o8 Ipht
DC_ =T

orr (dec - Vc%cmin)
_ 6x0.1x%x230x1.2x20x0.015

(600% — 563.38%)

= 1166.11 uF (2.3)

Where, Vpc is nominal DC link voltage, Vpcmin is minimum DC link voltage, o is
overloading factor and taken 1.2, k; is energy variation constant during dynamics and

selected 10% = 0.1, V,, and I, are phase voltage and current respectively and ¢ is time
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taken by DC link voltage to be recovered. From the above formula, the DC link

capacitance is calculated as 1166.11 uF and selected as 1200 pF in simulation.

In case of on-board EV charger,

C =
pe-on (dec - Vc%cmin)

_ 2x0.1x230x1.2x30x0.015
B (4002 — 325.262)

= 458.25 pF (2.4)
The DC link capacitor for on-board EV charger is selected as 500 pF.

Selection of Grid Side Inductor
The grid side inductors of first stage AC-DC converter of off-board EV charger

have been found as follow [90],

L _ \/§'m'VDC
sooff — 12 - a fs 'Icrpp
V3 x 1 x 600 = 1.8 mH (2.5)

T 12 x 1.2 x 20000 X 2

Where, Vpc is nominal DC link voltage, m is modulation index and selected to be
1, a is overloading factor and taken 1.2, f; is switching frequency and /., is ripple in
grid current and selected 10% of grid current i.e. 2. The switching frequency depends on
speed of processor and here it is selected as 10 kHz. From the above formula, the grid

side inductor is calculated as 1.8 mH and selected as 2 mH in simulation.

In case of on-board EV charger,

L _ V3-m+Vpe
SO T2 @t fy Loy

_ V3x1x400
T 12 x 1.2 X 20000 x 3

The grid side inductor for on-board EV charger is selected as 1 mH.

= 0.8 mH (2.6)

Selection of DC-DC converter Filter
The DC-DC converter is bidirectional and works in both buck and boost mode.

To find out the filter inductor and capacitor, first duty cycle in buck and boost mode is
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calculated as follows [91]. For this, the DC link voltage is represented by Vi and battery

voltage by V».
Dy = 2 =320 _ 5833 2.7)
buck =y " 600~ ‘
V 350
Dpoost = 1 =32 =1 =235 = 04167 V 2.8)

The filter inductance and capacitance are calculated as follows,

_ Vy X Dpopst 350 X 0.4167

= = =2.1mH -
T AL xf, ~ 3.5x20x 103 m (2.9)
1 — Dpycx 1-0.5833
Cr = = = 6.2 uF
d AV, 35 (2.10)
81 (277 ) 2 8x21(50) X (20 x 10%)2

Where, 411 is ripple in inductor current which is taken as 10% and f'is switching
frequency and taken as 20 kHz. The inductor and capacitor values for off-board EV
charger are found from above equations and selected as 2.5 mH and 10 pF respectively.
In case of on-board EV charger these values are selected as 1.5 mH and 5 pF.

Selection of Switch Ratings
The rating of switch (in present case it is IGBT) of both AC-DC and DC-DC

converters is given as,

Vi="Vpc+ AVpc = 600 + 60 = 660 V (2.11)
Where, 4Vpc is 10% overshoot in DC link voltage under dynamic conditions.
The reference DC link voltage in case of off-board EV charging is 600 V. Then the

minimum switch rating must be 660 V.
The current rating can be calculated as,

1, =1.253%Ipn + 1) = 1.25(3%20 + 2) = 77.5 amps (2.12)
Where, I,; is phase current and /., is ripple in grid current and taken as 10%. The

minimum current rating is required 77.5 amps.

2.4 Hardware Prototype Development

The development of EV charger prototype and its various components are
presented here. This prototype requires the selection and development of first stage AC-
DC converter, DC link capacitor, second stage DC-DC converter, voltage and current

sensing units, interfacing inductors, filter inductance and capacitance and linear/non-
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linear load. The development of three phase AC-DC converter is presented here.
However, in case of single phase on-board charging, two legs of AC-DC converter is

utilized.

2.4.1 Hardware Configuration of EV Charger prototype

|\Linear/non-linear,
three-phase load

3-8 AC-DC Converter DC-DC Converter

3-0 Auto Trasformer

== Vo

3-8, 415 V, 50 Hz Supply

Grid
Current|
—_—— = Sense

29 \DC link 2 Battery
Voltage Current|
Sense Sense

I— : |

T b‘l@ e Lpar

alple

il

=

f—— =

Gating

AC-DC Converter
Gating Pulses

DC-DC Converter
Gating Pulses

Pulses c
ADCCHI-8 |[= = — :
Host PC S K | —
with |—>  dSPACE-1104 |3 5 S EE—=f—
MATLAB Controller E 2 | — )

Figure 2.10: Layout of OFF board EV charger.

The hardware prototype of off-board EV charger is designed in laboratory. The
system is designed at lower rating of 500 VA with 70 V (line-to-line voltage), 50 Hz
supply. Fig. 2.10 shows the layout of EV charger developed in laboratory. The three-
phase auto transformer is connected to three phase grid supply of 415 V and 50 Hz. The
output of auto transformer is set at 70 V (line-to-line). This step downed AC voltage is
given to AC side of bidirectional three-phase AC-DC converter. The three-phase AC-DC
converter is made up of six insulated gate bipolar transistors (IGBTs) which has a diode
in antiparallel. A high value of DC link capacitor is connected at the output of first stage
AC-DC converter. This is used to minimize the ripple in DC link voltage. In the second
stage, a bidirectional buck-boost DC-DC converter is used. This also consists of two
IGBTs and works in buck mode in case of battery charging and boost mode in case of
discharging. A LC filter circuit (Ly and Cy) is used to filter out the ripple in battery
voltage and current. At the end of system, a battery pack is connected for
charging/discharging purpose. A linear/non-linear load is connected at the point of

common coupling (PCC) to generate the demand of external active and reactive power.
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The control algorithm is developed in dSPACE 1104 controller board. This
controller takes the sensed output of voltage and current sensors and used these signals in
development of control logic in MATLAB simulink environment. For charging purpose,
it takes the three-phase grid voltage and current sensed signals, where in case of
harmonic current compensation, it takes load current sensed signal also. The MATLAB
simulink control logic generates the pulses of three-phase AC-DC converter and DC-DC
converter. These pulses are given to the optocoupler which isolates the controller with
physical system. The output of optocoupler is given to gate driver circuit which gives the
pulses to IGBT switches. Fig. 2.11 shows the photograph of hardware prototype
developed in laboratory.

DC-DC
= Converter

Isolation
Circuit

Interfacmg
Inductors

Figure 2.11: Experimental prototype developed in laboratory.

2.4.2 Development of First Stage AC-DC Converter

Fig. 2.12 shows the development of first stage AC-DC converter. The AC-DC
converter consists of three IGBT legs (Semikron make- SKM75GB12T4). Each leg is
rated as 1200 V/ 75 amps and consists of two IGBT switches. The schematic of each
IGBT leg is shown in Fig. 2.12 (c). The DC link capacitor connected at DC side is rated
as 1650 pF and 800 V. The gate pulses are given to pin 4 and 6 and requires 15 V pulses
to turn on the switches. The photograph of complete first stage AC-DC converter is
shown in Fig. 2.13.
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@ (b) ©
Figure 2.12: (a) Schematic of AC-DC converter, (b) IGBT leg, and (c) Schematic of
IGBT leg.

Figure 2.13: T hree leg IGBT based AC-DC Converter.

2.4.3 Development of Second Stage DC-DC Converter

The second stage DC-DC converter is shown in Fig. 2.14. The same IGBT leg
(Semikron make- SKM75GB12T4) is used for developing the second stage DC-DC
converter. The terminal 1 is connected to positive of battery and terminal 2 is connected
to negative side of battery pack. The terminal 3 of IGBT leg is connected to positive side
of the DC link capacitor.
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Figure 2.14: DC-DC converter.

2.4.4 Development of Grid Side Inductors

B bl = -

L0
Figufe 2.15: Grid side inductors.

Fig. 2.15 shows the photograph of grid side interfacing inductors and designing
of inductor is discussed in previous section. Due to the change in switching frequency,
the inductor value is changed, which is 2 mH for on-board EV charger and 4 mH for off-
board EV charger, where the switching frequency is 10 kHz. Total six inductors are
made, each of 2 mH and 10 A current rating. A 2 mH inductor is used for on-board EV
charging where two inductors are connected in series in case of off-board EV charging.
The number of turns for each inductor is calculated as,

Lly  _ 2X1073x10v2

N= = 10V2 o
AcBy 8.658x107%4x1

33 (2.13)

Where, L is the inductance value in Henry, 7, is magnitude of inductor current in
A, A is cross-section area in m* and B, is flux density in Tesla and taken as 1 for
CRGO. The value of number of turns is calculated 33 from the above equation 2.13 and

selected as 35. The wire gauge is found as,
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a=:=2=333mm? (2.14)

Where, [ is r.m.s value of inductor current and .J is current density in A/mm?. The

wire gauge is calculated 3.33 mm?. The air gap length is found as,

‘NZ-A 41Tx10~7%35%2%8.658x10™*
= B e (2.15)

l = 0.6 mm

9 L 2x1073

Where, uo is permeability of free space. The air gap value is 0.6 mm. The above

calculated values are used to design the grid side inductor having value of 2 mH.

2.4.5 Development of DC-DC Converter Filter Circuit

The filter inductance and capacitance are found from the equations 2.9 and 2.10.
However, the switching frequency in case of hardware is 10 kHz. Therefore, the value of
inductance and capacitance are selected as 6 mH and 47 pF respectively. Fig. 2.16 shows

the photograph of DC-DC filter circuit and battery current sensor.

Figure 2.1 6: DC-DC ﬁlr circuit and battery current sensor.

2.4.6 Development of Sensing Units

The sensors are play very important role in development of any control logic.
They take actual signal as input and generate their equivalent voltage signal as output.
Hall effect voltage and current sensors are used to measure the high voltage and current
signals. They are preferred in most cases because they can measure both AC and DC
signals without change in scaling and configuration. In present case, the LEM (LEM 25P
— 500 V) voltage sensor and LEM (LEM LA 55-P) current sensor are used to sense the
actual voltage and current signal. Both the sensors required = 15 V DC supply to

energies. Further, the output is fed to ADC channels of dSPACE controller. The
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schematic and photograph of both sensors are shown in Fig. 2.17 and 2.18 respectively

[92], [93].

+ E? V HV +15V
I LEM I, to ACD LEM tooACD
LA 55-P — LV 25-P — é}v
= -15V = - -15V =
(a) (b)

Figure 2.17: Schematic of (a) Current Sensor and (b) Voltage Sensor.
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Figure 2.18: (a) Current sensors and (b) Voltage Sensors.
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2.4.7 Battery Bank

To analyze the charger/discharge behavior of battery pack, a stack of eight
batteries is used in laboratory. Each battery is lead-acid (Rocket make) and has nominal
rating of 12 V, 7 AH. All batteries are connected in series to make a 96 V battery pack.
Each battery has stand by voltage of 13.50 V to 13.80 V at 20°C, where the charging
voltage is 14.4 V to 15 V for constant voltage charging. The photograph of battery pack
is shown in Fig. 2.19.

Figure 2.19: attery pak.
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2.4.8 Driver Circuit

To turn on the IGBT leg, SKYPER 32 gate driver circuit board has been used. It
has two output channels and under voltage/short circuit protection features. It has two
isolated gate driving circuits for both switches. It requires 15 V DC supply and generates
80 mA to 150 mA of current. The photograph of SKYPER 32 driving circuit board is
shown in Fig. 2.20 [94].

SKYPER™32

Figure 2.20: Gate driver circuit.

2.49 Development of Isolator Circuit

(a)
Figure 2.21: (a) Schematic of TLP 350 and (b) Isolator board.

An isolator is an electronic integrated circuit (IC) which transfer the electrical

signal by using light between two isolated circuits. To isolate dSPACE controller from
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physical system, TLP 350 optocoupler IC is used. This is an eight pin IC and can work
up to 100°C of temperature. It has internal Faraday shield which guaranteed provides
+15 kV/us common mode transient immunity. The photograph of isolator board

developed in laboratory and schematic of TLP 350 is shown in Fig. 2.21 [95].

2.4.10 Linear/Non-linear Load

Three-phase load is connected at PCC to generate the external active/reactive
power and harmonic current demand. The combination of variable inductors, capacitors
and resistances are connected whereas the non-linear load is made by three-phase diode

bridge rectifier. The photographs of external loads are shown in Fig 2.22.

PACITIVE LOAD

' ® & e
| »
)
,

Figure 2.22: External load (a) Resistance and inductors, (b) Variable capacitor load
and (c) Three-phase diode bridge.
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3.1 Introduction

This chapter deals with the design of two stage bidirectional EV charger. The
chapter includes mathematical modelling of first stage AC-DC converter, second stage

DC-DC converter and battery pack.

3.2 Modeling of Single-phase AC-DC Converter
DC-DC

Ls
Converter

Ve —_— and
Coc| Vpe Battery

Figure 3.1: First stage AC-DC converter of ON board EV charger.
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The configuration of first stage AC-DC converter is shown in Fig. 3.1. The
control of AC-DC converter consists of two control loops i.e., outer and inner. The outer
loop is slow and used for voltage control and inner loop is fast acting and used for grid
current control. The explanation of switching model, average mode and small signal

model is shown below.

3.2.1 Switching Model

DC-DC
Converter
and
Battery

Figure 3.2: Switching model of single phase AC-DC converter.

The switching model of single-phase AC-DC converter is shown in Fig. 3.2. Each
leg of Fig. 3.1 is represented by single pole double throw switch. In which, the grid
voltage is represented by V,, Ls is grid side inductor, Ly and Cr is AC side filter
inductance and capacitance respectively and R;r and Rc¢r is equivalent series resistance
(ESR) of filter inductance and capacitance respectively. The representation of on state of
switch S; and S3 is S, = 1 and S, = 0 respectively. Where, S, = 1 and S, = 0 is the
representation of on state of switch S» and Ss respectively. Therefore, when switch S;
and S4 are on and S3 and S; are off then the grid current /; is equal to DC side current Ipc

and V), equals to Vpc. The on state of switch Si and S4 is expressed as [96],

Von="Vp - Va
=S8pVpc - Su'Voe = (Sp - Su)Vpe
:Spn'VDC (31)
Where,
Spn = Sp - Sn (32)
And
Ipc=(Sp - Si)lr= Spn 111 (3.3)
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Now apply kirchhoff's voltage law (KVL) in outer loop and neglecting capacitor

ESR,
Vg = VLS + ch
dl, VvV, V,
Z9_9_ 'Y (3.4)
dt L, L,

Now apply KVL in inner loop gives,
ch = VLf + ILf . RLf + Vp‘n
(3.5)

dt Ls Ls

Now apply kirchhoff's current law (KCL) at junction,
Ig = ILf + ICf

3.6)

dVer Iy _ly
dt G G
3.2.2 Average Model
The average model of system is acquired by applying averaging operator to
switching model over one switching period. The averaging operator for a time varying

variable y is defined as,
(3.7)

1 T
7=7] your
The J represents the average value. Therefore, by applying averaging operator to
above derived state-space equations 3.4-3.6, produce following equations,
ai, ¥, Vg
Z9_19_’¢ (3.8)
dt Ly Ly
diy Ve Iy Ry dpntV,
Lf :Lf_ Lf Lf _“pn DC (3‘9)
dt Ly Ly Ly
where,
dpn = §;1 (3.10)
AV, I, If
Zag_9_ (3.11)
dt G Cf

The average value of Sy, is represented by d,, and Vpc is average DC link

voltage.
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3.2.3 Small Signal Model
The small signal model is constructed by composing the steady state values of
average model and superimposed small AC variations. The small signal equations of

above derived equations 3.8, 3.9 and 3.11 are,

dly Yy _Ver (3.12)
dt Ly L
dly _Ver Iy Ry dpn-Vae (3.13)
WVer _Ig Iy (3.14)
dt  C G
Taking Laplace transform of above equations,
AR
r=29_29 (3.15)
Mo TL L
STy = Ry G e (3.16)
Ly Ly Ly
~ I
7. =9_ Y 3.17
SVer C T (3.17)
From equation (3.15)
ol Vo (3.18)
SLy  SL
Put equation (3.18) in equation (3.17),
~ 1(V g\ I
SVer —_<_9_Lf>_ﬂ
C\SLs SLs) Cp
Ve = Vo Ty -SLs (3.19)
f TS0+ 1 S2LCr + 1
Put equation (3.19) in equation (3.16)
oL Vo Ly-SLs \ Iy Ry dpnVac
VT LA\S2LC + 1 S2LCr + 1 L L
S3LeLsCp + S?LsCeRp+S(Ly + Ls) + Ry (3:20)

- S?LsCr + 1
- dpn Vac 3 2 ’
S3LeLsCp + S2LoCeRp+S(Ly + L) + Ry
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If it is assumed that the disturbance from the grid voltage is zero, the final

relation is as follows;

L = — Vg .
FTn NS L L Cr + S2LCrR +S(Ly + Lg) + Ryf
At high frequencies, the above equation approaches to,
~ —dpV,
Iy = __pn_ “dc (3.22)
SLe+Rf

From the above equation it is found that d,, increases with decrement in 1:} due

to negative sign. Therefore, the plant transfer function is,

1

Gpac = Ve SLf'l'RLf (3.23)

In this study, different controllers are used to control the grid current in inner

control loop as shown in Fig. 3.3.

Inner P .
Current wWH—> 1 >
M sL+ R
Control A L

Figure 3.3: Inner current control loop.

3.3 Modeling of Three-phase AC-DC Converter

a
( ) )7 DC-DC
a
Vs —1 Converter
() I. Coe Voo and

Figure 3.4: First stage AC-DC converter of OFF board EV charger.

The configuration of three-phase AC-DC converter is shown in Fig. 3.4. The
switching model shown in Fig. 3.5 is represented by three single pole double throw
switches (Sq, Sy and S¢). The grid voltage is represented by V. where each phase voltage

of charger is represented by Ve, Vgpr and Vg, and line-to-line voltage is Veas, Vepe and
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Veea. The value of single pole double throw switch is 1 in case of upper switch on and 0
in case of lower switch on. The equations of three-phase voltages and currents are as

follows,

; 95S.,=0 DC-DC

V, C R, Ls Ver @ Sb Vi Converter
1 S,

and

=1
b =0
W Q}SL':] Battery
I, Ve 9S.=0

4

Figure 3.5: Switching model of three phase AC-DC converter.
Vga = Vi cos(wt)
2m
Vb = Vi cOS (a)t - ?)

4
Vye = Vi cos (wt - ?) (3.24)

and current equations are,
1, = I, cos(wt + )

21
I, = Imcos(wt+ (Z)—?)

41
I. = I, cos (wt +0 - ?> (3.25)

Since, neutral is not used here, we obtain

Ia+[b+]c:() (326)

From the switching model, the line-to-line voltage can be written as,

Vgab = (Sa - Sb) Vbc (327)
Vebe = (Sb - Se)* Vpe (3.28)
Vgca = (Sc - Sa)' Vbc (329)

Where, the switch (S4, S» and S.) values are 1 in case of upper switch on and 0 in

case of lower switch on.

Voa = fa-Vpc (3.30)
Veb =fo-VDC (3.31)
Vgc :ﬁ' Vbc (332)

52



where,
i 1
fao=8,—-S5 =Sa—§(5a+5b+Sc)
1
fv :Sb—§(5a+5b+5c)

1
fc:Sc_§(Sa+Sb+Sc)

(3.33)

(3.34)

(3.35)

RL + SLS

Ja

RL + SLS

Jo

s CDC

1 L N~
Ry +sLy T S,

g

Figure 3.6: Block diagram of three phase AC-DC converter.

By applying KVL in each phase,

dl,
V—RL1+Ld + Vo

dl,
Vo =Ry Iy +Lo—2+ Vg

dl,
V=R I+ Ls—C+ Ve

By applying KCL at DC side,

dv,
Coc dDC—SI + Syl + S.1. — Ipp
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The block diagram of above derived equations is shown in Fig. 3.6.

3.3.1 Modeling of Three-Phase AC-DC Converter in dg Frame.
The modeling in rotating reference frame (dq frame) is used due to its well-
known advantages like control development is easy, the noise in DC signal can be easily

filter out and decouple the active and reactive power [97].

The abc-dq transformation matrix form is given below,

0 g2l 0+25) | 1a
2 COS CoSs ( - —) CoS ( —)
[d] _Z 3 3 [b] (3.40)
ql 3 ) ) 2 ) 2m
—siné —sm(@——) —sm<9+—) 4
3 3
idl I'&)L
d — axis vg;’L
Va
Current p >
Controller
q — axis
- Current X)—;
I q
1 Controller \(

Figure 3.7: Inner current control in dq frame.

By applying abc-dq transformation in equations 3.40 to 3.43 we get,

di
Vy=R,-ig+ Lsd—:— wLgiq +V,q (3.41)
, di, _
Vg =Ryl +Ls—+ wlsiq + Vg (3.42)
dVpe 3 . .
CDCT =E(Sdld +Sqlq) (343)

The block diagram of inner current control loop is same as shown in Fig. 3.3.
Moreover, the current control loop of three-phase AC-DC converter in dg frame along

with decoupling terms is shown in Fig. 3.7.
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Further, the direct (Vg¢) and quadrature (V,,) axis component of converter AC
side voltage are expressed as daVpc and dy-Vpc respectively. The equations (3.41) and

(3.42) are expressed as follows:

di,

Va =Ry lq+Ls—= = wlsiq+daVc (3.44)
. dig ]
Va =Ry iq+Ls—+ wlsig +dg Vpc (3.45)

Figure 3.8: Equivalent model of three phase AC-DC converter.

Now by applying averaging operator to equations (3.44) to (3.45), produce following

equations,

— - diz N —
Vi=R,-iy+ Ls% —wLgy +dg Ve (3.46)

. - dig _ —
V=R, i+ Lsﬁ + wLsiy +dg Ve (3.47)

dVpc 3 . . .
CDCT = E (ddld + dqlq) (348)
where,

dag = 57;] (3.49)

The equivalent circuit of above averaged equations are shown in Fig. 3.8.
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3.4 Modeling of Battery Pack

Due to the well-known advantages of Li-ion cell, it is used to developed the
structure of battery pack. For the nominal cell voltage 3.3 V, the cut off voltage of Li-ion
cell is 2.95 V at lowest SOC value i.e., 20%. The maximum output voltage is 3.6 V when
SOC reach to 90%. The nominal current capacity of each cell is 18 Ah. To develop the
350 V battery pack, the number of cells required in each string connected in series is
350/3.3 = 106.06. The nearest integer value is 107 cells. Therefore, the maximum
voltage attain by this battery pack is 107x3.6 = 385.2 V and minimum voltage is
107x2.95 = 315.65 V. The nominal capacity of each string is 18 Ah x 350 V = 6.3 KWh.
Whereas, the capacity of battery pack can be increased by connecting one more string in

parallel.

Figure 3.9: Equivalent model of battery pack.

The equivalent model of battery pack is shown in Fig. 3.9. The R is internal
resistance of battery and V. is battery pack open circuit voltage. From the battery
manufacturer data sheet, the initial internal resistance is less than 4 mQ for 1 kHz AC
battery charging current. However, this internal resistance is valid for 0.55 C charging
rate i.e., 10 A. Generally, the internal resistance of Li-ion battery is more because it is
proportional to charging current. Therefore, it is selected as 10 mQ per cell. Since, there
are 107 cells connected in each string in series, the total internal resistance is 10 mQ x
107 = 1.07 Q. Moreover, the battery open circuit voltage is varies according to the

current SOC.
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3.5 Modeling of DC-DC Converter

IDC

>

AC-DC
Converter

The second stage DC-DC converter topology is shown in Fig. 3.10. It consists of

two IGBT switches and works in both the directions. It works in buck mode in case of

Figure 3.10: DC-DC converter topology.

charging of battery and boost mode while transferring the active power to grid [98].

Switch S7 is on and Ss is off: -

The average modeling of DC-DC converter during switch S7 on is discussed

below. Fig. 3.11 shows the direction of current flow during on state of switch S7 and off

state of switch Ss.

Ipc
>

R

V 7 Lf I bat
AC-DC DC LYY
Converter CD;_
_|(+ Vbat
S, G

Figure 3.11: DC-DC buck operation on state.

KVL in outer loop gives,

Voe = Vig + Vhar
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% _ VLLfC _ Vz_;“ (3.50)
Where, Virand Vpa are the voltage across filter inductance Ly and capacitance Cr
respectively and /7 is current across the inductor.
Now KCL at battery side gives,
ILyp = Icr + Ipae

DVoar _ Iy _ Ibat

dt Cr G (3-51)
Where, Icris the current through capacitor Cr.
Now KCL at DC link capacitor side gives,
Inc = Icpe + Iiy
dv, I I
pe_pe Y (3.52)

dt Coc  Cpc
Where, Icpc is the current through DC link capacitor Cpc.
Now, Fig. 3.12 shows the direction of current flow during off state of switch S
and on state of switch Ss.

Ipc

AC-DC VDC Y Y Y\ >

Vbat
—|l< - Ve
S, Cy

Figure 3.12: DC-DC buck operation OFF state.

Converter CDC—

KVL in battery loop gives,
0= VLf + Vbat
dILf Vbat
T ? (3.53)

Now apply KCL at battery side gives,
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Ip = Icp + Ipar

AVoar iy lpat
& C ¢ (3:34)

Now KCL at DC link capacitor side gives,

Ipc = Icpe
dVpe  Ipc
= — 3.55

The on and off states can be averaged by duty cycle d and (/-d) respectively.
Where, d is the duty cycle for switch S7.

Averaging of KVL equations (3.50) and (3.53) gives,

dly; Voc  Viat Vat
—L =d(—- 1—-d)| -
dt < Lr Ly +( ) L
di,; d-V,. V.
Lf — DC _ bat (3.56)
dt L L

Ry T
If/\/
| ¥ bat
B Cf Voc
Figure 3.13: Average model of two-stage bidirectional EV charger.
and averaging of KCL equations (3.51) and (3.54) gives,
dVpa I Iy Iha
Zlbat _ g (L _ hat +(1-d) Lf _ hat
dt G Cr G G
Woar Ly _ Ioae (3.57)
ac ¢ C '
and averaging of KCL equations (3.52) and (3.55) gives,
dVpe Ie Iy Ine
DC _ d(LC_Lf> +(1-d) <LC>
dt Cpc  Cpc Cpc
Woe _ Ioc _d 1y (3.58)
dt  Cpc Cpc '

59



The equations (3.56), (3.57) and (3.58) shows the average expressions of DC-DC
converter model.

Fig. 3.13 shows the equivalent circuit of both the conversion stages. This
averaged model does not account the losses of converters for simplicity. However, the
non-idealities of converter switches, inductors and capacitors are required for efficiency
analysis, which is not the case here. The main focus of this model is presenting the

dynamic behavior of designed EV charger.
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4.1 Introduction

This chapter deals with the design of two controllers for a two-stage bidirectional
off-board EV charger. The charger comprises of two bidirectional stages i.e., first (AC to
DC) and second (DC to DC) conversion stages. The first control strategy is based on P/
regulator and second one is based on adaptive neuro-fuzzy inference system (ANFIS).
Both controllers can work in all possible active (P)-reactive () power cases. The
performance of controller is evaluated in eight modes including charging and reactive
power compensation. The charger charges the battery pack as per desired by user and
compensate the reactive power if requested by utility grid. Generally, the control of first-
stage of EV charger consists of two loops i.e., outer (slow) loop and fast acting inner
loop. The quantities to be controlled in outer loop are active (P) and reactive (Q) power
which developed the direct and quadrature axis reference current. Since, these quantities
are DC in nature, they can be easily handled. However, in inner loop, the grid current is
regulated. For PI based controller, the grid current is controlled in dg frame by two P/
controllers and pulses are generated by well-known pulse width modulation (PWM)

technique.
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Moreover, in ANFIS based technique, a unified ANFIS has been designed to
estimate the direct and quadrature axis reference currents directly in outer loop while
regulating two different quantities in single step only and hence, named as unified ANFIS
controller. Further, in inner control loop, the grid current is controlled by hysteresis
controller in abc frame. The proposed controller can compensate the harmonics of load
current and act as an active power filter. The proposed EV charger is simulated in
MATLAB/Simulink and controller performance is validated with scaled down hardware
model in real time using dSPACE-1104. A simulation-based study has been presented of
a 12.5 KVA EV charger and the hardware prototype rating of both controllers is 500 VA.

4.2 Proportional Integral Based EV Charger Controller
AC-DC Converter Control

ki

Q{w P=3/2 (Veiriga + v, -iq)\
. gd"lgd T Vgq'lg wt PLL

0=3/2 (Vg,'iga - Vgu'lgy)
qu Vabc
DC-DC Converter Control

Figure 4.1: Pl based OFF board EV charger.

The system architecture of off-board EV charger is shown in Fig. 2.8 and system

description is given in section 2.3.

The EV charger controller is shown in Fig. 4.1. The controller is based on
conventional P/ regulators for two-stage off-board EV charger [99]. The charger
comprises of a fully controlled three-phase AC-DC converter trailed by a bidirectional

buck boost DC-DC converter. Both the conversion stages can work in positive as well as
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negative side of P-Q power plane. In presented control strategy, five quantities are
controlled namely, active-reactive power (P-Q), gird current (I.sc), battery current (/pa/)
and DC link voltage (Vpc). Therefore, two separate controllers have been included each
for both the stages. The control of AC-DC converter consists two loops i.e., outer (P and
Q) control and inner one is for grid side current control. In outer loop, active and reactive
power is regulated by utilizing two individual P/ controllers. The outputs of outer power
loop will generate reference of active (I3) and reactive current component (Ig),
respectively. These reference currents are in dg domain. Furthermore, these two current
components are compared with the actual active and reactive current components of grid
current and two P/ controllers are employed to minimize the mismatch between them in
inner current control loop. The decoupling terms i.e. (-lowL+Vy) and (I;wL+V,) are
added in output of reactive and active current control loop, respectively. To produce the
duty ratios in dq frame, both the quantities are normalized by DC link voltage. A dg-abc
transformation is applied to develop the duty cycle for all three phases, and pulses of first
stage AC-DC conversion are generated by well-known pulse width modulation (PWM)

technique.

In the control design of DC-DC (second stage) converter, two quantities are
regulated i.e., battery current (/o) and DC-link voltage (Vpc). This controller also has
two loops, where in outer loop, the reference DC link voltage (V) is compared with
actual and error is minimized by P/ controller. The outer loop generates the reference
battery current (I;,;) and this reference is compared with actual battery current and
controlled by PI controller in inner loop. Therefore, total five quantities, P, Q, lue, Ve

and /. are commanded to the control in this EV charger control [100].

AC-DC Converter Control
Here, the first task is to calculate active-reactive power at the AC side of EV

charger in dg domain. For this, transformation from abc to dg domain is applied to grid

side voltage and current. This is given as [101]:

[ 0 - ﬂ . n ] -
Vo sin (wt) sin (wt —2 5) sin (wt + 2 §) Va
= > > x v 4.1)
91 Jcos (wt) cos (wt—2 §) cos (wt + 2 §) A
[ - - ﬂ - n ] -
11 |sin(wt) sin(wt—23) sin(wt+23) Iq
[ e 3 37 x| (4.2)
1 fcos (wt) cos (wt—2 §) cos (wt + 2 5) 1,
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The P and Q are calculated directly from dg component of grid current and

voltage as follows:
3

Q= ;(Vqld - Valy) (4.4)

Now, these P and Q are compared with reference active (P*)-reactive (Q*) power

and the errors are minimized by PI regulators. Theses P/ regulators will generate the
references of active (Iz)-reactive (I;) current components in dg domain respectively as

follows.
K.
I = (1(,,1 + Tll> X (P* — P) 4.5)

. Ki .
I = (Ko +2) x @ - ) (46)
Here, K,;, K2, Ki; and K;> are proportional and integral constants for controllers

tracking real and reactive powers respectively.

Further, similar P/ loops are obtained for current control in inner loop. In this,
two separate PI regulators are utilized to track I3 and I. The outputs of P/ regulators are
added with decoupling terms (+®lL) and after that it normalized by Vg Finally, duty

ratio is obtained in dg frame as follows:

d 1 req+Vy+3wly X1
dd] :_[ aTVa s q] @)
a Vdc

eq+Vq_3(l)Ls><Id
To generate the pulses for AC-DC conversion stage, the duty ratios are converted

into abc frame and passed through the well-known PWM technique. The conversion

from dg-abc gives [102],

sin wt cos wt
D, ) ( Zn) ( 211)
2 —_ —_

D, | = \/: sin | wt 3 cos | wt 3 Zd] .8)
p) 3| . 2 2m\ | 1%

sin (wt + —) cos (a)t + —)

3 3
DC-DC Converter Control

The quantities to be controlled in second stage of EV charger are battery pack
current (/pqr) and DC-link voltage (Vpc). To design this control, two PI regulators are
utilized. In outer loop, DC link voltage is equated with desired reference value and

regulated by PI controller. This PI controller produces the reference of battery current
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and regulated in inner control loop. Now, this inner loop controller produces the duty

cycle and pulses are generated through PWM technique [103].
. Kis \
lpat = (Kps + Tl) X (Vpe = Vie) (4.9)

K; " .
dpc-pe = (Kpo +—2) X Gipar = ipa) (4.10)
The gains of PI based off-board EV charger controllers are listed in Table 4.1.

Table 4.1 — Controllers Gains of P/ Based off-board EV Chargers

PARAMETER SYMBOL VALUE

Proportional constant of active power control loop Ky 0.85
Integral constant of active power control loop Kii 1.4
Proportional constant of reactive power control loop Ky 15
Integral constant of reactive power control loop Ki> 12
Proportional constant of active current component control loop Kp3 0.57
Integral constant of active current component control loop Kis 3.78
Proportional constant of reactive current component control Kpq 5.45
loop

Integral constant of reactive current component control loop Kiy 0.84
Proportional constant of DC link voltage control loop Kys 3.74
Integral constant of DC link voltage control loop Kis 8.45
Proportional constant of battery current control loop Kps 4.65
Integral constant of battery current control loop Kis 2.95

4.3 Unified Adaptive Neuro-Fuzzy Inference System Based
EV Charger Controller

This section deals with design of control algorithm based on adaptive neuro-
fuzzy inference system (ANFIS) for a two-stage off-board bidirectional smart EV
charger. The proposed EV charger is controlled to perform four quadrant operations as
discussed above. Here, the 3-phase AC-DC converter and DC-DC converter are two
main components, where the first one is controlled to regulate active/reactive power and
current harmonics of nearby non-linear load. Where, the second one regulates the DC
link voltage and battery current. An ANFIS has been designed to estimate the direct and
quadrature axis reference currents directly while regulating two different quantities in

single step only and hence, named as unified ANFIS controller.

Since, the main objective here is to achieve bidirectional active power flow while
providing reactive power support and non-linear load compensation simultaneously,
where the conventional controllers may fail due to sudden change in dynamics of highly

non-linear system [104]. Therefore, to compensate the above stated problem a unified
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adaptive neuro-fuzzy inference system (ANFIS) based controller is proposed. Due to the
well-known capabilities of artificial neural network (ANN) in learning from process and
managing uncertainties using fuzzy system [105], ANFIS has benefits in control and
modeling of highly nonlinear systems [106]. Although, the ANFIS controllers for
converter control have been proposed in past for several applications [107], but in
majority of applications, separate ANFIS controllers have been used to regulate the
different quantities [108]. Moreover, in majority of such controllers, two inputs were
taken to regulate a single quantity: error and rate of change of error [109]. This kind of
approach results in to more complexity in designing the controller and also enhances the
computation burden in real time implementation [110]. Therefore, in proposed work, a
novel unified ANFIS controller has been proposed which regulates the two different
quantities in single step and does not require the calculation of decoupling terms. A
hybrid method based on adaptive error backpropagation is employed to update the

weights of the system for fast convergence of control under dynamic conditions.

Here, the main aim of proposed system is to develop a control law which enables
the EV charger to have bidirectional active power flow while concurrently compensating
the reactive power and current harmonics of non-linear load if any at point of common
coupling (PCC). There are five main quantities to be regulated i.e., active power (P),
reactive power (Q), charger AC side current (Icasc), DC link voltage (Vpc) and battery
current (/per). The P/Q and Icae are controlled by the AC-DC converter whereas ¥pc and

Ipar are controlled through DC-DC converter control.

4.3.1 System Description

Fig. 4.2 shows the schematic diagram of proposed system. The system consists of
a two-stage off-board EV charger with linear/non-linear external load connected at PCC.
In two-stage EV charger, first stage is AC-DC rectification stage and next is DC-DC
transformation stage where both the converters comprise of bidirectional insulated gate

bipolar transistors (IGBTs) [111].

The front-end AC-DC converter is controlled in such a way that the combination
of charger and non-linear load appears as resistive load when seen from grid side. This
not only enables the unity power factor operation, but also sorts out the issues related to
power quality. Let us consider a linear/non-linear external load of charging station

drawing complex power,
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Figure 4.2: OFF board EV charger architecture.

Now if charger is able to compensate total reactive power i.e., j ((?L + QL) and
harmonic active power P demand of local load, then the voltage and current of grid must

be exactly in same phase (i.e., VGarc£0, Icarc£0). The total complex power of charger is,

S¢ = Veave * Icabe (4.12)
Here, Icape s charger current
VetOc — Viape
I = 4.13
Ccabc ZCABZ ( )
Ve = Veave + lcape " 2c407 + 6, (4.14)

Where, V¢ is terminal voltage of charger with phase angle 8; and Z¢ is series

impedance with phase angle 7. On substituting equation (4.13) in (4.12).

Se =Veope - (VCABC ~ VGabC) _ Yeane* Vet (Oc —07) Véapc26z
c Gabc ZCLBZ Zc 7.

V -V V2
= <M cos(8, — ;) — —S2be cos(@z))
7. 7

, (4.15)

v -V %4
+j <—GabZCC Csin(BZ 0c) — Gabe sm(62)>

It is clear from equation (4.15) that desired charging current can be attained by
controlling its phase angle, terminal voltage and impedance in such a way that the net
sum of converter current and non-linear load current always appears to be resistive

current when seen from grid side [25].
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4.3.2 ANFIS Based Control System

The schematic of control design of proposed controller is shown in Fig. 4.3. The
controller consist of two control laws for two different converters. The AC-DC converter
controller regulates active (P.)/reactive (Q.) power of charger and charger AC side
current, whereas DC-DC converter control works under constant charging mode and

regulates Vpc and Ipa: [112].

A. Control of AC-DC converter
To control the P./Q., first charger voltage (Vcanc) and charger current (Icase) are

measured to calculate the front end converter active (Pc) and reactive power (Qc) as
discussed in previous case. Now, the calculated Q. is compared with reference reactive
power command (Q."). The maximum reactive power that can be compensated must be

within permisible limit and it is calculated as,

Quim = £ S? — (£F.)? (4.16)

Where, S is the rating of charger and P. is active power transfer by charger. Here,
positive P. indicates the battery charging from grid and negative sign is for battery
discharging (reverse power flow from battery to grid). Moreover, if charger is not able
to compensate the full reactive demand of load due to its rating limitations, then it is

controlled to supply partial reactive power demand while rest is taken from grid.

AC-DC Converter Control

ILabc Load Current
Harmonics

| e
X 1
I i - )
Icape Gdq @2 g 2EF 6
e : =2 -2 Lt
= o S B E
dq v zZ = S % 5 E.lﬁ:
VCabc V < 5 E’Q =] 2
ou DO %’*’ [naitie

. . Ica Icp Icc
QC Qlim ' [ " - "

DC-DC Converter Control
Figure 4.3: ANFIS based EV charger controller.

Here, the active power error (ep) and Reactive power error (ep) are applied to

Unified ANFIS controller, which are calculated in single step, yields the charger
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reference current in its direct axis (/;") and quadrature axis (/,") form. The design of
unified ANFIS is shown in Fig. 4.4. The 3-phase reference charger currents of each
phase (I¢4, I and I5.) are simply obtained through dg-abc transformatio. Since, the
front end converter is also used to compensate the nearby non-linear current harmonics,
accordingly the reference charging currents of each phase are slightly modified by
adding the load harmonic currents into the respective phases of charger current. In inner
loop, the tracking of the reference charger current in abc frame is done by hysteresis
controller [113].
Design of ANFIS Controller

An unified ANFIS based on TSK having 2:6:3:3:2 architecture with two inputs
(ep and ep) and two outputs (Z;” and 1,") [114]. Here, the consequent and precondition
parameters are continuosly updated using gradient descent based error backpropogation
algorithms as shown in Fig. 4.4 [115] [116]. The ANFIS controller mainly comprises 5

layers and the role of each layer is as follows:

Layer I: This layer is represented by square and known as fuzzification layer.
Here, three membership functions are assigned to each input. The triangular and
trapezoidal type membership functions as shown in Fig. 4.5 have been opted to minimize

the computational burden, and represented as:

*3;' > Error ‘ PG
< — Backpropagation [e— 3G
oz Alogrithm =

N

."'—' 2
v,
L

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
Figure 4.4: Design of unified ANFIS.
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1, A<b

i) = &1(A) = A , b1 <A<a (4.17)
1~y
0, A= ay
1A%l <05b
-, —-a,| <0.
Ex2(M) = &2(2,) = 0.5b, 2 2 (4.18)
0, |1 —a,| = 0.5b,
0, A< a;
/1 - a3
$x3(A1) = &ys(A) = b — . & <A <bs (4.19)
3 —as
¢i(2) &24) ¢3(4)

|

|

a b; >
Figure 4.5: Fuzzy membership functions.

Where the parameters (a; and b;) are updated according to the value of error, and

are popularly known as precondition parameters.

Layer 2: In this layer the nodes are represented by circle labeled as ¢. Each node

has two inputs, which multiplies them and transmits it to next layer.

S = $xe(A) ~$vie(A2), k=123 (4.20)
The output of layer () depicts the firing strength of a rule.

Layer 3: This layer normalized firing strength of each rule, where the nodes are
represented by circle labeled as N.
= &
Sk = TF 5
IRETRAT!

Layer 4: The nodes are represented by square labeled as A, whose output

4.21)

function is given as follows:

Zr =& gl =&(ak +ak-%), j=12 (4.22)
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Where the parameters (aX and a¥) are also known as consequent parameters and

updated regularly.

Layer 5: Represents the output layer, that calculates the O; and O; as follow:

01=¢& 91 +& g5 +&3- 93 (4.23)
0, =691 +&97 +&5 93 (4.24)
The actual active and reactive power current component i.e., I;* and I,” are

obtained by multiplying the outputs of layer 5 with normalizing factor.

Online training of ANFIS controller: A gradient-descent technique is utilized for
proposed ANFIS controller to minimize the error, where square of the error is taken as
cost function. Here, the weights are updated by propagating the cost function from output
Layer 5 to input Layer 1. This phenomenon is known as backpropagation [30]. The
training algorithm consists of two stages, i.e., consequent and precondition/premises

parameter tuning.

ep = (Pt — Pc)? (4.25)
Here, equation (4.25) represents the squared error of Pc, similarly squared error

of QOc can be found.

Precondition (Premises) Parameter Tuning: The fuzzy membership functions are
updated by acquiring data from the precondition parameters as discussed in Layer I. The

variation in error function and precondition parameter are related as

2
dej

6an

Aay, = —n (4.26)

Where, the proportionality constant (7) is defined as learning rate. The modified

value of consequent parameters is defined as follows:

axr(n+ 1) = ay(n) + Aayy (4.27)
Or
de?
axie(n +1) = axe(n) — 15— (4.28)
Axg
Similarly,
de?
bxi(n + 1) = by (n) — n5— (4.29)

by
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Now, the chain rule is utilized to find out the partial derivative of equation (4.28)

as follows:
day, Vg 0ig 6'5_1 0§y 0¢x1 Odayy '
where,
de?
aV:C = —2(P; — P;) = —2ep (4.31a)
. 0P
(Pe=P)=C-ij=>—=—C (4.31b)
diy
L X E X E X dig X
ig=¢1"91 +$2° 95 +f3'93:a§—=91 (4.31c¢)
1
£ = &1 :%: (2+¢3) (4.31d)
$1+&+8s 08 §1+8+Es
_ 01 _
$1=8x17¢y1 > F =¢y1 (4.31e)
X1
A= 0 -1
Epr = 1~ 0ax1 N €X1_ $x1 431))

by —ay;  Oax; by; —ax
After putting all the terms of equation (4.31) in (4.30), we find the updated value

of ay, as follows:

&HM) + &M

ax1(n+1) = ax,;(n) —2-n-ep(n) - C- g (n) - () + &, ()42 (n) “$y1 v
G -1 (*32)
bx1(n) — ax1(n)
Similarly,
_ e en () C - g¥(n) - 2 F&EM
byi(n+1) = by (n) +2-1-ep(n) - C- gi (n) 2.0 + & ()16 () $y1 \
g (433
bx1(n) — ax,(n)
Similarly, the other fuzzy membership functions are calculated as follows:
_ e en () C - g¥(n) - — MW FEM
by,(n+1) = by,(n) —2-1n-ep(n) - C - g5 (n) £ + &, ()&, () $y2
. 1—$x,(n) (434)
bx,(n)
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s +6Hm)

axg(n+1) = axs () =21+ ep(n) - €+ g3 (n) - o L+E0)
 Sx(m)—1 (4.35)
bxs(n) — axs(n)
_ e EM+EM
Pt ) = o+ 2m e C ol F e e m g @36

$x3(n)

. by3(n) — axz(n)

Consequent parameters: The following laws are utilized to update these

parameters discussed in Layer 4.

2
dej

P 4.37
dafe (4.37)

aglf(n +1) = aglf(n) — N

de?

P 4.38
da,, (4.38)

ar(n+1) = a;’(n) —nc-

Where, the learning rate of consequent parameters is #.. The derivative of error in

equation (4.37) and (4.38) is calculated by chain rule method as follows:

dep _dep 0P 0iy 0gy

aaglf_é‘Pc dig 09y aa(’)’,f (4.39)
dep _dep OP; 0diy 0gy
aaf,f d0P; 0dig dgy aaf,f (4.40)

Here, the first two terms of equation (4.40) have already been obtained and

remaining terms can be derived as

61';: Sk . agk= . agk=E
0gr  &x, téx, +&x, ' 6a0P,f ' 6af}f (4.41)

On substituting derived terms in equation (4.39) and (4.40), the modified

consequent parameters are as follows:

C Cc 6
agk(n+1)=a§k(n)+2'nc'f'm (4.42)
af,f(n+1)=af,f(n)+2'flc'f'fx+§ﬁ'f (4.43)
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The same approach is also applied to reactive power control loop. Thus, both the
proposed ANFIS controller estimates ;" and I," in single step without involving real

system parameters.

B. Control of DC-DC converter
Table 4.2 — Controllers Gains of DC-DC Converter.

PARAMETER SYMBOL VALUE
Proportional constant of active power control loop Kp7 12.5
Integral constant of active power control loop Ki7 54
Proportional constant of reactive power control loop Kps 1.28
Integral constant of reactive power control loop Kis 2.47

The same controller is used in this case also as discussed in previous section and

equations of second stage (DC-DC) conversion are as follows,
* * Ki7 *
Ipat = Kp7(Vpe — V) + T(VDC —Vbe) (4.44)

: Kis .
d = Kpg(Ipat — Ipar) + Tl(lbat — Ipar) (4.45)

Where, K7, K,7 are proportional and K;s, Kis are integral constant tuning values
of PI controller for DC link voltage and battery current control loop, respectively and the

values of gains are listed in Table 4.2.

4.4 Results and Discussion of PI Based Controller

This section presents the simulation and hardware results of P/ based control
architecture and simulation and hardware parameters are listed in Table A.1 and A.4
respectively. The MATLAB 2016a software is used to simulate the EV charger and
dSPACE-1104 for controller in real time.

4.4.1 Simulation Results

To claim the performance of controller, a simulation scenario with different P
and O commands has been developed as listed in Table A.5. In this, the initial two
modes are related with charge-discharge of EV battery. In mode-1, battery is charging at
the rate of 12 KW of power and discharge with same rate in mode-2. The next two
modes are showing reactive power operation without charge/discharge of EV battery. In
mode-3, the charger is compensating the inductive reactive power and capacitive reactive
power in mode-4 without exchange of power with battery. The rest four modes are

related with both active-reactive operations simultaneously. In mode-5, the charger is
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charging the battery pack at the rate of 10 KW while compensating of 7.5 KVAR of
inductive reactive power. Mode-6 is associated with the compensation of capacitive
reactive power while charging of battery pack. In this, the charger is charging the battery
at the rate of 7.5 KW while compensating capacitive reactive power of 10 KVAR. The
last two modes are related with discharging operation of battery while compensating of
reactive power. In mode-7, the charger is taking 5.5 KW of active power from battery
while compensating 11.2 KVAR of inductive reactive power. In last mode, the charger is
discharging the battery at the rate of 11.2 KW while compensating 5.5 KVAR of
capacitive reactive power. In case of off-board EV charger, 600 V reference of DC-link

voltage is selected and nominal voltage of EV battery pack is taken as 350 V.
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Figure 4.6: Simulation results of P-Q, grid current (lusc), DC-link voltage (Vpc), battery
voltage (Via), battery current (Ipa), and SOC.

The active (P)-reactive (Q) powers, grid side current (luc), DC-link voltage
(Vbc), Battery voltage (Vra:), Battery current (/p4), and SOC are shown in Fig 4.6 during
all the modes. The run time of each operating mode is 1.5 seconds. The negative value of
battery current shows charging and positive value shows discharging while battery

voltage is positive for all cases. In can be observe that the battery current is zero in
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mode-3 and 4 as there is no active power operation during these modes. For optimal
utilization of EV charger, it operates at full load thereby, the grid side current is constant
during all the modes i.e., 17.4 A (rms). The DC link voltage is maintained at 600 V

during all working modes.
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Figure 4.7: SOC (a) during charging modes and (b) during discharging modes.

The variations of SOC with different charging/discharging rate are shown in Fig
4.7 (a) and (b) respectively. It can observe that the SOC rises faster in mode-1 and
slower in mode-6 as the active power supply to EV battery pack is higher in mode-1.
Similarly, SOC decreases faster in mode-2 and slower in mode-7 as amount of active
power taken from the battery is higher in mode-2.

Fig. 4.8 shows the transition of active-reactive power and three-phase grid current
with phase a voltage from one mode to another (for better clarification grid current is
multiplied by factor of 5). During mode 1, current and voltage of phase a are in same
phase. As charger shifts from mode 1 to mode 2, current /, becomes completely out of
phase with phase a voltage V, as shown in Fig. 4.8 (a). As charger shifts from mode 2 to
mode 3, current /, changes from out of phase of voltage V, to 90° lagging behind voltage
as shown in Fig. 4.8 (b). In the course of changeover from mode 3 to 4, current I,
transpose from 90 degrees lagging behind voltage V, to 90 degrees leading as shown in
Fig. 4.8 (c). This indicates that charger shifts from inductive reactive to capacitive
reactive operation. In mode 5, charger is in inductive charging state, and thus current /,
lags voltage V., by 36° and the transition from mode 4 to 5 is shown in Fig. 4.8 (d). In
transition from mode 5 to 6, current /, changes from 36° lagging to 53° leading the
voltage V.. This indicates capacitive charging in mode 6 and transition from mode 5 to 6
is shown in Fig. 4.8 (e). In transition from mode 6 to 7, current /, shifts to 243° lagging

behind Voltage V., by an angle greater than 90 degrees as shown in Fig. 4.8 (f). In
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transition from mode 7 to 8, current changes to 243° lagging behind voltage to 206°

leading as depicted in Fig. 4.8 (g).
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Figure 4.8: Transition of active-reactive power and grid current from (a) Mode-1 to 2,
(b) Mode-2 to 3, (c) Mode-3 to 4, (d) Mode-4 to 5, (e¢) Mode-5 to 6, (f) Mode-6 to 7, and
(g) Mode-7 to 8.
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Fig. 4.9 shows the harmonic spectrum of phase a of grid current during all

working modes. The results are also listed in Table 4.3 and it is found that the value of

total harmonic distortion (THD) during all working modes are within the permissible
limit of 5% specified by IEEE-519 standard.
Table 4.3 — THD during different working modes.

Mode THD (%) Mode THD (%)
1 3.40 5 3.55
2 3.39 6 3.28
3 3.58 7 3.52
4 3.28 8 3.31
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4.4.2 Experimental Results

To validate the controller performance in real time, a hardware prototype has
been developed in laboratory as shown in Fig. 2.11. An eight modes hardware scenario
similar as simulation has been developed as listed in Table A.7. The hardware prototype
is rated as 500 VA and parameters are given in Table A.3. A 96 V battery pack is built
up by connecting eight 12 V, 7 Ah batteries in series. During mode-1 and 2, charger is
charger/discharge the battery pack at the rate of 500 W respectively. The next two modes
i.e., 3 and 4 associated with reactive power operation and 500 VA of inductive and
capacitive reactive power is compensated in mode-3 and 4 respectively. The mode-5 and
6 related to charging and reactive power compensation. In mode-5, the charger charges
the battery pack at the rate of 400 W and simultaneously compensates 300 VAR of
inductive reactive power. Similarly, it charges the battery pack at the rate of 300 W while
compensating 400 VAR of capacitive inductive power in mode-6. The last two modes
are associated with discharging operation while compensating of reactive power. In
mode-7, the charger takes 200 W of power from battery while compensating of 458.3
VAR of inductive reactive power. In last mode, charger discharges the battery pack at the
rate of 458.3 W while compensating of 200 VAR of capacitive reactive power.

Fig. 4.10 shows the hardware prototype results of above discussed controller with
variations as listed in Table A.7. The experimental results are captured by eight channel
Tektronix mixed signal oscilloscope (series 5) and total eight signals are shown in
results: - three-phase voltages (Va, V» and V), three-phase current (i, I» and I.), DC-link
voltage (Vpc) and battery current (/pe). The grid line-to-line voltage is 70 V (rms)
therefore, peak of grid phase voltage is around 57 V. For economical operation and
optimal utilization, complete charger rating (i.e., 500 VA) is utilized during all operating
modes. Therefore, the EV charger AC side current is constant i.e., 4.1 A (rms) during all
operating modes. Mode-1 and 2 shows the charging-discharging operation of battery
respectively at same rate i.e., £ 500 W and the changeover between mode 1 and 2 is
shown in Fig. 4.10 (a). The phase angle is zero and 180° in mode-1 and 2 respectively.
Since, the battery pack voltage is around 100 V, the battery charging current in mode 1 is
500/100 = 5 A and discharging current is also same in mode 2 because discharging
power command is same as charging active power command. In mode 3, the charger
works under inductive reactive power compensation only and the grid current changes
from out of phase to 90° lagging as shown in Fig. 4.10 (b). Due to the reactive power

operation, the phase angle changes from exactly 90° lagging to leading in transition of
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Figure 4.10: Transition of Three-phase voltage-current, DC-link voltage and battery
current from (a) Mode 1-2, (b) Mode 2-3, (c) Mode 3-4, (d) Mode 4-5, (e) Mode 5-6, (f)
Mode 6-7 and (g) Mode 7-8.

mode-3 to 4 as depicted in Fig. 4.10 (c). Therefore, the battery current is zero during this
transition. The transition from mode-4 to 5 is shown in Fig. 4.10 (d). In mode 5, battery
is charging at lower rate i.e., 400 W and rest of charger’s rating (i.e., 300 VAR) is

utilizing in compensation of inductive reactive power. Mostly, the EV charger works
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under mode 5 and 6 in which charger is supply reactive power and simultaneously
charge the battery pack. The power factor in these modes depends on amount of active-
reactive power supplied by charger. Here, the P is 400 W, Q is 300 VAR in mode-5 and
300 W, -400 VAR in mode-6 and the changeover is shown in Fig. 4.10 (e). Therefore,
the phase angle between voltage and current is 36° lagging and 53° leading in mode-5
and 6 respectively. Similarly, the transition between charging to discharging while
compensating reactive power is shown in Fig. 4.10 (f). This shows the transition between
mode-6 to 7 in which battery current changes from -3 A to 2 A. The battery is
discharging at the rate of 200 W in mode-7 while compensating 458.3 VAR inductive
reactive power this results the phase difference of 113° lagging. In mode-8, the active-
reactive operation is swapped and battery is discharging at the rate of 458.3 W while
compensating 200 VAR of capacitive reactive power. The changeover between the
mode-7 and 8 is depicted in Fig. 4.10 (g) and phase difference is 156° leading. During all
the transitions, the DC-link voltage is maintained at 150 V however, a slight variation

occurs at the time of transition but it settled at 150 V quickly.
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Figure 4.11: THD in Three-phase grid current (a) Mode 1, (b) Mode 2, (c) Mode 3, (d)

Mode 4, (e) Mode 5, (f) Mode 6, (g) Mode 7 and (h) Mode 8.
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Fig. 4.11 shows the harmonic spectrum of three-phase grid current during all working
modes. The results are also listed in Table 4.4 and it is found that the value of THD
during all working modes are within the permissible limit of 5% specified by IEEE-519
standard in real time also.

Table 4.4 — THD during different working modes.

Mode THD (%) Mode THD (%)
1 3.4 5 3.8
2 3.3 6 3.8
3 3.6 7 3.8
4 4 8 3.7

4.5 Results and Discussion of ANFIS Based Controller

4.5.1 Simulation Results

A 12.5 KVA EV charger with external local load of fixed active power of 2 KW
and variable reactive power is simulated in MATLAB. As battery pack voltage of EV
application is usually (~ 180 — 380 V), therefore A Li-ion battery pack having nominal
voltage of 350 V is utilized for proposed system. The SOC is selected as 50%, which
varies with charging/discharging of battery and accordingly the battery voltage may also
vary. Generally, the range of DC link voltage falls between (~ 400 — 750 V), and
therefore, reference of Vpc is taken as 600 V.

TABLE 4.5 - Simulation Scenario of ANFIS Based Controller.

Mode Pc Qc Sc PL QL SL Pc Qc Sc Time
(KW) (KVAR) (KVA) (KW) (KVAR) (KVA) (KW) (KVAR) (KVA) (sec)

1 12.5 0 12.5 2 0 2 14.5 0 14.5 0-1.5

2 -12.5 0 12.5 2 0 2 -10.5 0 10.5 1.5-3

3 0 -12.5 12.5 2 5.5 5.852 2 -7 7.28 3-4.5

4 10 -7.5 12.5 2 4 4.472 12 -3.5 12.5 4.5-6

5 -10 -1.5 12.5 2 4 4472 -8 -3.5 8.732 6-7.5

6 10 -7.5 12.5 2 10 10.198 12 2.5 12.257  7.5-9

7 -10 -7.5 12.5 2 12 12.165 -8 4.5 9.178  9-10.5

In order to analyze the controller’s performance, a simulation scenario of seven
modes has been considered, where each mode is simulated for 1.5 seconds as listed in
Table 4.5. The first two modes are associated with active power operation only. During
mode-1, EV charger is charging the battery pack at the rate of 12.5 KW and load is also
demanding active power of 2 KW, thereby total active demand of 14.5 KW is supplied
by grid. In mode-2, the EV charger is taking 12.5 KW of power from the battery pack
and transfer it to the AC side. During this, first it fulfils the 2 KW active demand of local
load and transmit the surplus power of 10 KW back to grid. During mode-3, the EV
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Figure 4.12: Measured active power of grid (Pg), charger (Pc), load (Pr), reactive
power of grid (Qg), charger (Qc) and load (Q1).

charger is compensating the reactive power of 12.5 KVAR without charging the battery
pack. Now, load is demanding reactive power of 5.5 KVAR along with 2 KW of active
power. In that case, the grid fulfils 2 KW active demand of load and charger
compensates 5.5 KVAR of reactive demand. The surplus reactive power of 7 KVAR is
transferred to grid. The rest four modes are associated with both active and reactive
operation simultaneously by the EV charger. In mode-4, the EV charger is charging
battery pack at the rate of 10 KW while compensating 7.5 KVAR of reactive power. The
load is demanding 2 KW and 4 KVAR of active and reactive power respectively.
Therefore, the reactive demand of load is compensated by EV charger and rest of 3.5
KVAR is transferred to grid and total active demand of 12 KW is supplied by grid. In
mode-5, the load active/reactive demand is same as mode-4, however EV charger is
taking 10 kW of power from battery pack in this mode. Thereby, first EV charger fulfils
the 2 KW/4 KVAR active/reactive demand of external load and transferred the surplus 8
KW/3.5 KVAR of active/reactive power to grid. In mode-6, the EV charger operation is
same as mode-4, however the reactive demand of external load is increase to 10 KVAR.
The EV charger cannot compensate the complete reactive demand of load but it
compensates 7.5 KVAR and rest 2.5 KVAR reactive demand of external load is supplied
by grid. The last mode is associated with discharging of battery and EV charger

operation is same as mode-5, however the reactive demand of external load is increased
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to 12 KVAR. This results the increment in reactive power supply from the grid to 4.5
KVAR.
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Figure 4.13: Measured DC-link voltage (Vpc), battery voltage (Viay), battery current
(Ivar), and state of charge (SOC).

Fig. 4.12 shows active-reactive power of grid, charger and load. From the active
power of EV charger (Pc), it can be seen that the mode 1, 4 and 6 are associated with
battery charging (G2V) and mode 2, 5 and 7 are associated with battery discharging
(V2G) operation. Mode 3 is associated with reactive power compensation where the
exchange of active power is limited to zero. For optimal utilization and economical
operation, complete charger rating has been utilized. It is capable of transferring the
surplus active as well as reactive power when demanded by grid within its capacity. The
load active power demand is constant at 2 KW as shown in P;, whereas the reactive
power demand of load varies. The active and reactive power of grid side depends on EV
charger operation and external load demand and it varies accordingly as shown in P and
Oc.

In Fig. 4.13, it can be seen that Vpc is maintained at 600 V during all the
operating modes. The nominal variation of approximate 3 to 4 V is seen in battery
voltage while changing the operating mode from charging to discharging. During mode
3, no active power is transferred as evident from zero value of the battery current and
constant SOC level. Furthermore, SOC varies with respect to the charging/discharging
rate (exchange of active power).

Fig. 4.14 shows the measured charger (/casc), load (Iranc) and grid ({Gase) current.
The charger is operating at 12.5 KVA during all the modes. Therefore, no change in

charger current is seen. The apparent power of load increases as reactive power increases

84



due to that load current increases. The apparent power of grid varies as both active-

reactive power of grid side varies due to that grid current also varies.
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Figure 4.14: Measured three-phase charger current (Icanc), load current (Irape), and grid
current (Igabc).

Fig. 4.15 shows the transition from one mode to another. Fig. 4.15 (a) shows the
zoomed version of transition from mode-1 (charging) to 2 (discharging). It is observed
that the current of phase a is exactly in phase with voltage of phase a during mode-1 and
exactly out of phase in mode-2. The reactive power remains zero in mode-2 while the
active power varies from +12.5 KW to -12.5 KW. In Fig. 4.15 (b), the transition from
mode-2 to 3 is shown, in this the current changes from out of phase to 90° leading
because charger supply reactive power without charging the battery pack. Fig. 4.15 (c)
shows the transition from mode 3 to 4, the charger current starts leading behind voltage
by 36° because charger is compensating reactive power while charging of battery.
Similarly, the charger compensating reactive power while discharging of battery as
shown in Fig. 4.15 (d). The transition from discharging to charging while supplying
reactive power is shown in Fig. 4.15 (e) and phase difference is 143°. The transition from
mode-6 to 7 is same as the transition from mode-4 to 5 because active/reactive power
commands of EV charger are same. It is observed that during all the modes controller
performs efficiently to track the reference Pc-QOc and EV charger AC side current
commands. Correspondingly, the transient and steady-state responses during all
transitions are analyzed and found that it takes less than two grid cycles to track the

reference active/reactive power command.
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Figure 4.15: Zoomed version transition of charger active-reactive power and charger
current with phase a voltage from (a) mode 1-2, (b) mode 2-3, (c) mode 3-4, (d) mode 4-

5 and (e) mode 5-6.

Fig. 4.16 and 4.17 show the simulation results of reactive power compensation of

non-linear load. During this, the EV charger turns on at 0.2 sec before that grid is acting

as a source and supplying all the P; and Q; demand of load. At 0.2 sec, EV charger turns

ON and starts compensating harmonic current demand of non-linear load without

reactive power operation. At 0.5 sec, the load P; and O; demand is increased to 2 KW

and 1 KVAR respectively. Accordingly, the reactive power supply from EV charger is

also increased and now EV charger is compensative the reactive demand of both linear
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and non-linear load. In the last, at 0.8 sec the EV charger starts charging battery pack at

the rate of 3 KW while compensating the total reactive demand of external linear/non-

linear load. In this operation, no reactive power is taken from grid after turning ON the

charger. Therefore, unity power factor operation is achieved even in the presence of non-

linear load. In Fig. 4.17, it can be observed that the grid side current is always

maintained sinusoidal and in phase with grid voltage despite of having highly non-linear

load current at PCC.
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4.5.2 Experimental Results of ANFIS Based Controller

The experimental scenario is accounted in Table 4.6 as given below and results
are shown in Fig. 4.18 & 4.19. The experimental scenario is similar as simulation with
seven working modes. The EV charger is rated as 500 VA and for optimal operation it is
working on 500 VA during all the modes. During first two modes, no reactive power is
demanded by load and only active power exchange is done. In mode-1, EV charger is
charging the battery pack at the rate of 500 W and load is also demanding 100 W of
active power. In that case, the total active demand of EV charger and load i.e., 600 W is
supplied by grid. During mode-2, EV charger is taking 500 W of power from battery
pack. In this condition, first EV charger fulfills the 100 W active demand of external load
and transfer the surplus power of 400 W to grid. The mode-3 is associated with reactive
power compensation only and EV charger is compensating 500 VAR of reactive power
without charging of battery pack. The load is demanding 100 W and 100 VAR of active
and reactive power respectively. Thereby, first EV charger compensates the 100 VAR
reactive demand of load and transfer surplus 400 VAR to grid. Now, grid is taking 400
VAR of reactive power and supplies 100 W of active power to external load. In mode-4,
the EV charger is charging battery pack at the rate of 400 W and compensating 300 VAR
of reactive power. The load is demanding 100 W and 150 VAR of active and reactive
power respectively. In this case, EV charger compensating the 150 VAR reactive
demand of external load and transfer surplus 150 VAR to grid. Whereas, grid supplies
total 500 W active demand of EV charger and external load. The mode-5 related to
discharging and reactive power compensation operation. During this, the EV charger is
taking 400 W of power from battery pack while compensating 300 VAR of reactive
power. It transfers 100 W of active power to external load and rest 300 W transferred to
grid. Similarly, it compensates 150 VAR of reactive demand of external load and transfer
rest 150 VAR to grid. The active/reactive operation of EV charger in mode-6 is same as
mode-4 but the load reactive demand is increased to 300 VAR. Now, the EV charger can
compensate 300 VAR of reactive power, therefore no exchange of reactive power is done
with grid. Whereas, the grid supplies 500 W of active power to EV charger and external
load. The EV charger operation in last mode is same as mode-5, however in this case the
reactive demand of external load is increased to 350 VAR. whereas, the EV charger can
compensate only 300 VAR, therefore during this the rest 50 VAR of reactive demand is
supplied by grid. Where, the EV charger supplies 100 W to external load and rest 300 W

to grid same as mode-5.
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TABLE 4.6 - Experimental Scenario of ANFIS Based Controller.

Mode Pc Qc Sc PL Qu SL Pc Qc Sc

WM (AR (VA W) (VAR (VA W) (VAR) (VA
1 500 0 500 100 0 100 600 0 600
2 -500 0 500 100 0 100 -400 0 400
3 0 500 500 100 100 1414 100 -400 4123
4 400 300 500 100 150 180.3 500 -150 522
5 -400 300 500 100 150 180.3  -300 -150 3354
6 400 300 500 100 300 316.2 500 0 500
7 -400 300 500 100 350 364 -300 50 304.1
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Figure 4.18: Transition of grid phase a grid voltage (Vgq), phase a current of charger

(Ica), load (I14) and grid (Ig.), DC-Link voltage (Vpc) and battery current (Ipay) from (a)
mode 1-2, (b) mode 2-3, (c) mode 3-4, (d) mode 4-5, (e) mode 5-6 and (f) mode 6-7.

Fig. 4.18 show the transition of phase a grid voltage with phase a current of EV
charger (Ica), load (I14) and grid (Ig«), DC-link voltage (Vpc) and battery current (Zpar).
Fig. 4.18 (a) show the transition from mode 1 to 2. During this, battery is charging at the
rate of 500W and discharging at same rate without reactive power operation in mode 1

and 2 respectively. The active demand of load is 100 W during both working modes,
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thereby the grid is supplying 600 W of active power in mode 1 and receiving 400 W in
mode 2. Since, the apparent power of EV charger is same i.e., 500 VA in all working
modes, the magnitude of EV charger current is 5.8 A during all modes. The apparent
power of load is same in mode 1 and 2 i.e., 100 VA, therefore no change occurs in
magnitude of load current and i.e., 1.2 A. However, the apparent power of grid is 600
VA and 400 VA in mode 1 and 2 respectively, therefore the magnitude of grid current is
7 A and 4.7 A in mode 1 and 2 respectively. Since, mode 1 is associated with charging of
battery without reactive power operation and load is also consuming active power, the
current is in phase with voltage. The mode 2 is associated with discharging operation
only, therefore EV charger and grid current is exactly out of phase with voltage. The
battery pack current of 100 V battery pack is -5 A and 5 A in mode 1 and 2 respectively
because of 500 W charging and discharging power command.

Fig. 4.18 (b) shows the transition from mode 2 to 3. The mode 3 is associated
with reactive power operation without changing of EV battery. In this, load is also
consuming 100 VAR of reactive power with 100 W of active power. Therefore, total
apparent power consuming by load is 141.4 VA and magnitude of load current is
increased to 1.6 A from 1.2 A. Due to the reactive power demand, load current is lagging
by approximately 50° by voltage. As EV charger is compensating 500 VAR of reactive
demand in which 100 VAR is supplied to load and rest of reactive power is transferred to
grid, therefore the EV charger current is leading exactly 90° by voltage. The grid is
supplying 100 W of active power to load and receiving 400 VAR of reactive power,
which results the total apparent power is 412.3 VA. Therefore, the grid current is leading
76° by voltage. Since, EV charger is not charging/discharging of battery, the battery
current is zero in mode 3.

Fig. 4.18 (c) shows the transition from mode 3 to 4. The mode 4 is associated
with both charging and reactive power operations. In this, EV charger is charging the
battery pack at the rate of 400 W and rest of the charger’s rating is utilized in
compensation of 300 VAR of reactive power. The reactive demand of load is also
increased in mode 4 and now total apparent power of load is 180.3 VA. Due to that, the
magnitude of load current is increased to 2.1 A from 1.6 A and now the phase difference
between voltage and current is 56° lagging. During this mode, the 150 VAR reactive
demand of load is supplied by EV charger and rest 150 VAR is transferred to grid. The
grid is supplying 500 W of active power and receiving 150 VAR of reactive power
which results total apparent power is 522 VA. As a result, the magnitude of grid current
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is 6.1 A and phase difference between voltage and current is 17° leading. As battery is
charging at the rate of 400 W, the battery charging current is 4 A.

Fig. 4.18 (d) shows the transition from mode 4 to 5. The mode 5 is associated
with both discharging and reactive power operations. In this, the EV charger is
commanded to transfer the battery energy to local load and grid. The EV charger is
taking 400 W of active power and rest of its rating is utilized in compensation of 300
VAR of reactive power. The apparent power of load is same as mode 3, thereby no
change occurs in load current. However, the active power demand of load is fulfilled by
EV charger. Since, battery is supplying 400 W of active power, in which 100 W is
supplied to load and rest 300 W is transferred to grid. At the same time, EV charger is
supplying 300 VAR of reactive power in which 150 VAR is consumed by load and rest
150 VAR is transferred to grid. As a result, the apparent power of grid is 335.4 VA and
magnitude of grid current is 3.9 A. The phase difference between voltage and current of
EV charger and grid is 143° leading and 153° leading respectively. Moreover, the battery
changes from -4 A to 4 A as battery is supplying 400 W of active power to grid.

Fig. 4.18 (e) shows the transition from mode 5 to 6. The EV charger operation in
mode 6 is same as mode 4, it charges the battery pack at the rate of 400 W while
transferring 300 VAR of reactive power. However, in this mode the reactive demand of
load is increased to 300 VAR. As a result, total apparent power of load is increased to
316.2 VA and load current is 3.7 A. In this case, the reactive demand of load is
compensated by EV charger and no reactive power is exchanged with grid. However, the
400 W and 100 W of active demand of battery and load respectively is supplied by grid.
As a result, total apparent power of grid is increased to 500 VA and grid current is 5.8 A.
The phase difference between voltage and current of EV charger is same as mode 4 and
phase difference between load voltage and current is 72° lagging. Since, there is no
exchange of reactive power with grid, the grid current is in phase with voltage.
Moreover, the battery current is same as mode 4 i.e., -4 A.

Fig. 4.18 (f) shows the transition from mode 6 to 7. The EV charger operation in
mode 7 is same as mode 5, it discharges the battery pack at the rate of 400 W while
transferring 300 VAR of reactive power. In this the reactive demand of load is increased
to 350 VAR. As a result, total apparent power of load is increased to 364 VA and load
current is 4.2 A. During this, EV charger is not capable to fulfill the complete reactive
demand of load, therefore the rest 50 VAR of reactive power is supplied by grid.

However, grid is taking 400 W of active power from battery pack which decreases the
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total apparent power of grid to 304.1 VA. As a result, decrement in magnitude of grid
current to 3.5 A. The phase difference between voltage and current of EV charger, load
and grid is 143° leading, 74° lagging and 170° lagging respectively. Moreover, the
battery current is same as mode 5 i.e., 4 A. Further, it can be seen that the DC-link

voltage (Vpc) is maintained at 150 V during all working modes where /p., changes

according to the charge/discharge command.
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Figure 4.19: (a) Harmonic compensation of load current, (b) harmonic and reactive
power compensation and (c) harmonic and reactive power compensation while charging
of battery.

Fig. 4.19 shows the operation of EV charger as an active power filter. It is a case
when charger is not charging the battery pack. It can act as an active power filter and
compensate reactive demand of linear/non-liner external load. Fig. 4.19 (a) shows the
compensation of reactive demand of non-linear load. In this before turning ON the
charger, the grid current is same as load current. However, after turn ON the charger, it
supplies the harmonic component of current and makes grid current purely sinusoidal. In
Fig. 4.19 (b), the demand of load is increased. This total demand of load can be
compensated by charger because it is within its compensating capacity. Therefore,
complete demand of external linear/non-linear load is compensated by charger which
again makes the grid current sinusoidal. In Fig. 4.19 (c), charger is charging the battery

and compensating the reactive demand of external linear/non-linear load. During this,
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EV charger takes active power from grid for battery charging and supplies reactive
power to external load simultaneously. Due to that the charger current is distorted, but it
improves the quality of grid current. The results also show the performance of controller
under variable charging current rate as evident from increased grid current with increase

in charger current.

Table 4.7 — THD during different working modes.

Mode THD (%) Mode THD (%)

1 0.7 5 1

0.8 6 1.5
1.2 7 1.3
1.7 8 1.0
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Fig. 4.20 shows the harmonic spectrum of three-phase grid current during all

working modes. The results are also listed in Table 4.7. and it is found that the value of
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THD during all working modes are within the permissible limit of 5% specified by
IEEE-519 standard in real time also.

4.6 Conclusion

This chapter has presented two control architectures for a two-stage off-board EV
charger. The first controller is based on regular P/ controller and another one is based on
ANFIS. The overall EV charger controller consists of two different controllers each for
AC-DC and DC-DC converter. The AC-DC converter control consists two control loops.
The PI based controller having four P/ regulators, two for outer loop and two for inner
loop. Sometimes, it is very difficult to tune four P/ regulators for a single controller
specially for inner loop. The inner loop is very much fast than outer loop and difficult to
tune in comparison with outer loop. The outer loop PI regulators are utilized to track the
active/reactive power command, whereas inner ones are for tracking the grid current in

dg frame. Further, the pulses are generated by PWM technique.

In ANFIS based controller, a unified ANFIS is utilized in outer loop for
calculating the reference active and reactive current components in dg frame. In this
control algorithm, the grid current is tracked in periodic form, therefore the calculated
active and reactive dg current component are transformed into abc reference frame.
Further, a hysteresis controller is used in inner loop to track the grid current and

generation of pulses.

Moreover, the performance of both EV charger controller has been tested under
all possible working modes of P-Q plane and harmonic compensation also in both
simulation and real time. After implementation of both the controller, it is found that the
design of PI controllers is very simple but they have poor performance in dynamic
conditions specially for inner loop. It can be seen from the results shown in Fig. 4.8 and
4.10 that the grid current takes some time to settle down during the transition and some
overshoot is also there. Therefore, it is suggested that the P/ regulators are not suitable
for tracking the grid current in inner loop. After implementing the hysteresis controller
for inner current control loop, it is found that the tracking of grid current is very much
better and simple in case of hysteresis controller. It can be seen that from results shown
in Fig. 4.15 and 4.18 that the hysteresis controller exhibits excellent performance under

both steady state and dynamic operating conditions. However, the hysteresis controller
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produces variable switching frequency which may affects the converter. Moreover, it is
found that the tracking of grid current is much better in periodic form rather than
constant dq frame. Therefore, some other methods can be used for tracking the grid
current in inner control loop in periodic form. On the other hand, the ANFIS based EV
charger controller gives better performance in outer loop with less settling time and
overshoot but its design is very much complex than P/ regulator. The tracking time of
active/reactive power is approximately same by both controllers i.e., around two grid
cycles. Therefore, the PI regulators can be used in outer loop for active/reactive power
tracking. For DC-DC converter control, same approach has been used for both types of
controllers. The rigorous analysis of simulation results supported with experimental

results is provided to validate the performance of proposed controller.
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5.1 Introduction

This chapter deals with the design of single phase, single stage ON board EV
charger. The single phase EV chargers have inherent problem of producing second order
ripple component on DC side. This problem is further exaggerated during vehicle-to-grid
(V2G) mode of operation where it may be normally controlled to supply both active as
well as reactive power. During the V2G reactive power compensation, the second order
harmonics ripple component at DC side will increase which further reduces the life cycle
and performance of battery pack as discussed in chapter-1. Therefore, a second order
ripple component compensation technique is proposed by pre-compensating the
reference current itself in this proposed work. The resultant reference current is periodic
in nature and accordingly, repetitive controller (RC) is used to track the reference

current. The RC is well known for its capability of tracking the periodic signals. The EV
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charger is controlled in both grid to vehicle (G2V) and V2G mode. Here, the
performance of the controller has been tested in eight different modes on active-reactive
(P-Q) power plane and found that ripple minimization technique successfully reduced
second order ripple component on DC side. The simulation rating of on-board EV
charger is 6.6 KVA. However, the hardware prototype rating of on-board EV chargers is
350 VA.

5.2 Single Stage ON board EV Charger

The single stage on-board EV charger consists of a IGBTs based single phase h-bridge
AC-DC converter and can easily perform four quadrant operation due to its bidirectional
capability as shown in Fig. 5.1. The EV charger is directly connected to the single-phase
AC supply through interfacing inductor (L) to compensate harmonic of grid current and
achieve sinusoidal current waveform. On the DC side EV battery pack is connected in
parallel with DC link capacitor. A control switch is connected in series with battery pack

to disconnect it when it has fully charged.
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Figure 5.1: Single Stage ON board EV charger.
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This single-phase H-bridge AC-DC converter has inherent property of producing
second order ripple on DC side which is periodic in nature as shown in Fig. 5.2. Further,
this problem may be exaggerated due to periodic disturbance/noise presence in input AC
supply. This double frequency ripple component on DC side may increases the ripple in
battery voltage and current, which affects the battery lifetime. Therefore, it is essential to
minimize this double frequency ripple component on DC side voltage so that it will not

affect the battery life span.
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Figure 5.2: Second Order Ripple on DC Side.

5.3 Effect of Second Order ripple on Battery

The on-board charger having H-bridge AC-DC converter affects the battery life
by producing two frequency ripples: one is double of grid frequency (/iippie-qr) and
converter switching frequency (Zippie-sw). To apprehend the outcome of current ripple on
battery life, first it is required to know that how the extra heat is developed by ripple
current. For this, consider a battery model shown in Fig. 5.3, where R, is internal
resistance of battery and Voc is battery voltage. The extra heat developed by ripple
current is due to battery internal resistance (Rp) and it is equal to the power loss across Rp

due to ripple current [117], [118].
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Figure 5.3: Ripple on battery.

Eipple ) Rb (5-1)

Moreover, the battery internal resistance varies with change in frequency and it

Pripple

increases with decrement in frequency. Therefore, second order ripple across the battery

affects more as it increases the internal resistance and Pype. However, the frequency of
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switching ripple is very high and correspondingly does not produce extra heat in large

amount and can be neglected.

Furthermore, the allowable amount of ripple which does not affect the life cycle
of battery is given by manufacturer. It varies from C/20 to C/10, where C is the charging
current of battery as discussed in chapter-1. It means if a battery is charging at 100 A
then allowable ripple in battery current is 5 A for C/20 and 10 A for C/10 type of battery.
Therefore, from the information available about the allowable ripple in battery current, it

must not be larger than C/10 [119].

There are two ways to diminish this double frequency ripple component on DC
side: using large filter or by designing a control algorithm [120], [121]. The large filter
may increase filter cost, overall vehicle weight and system order which increases control
complexity. Therefore, it is convenient to design a controller for minimizing this ripple

on DC side in case of EV charging.

5.4 Effect of Third Harmonic Injection on Ripple

In this section, the relation between third harmonic injection on ripple has been
presented. For this the unity power factor is considered. The AC side voltage and current

are as follows [122],

v =V}, cos wt (5.2)
i =1, coswt (5.3)
_ . _ Vin " Iy m " im
Pie=v-i=Vycoswt- I, coswt = > + > cos 2wt (5.4)
~P ~

Consider the output power equals to input power. The P is nearly equal to output
constant DC power and Q is responsible for ripple DC power. Therefore, the output DC

power can be expressed in terms of constant and ripple components.

Ppc = Ve cons * Inc cons T Vocrip * Ipc rip (5.5)
~— *
Pcons~P Prip=Q

Where, Pcons is output DC constant power and P, is ripple power.

[

V .
Vbocrip  Ipcrip = Q= mz cos2wt = V. * Iy, (5.6)
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From the above relation it can be inferred that the Ipc ripple is directly
proportional to ripple in reactive component of grid current (/;). Where, V. is rms value

of grid voltage.
The harmonic current is expressed as,

L,(t) = I, cos(n - wt) (5.7
Where, n is the harmonic order and [, is amplitude of harmonic current. The
reactive power of harmonic current is,

Vin " Im
2

@, =V, coswt * I, cos(n - wt) — (5.8)
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Figure 5.4: Harmonic current and respective instantaneous Q.
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From the Fig. 5.4, it can be seen that the third harmonic is most effective in

reducing the pulsation in Q.

5.5 Control Development for Second Order Ripple
Minimization
This second order ripple component can be minimized by developing control
architecture for AC-DC converter. The layout of proposed on-board PEV charger with its
control is shown in Fig. 5.5. The controller of AC-DC converter having two loops in
which inner one is for grid current control and outer one is for voltage/power control.
The grid current can be controlled either in DC quantity/ dgq frame as discussed in

chapter-4 or AC quantity/ o frame. Generally, proportional integral (PI) controllers are
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used to track DC quantity as they are very popular for tracking it with zero steady state
error. However, they are not very much suitable for inner current loop for
aforementioned application as they have limited bandwidth and it is difficult to track
command under varying AC input. Moreover, while using P/ regulators in inner loop
requires aff to dg transformation which is also complex in case of single-phase system.
Therefore, a controller which can regulate periodic signal is required to overcome from
above mentioned issues. Here, the outer control loops are used to regulate the P and Q
which are inherently DC quantities and therefore, the simple P/ regulator is used to track
them. Here, the main aim is to set the reference signal for inner loop while pre-
compensating the ripple terms. Therefore, it is very important to analyze the power
equations on AC side which are responsible for the introduction of ripple current
harmonics on the DC side. Let us assume that the AC side voltage and current are as
follows [123],

AC-DC

("5271" sin(3wts) - K’?T""cas(smt-n)) comvERTER
Figure 5.5: Proposed Control System.

vV = v, coS wt (5.9)

[ = i, cos(wt — @) (5.10)

Where, v, and i,, are peak value of AC voltage and current respectively, and @

is phase angle between them.
AC power can be calculated by multiplying equations (5.9) and (5.10).
P, =V i = vy, coswt - iy cos(wt — @)
=V, i+ coSQ + v, - i, - cos(Qwt — 0) (5.11)

Here v, and i, are the root mean square (RMS) value of AC side voltage and

current respectively.
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The first term of P, represents the active power and second term represents the

reactive power of the AC side.

P=v,-i.-cos® =k, cos® (5.12)
Q =v, i, - cosRQwt — @) = k, cos(Qwt — @) (5.13)

Here, k, = v, - i,

The active component of current may be determined as

= pll-P*—Kpll'erOS®+Ki11 P*t_Kill kT‘ COS@'t (514)

Similarly, the reactive component of current may be determined as
lg = Kp12(Q" = Q) + Kisz J(Q* —Q)dt

1
= Kp12 Q* - Kplz kr COS(Z(I)t - (Z)) + KilZ Q* t— Kilz kT‘ . %SIH(Zwt - Q)) (515)

Furthermore, the instantaneous value of active current component is,
I =1, - cos wt
= (Kp11 + Kizy - £)[P* — k. - cos g] cos wt (5.16)
Similarly, the instantaneous value of reactive current component is,

[q = Iy - sinwt

K1, k Kii, - k
= Q" (Kp1z + Kirz - t) sinwt — [%sin(ﬂ —wt) + %cos(ﬂ - wt)]
’ (5.17)
5.17
Ky, - k Kiip - k
- [M sin(3wt — g) — ———— cos(wt — ﬂ)]
2 4w

B

From equation (5.17), it can be seen that the reactive current component having
three terms, where the first term is associated with fundamental frequency component,
where the term A comprises the reactive and active lossy component and term B

represents the 3™ harmonic component. Here, the term B can be easily eliminated by any
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low pass filter (LPF) with appropriate cut-off frequency, but it is not advisable to
eliminate the term A by LPF because it has fundamental frequency component.
Therefore, in the proposed method, both the ripple component terms (i.e., term A & B)
have been pre-compensated in the reactive part of reference current itself. For this, both
the terms are injected in outer loop of AC-DC converter control. This second order ripple
on DC side is directly depends on third harmonic component of current, therefore it can

be reduced by adding this harmonic in reference current.

Since, the reference signal for inner current control loop in present case is
periodic in nature, a repetitive controller (RC) which is based on internal model principle
theory (IMPT) has been utilized due to its well-known capability of tracking the periodic
signals [124], [125], [126], [127]. This approach of current control is found to be very
helpful in seamless exchange of power in G2V and V2G mode of operation. Further, this
reference control signal is modified by involving the pre-compensating terms for the
reduction of DC-ripple current component. The nature of such resultant control signal is

periodic in nature and very difficult to track with normal P/ regulators.

Moreover, a very difficult task in proposed control algorithm is to tune the gains
of reactive power PI regulator. As this regulator performs two operations i.e., tracking of
reference reactive power and reduction in DC side ripple. The PI regulator can be work
for various combination of gains. Therefore, a range of gains can be found by which both
the operations can be achieved. For this, the modified reference current is the

combination of active component (/,,) and modified reactive component(I,.).
Is = Isq + Isr (5.18)
Further as per the control logic shown in Fig. 5.5, the /- can be expressed as,
Iy =Igsinwt+ A+ B (5.19)

Where, A = X -sin(¢p — wt) +Y - cos (¢p —wt) and, B = X - sin(3wt — ¢) +
Y - cos Bwt — ¢)

Kplz Ky

Here, X = andY = % and for simplicity, ¢=0.
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Figure 5.6: I, with Y = 0.1 and X = 0.1, 0.3, 0.5, 0.8 and 1 respectively.
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From equation (5.6), the ripple content on battery current depends on the amount
of third harmonic component on AC side, which further forms the basis of determining
the optimal value of K, and K;. From the Fig. 5.6, it can be seen that the ripple in reactive
component of AC side current is reduced for the value of X less than 0.5 and again start
decreasing after 0.8, where the value of Y is taken as 0.1. By this way, various ranges
can be found for the gains of P/ regulator. This ripple component depends on both X and
Y values and it can be reduced by various combination of these values within the range.
Here, it is pertinent to mention that the value of Kp an K; are chosen such that it reduces
the ripple on battery side current considerably while introducing small amount of THDs
on AC side current without violating the permissible limit. Further, the DC side ripple
reduction will not depend on amount of third harmonics injection only. It depends on A
and B term, which consist fundamental frequency term as well as controller’s constants.

The gains of proposed on-board EV charger controller are given in Table 5.1.

Table 5.1 — Controllers Gains of on-board EV Chargers.

PARAMETER SYMBOL VALUE
Proportional constant of active power control loop Kp11 0.5
Integral constant of active power control loop Kin 14.9
Proportional constant of reactive power control loop K12 1.85
Integral constant of reactive power control loop K2 2.84
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5.6 Design of Repetitive Controller Based Inner Current
Loop

The main objective of proposed work is to develop a versatile control law for the
proposed system. For the sake of understanding, the simplified diagram of the system is
as shown in Fig. 5.7. Here, PWM driven single phase converter is connected through
filtering resistance Ry, inductance Ly, and filtering capacitance Cr. The grid, which may
act as both source and load depending on mode of operation (i.e., G2V, V2G) and

accordingly.

—

P

\Y4 ANA—A
M

Il
= |

\. J

Figure 5.7: Single line diagram of EV charger.

The equivalent control diagram of the system as discussed above is shown in Fig.
5.8. Here, the control is performed in two stages, where the outer loop deals with P, Q
regulation and being DC signals, these can be easily tracked by the PI regulator. Since,
the inner current control loop has to deal with the periodic signal which cannot be

handled by PI controller and accordingly a RC is used for inner control loop.

1 s

-V

Figure 5.8: System control.

The RC is primarily based on internal model principle theory (IMPT) [128],
[129]. According to this theory, if a fixed time delay of a given system is associated in
closed loop for any periodic signal, asymptotic tracking ability with rejection of

harmonic can be achieved. The general form of RC is shown in Fig. 5.9.
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Figure 5.9: Generalized RC.

R(s) = Ry(s) + Ry(s) - R3(s) (5.20)

Where R;(s) is internal model for periodic reference input, R, (s) and R,(s) are
internally stabilizing controller (ISC) and pre-compensator, respectively. For any
repetitive reference signal, internal model may be depicted by feedback time delay with

LPF [130], [131].

1

Rs3(s) = TS q(s)e ™ (5.21)

Where T represents the time period of fundamental signal and q(s) is LPF.

According to [28], to have stabilized operation of a given plant with unity
feedback, the ISC, R;(s) may be expressed as:

X(s) +Z(s) * Dp(s)|

Y(s)—Z(s)* NP(S)'Y(S)—Z(S)*NP(S)#:O (3.22)

Ri(s) =

Where Dp(s) and Np(s) are the co-prime factors of the plant P(s), such that

Np(s)
P(s) = Di(s) (5.23)

and X(s) and Y(s) are RHo functions satisfying

X(s) N(s) + Y(s) D(s) = 1 (5.24)

Here, the equation (5.24) is known as Bezout’s identity. The term Z(s) in
equation (5.22) is known as rational function whose value is selected in such a way that
the ISC has maximum gain at fundamental frequency. However, this kind of approach
results in to increased impact of disturbance on output. Therefore, the value of Z(s) must
be selected in such a way that it should exhibit maximum gain of ISC while ensuring

maximum attenuation to the external disturbances and that can be taken as
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_q(s) 1
76) =55 (¥ - 57— o (s)) (5.25)

Where Wi(s) is the weighing function and selected in order to shape the
selectivity function S(s) for a given perturbation bandwidth [25]. Here, the selectivity
function is expressed as:

1

S(s) = TT P(IRG) (5.26)

Similarly, the complimentary sensitivity function T(s) which sets the upper band

of R(s) is expressed as

P(s)R(s)

T(Ss) =7—F——<
) = T PHRE) (5-27)
and for the desired band width from 7(s), the Z(s) may be expressed as

2() < ——((s) = — (1_ ! )
SN\ D W, (s) (5.28)

Here, W>(s) is the frequency dependent weighing function. For the robust

performance of controller, the mixed sensitivity constraints are taken as

(5.29)

llv. 7 ll, =

Now for the present case, the plant transfer function for inner current control loop

is expressed as

1
PO) = o 530
and the co-prime factors of the plant are taken as

N(s) = 1/L¢

(s) = G+ R /L) (5.31)

and D(s) = 1

For the simplicity of control design, the various factors have been taken as X(s) =
S+w

0, Y(s) = 1, Wi(s) = —~ Since, the plant is strictly proper and has higher order

frequency attenuation, the W>(s) is taken as unity. On using equation (5.25) the Z(s) is
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calculated and it is further utilized in equation (5.22) to find out the higher order ISC,
Ri(s). In order to reduce the order of ISC up to 2™ order, a balanced truncation method is
applied by calculating the error bond of Hankel’s singular value as

n

IR(5) = Ri(9)lleo <2 ) o (532)
k+1

Where £ is the order up to which ISC has to be reduced and o¢; is Hankel’s

singular values. The approximated reduced order ISC is as follows:

0.995s2 + 130.5s + 3985
s(s + 63.25)

Ri(s)*" = (5.33)

The frequency response of the RC is shown in Fig. 5.10, where, the RC is the
combination of ISC, pre-compensator and feedback delay with low pass filter. Here, the
pre-compensator is taken as unity while the time delay of 20ms have been considered for
LPF. From the Bode diagram of proposed system, it is evident that the controller offers
sufficiently high gain at multiple fundamental frequencies in order to reject their

correlated disturbances.

Bode Diagram

80 ——— — —— ———y
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e}
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=)
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s} L L | L LR | L R R | L I R

10° 10" 102 10 10* 10°
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Figure 5.10: Frequency response of inner current RC.

5.7 Simulation Results

The proposed PEV charger with its control design is simulated in
MATLAB/Simulink. The Li-ion battery and two IGBT legs-based converter is used in
simulation. Initially, the battery’s SOC level is taken as 50% at 350 V. The battery

terminal voltage may be lower or higher than the nominal voltage depending on the SOC
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level and configuration of cells. The simulations are carried out for the different

operating modes of the charger as listed in Table A.6.

The main aim of this proposed work is to develop a robust control system for
single phase, single stage EV charger to operate it in wide range of G2V and V2G mode
of operations while minimizing the second-order ripple current component on DC side.
The proposed charger may supply active power to grid if required and compensate
reactive power (inductive or capacitive) if a battery charge at slower rate. In that case,
the remaining rating of charger is utilized for compensating the reactive power for
optimally utilization of charger’s rating. Moreover, if the battery is not connected to the
charger, then the proposed charger can work as an active power filter and improves the
power quality. However, the reactive power compensation while charging may put lot of
stress on battery and reduce its life cycle due to the presence of unwanted ripple current

component in charger as explained in [25]-[26].

|[—— Q (KVAR) —— P (KW) |
8 -
6 —
4 -
2 -
0
2
4
6k ——
8 E 1 1 1 1 1 1
| Ibat (A) |
20 F
0 -
_20 |- 1 1 1 1 1 1 1 ]
0.1 1.5 3 45 6 7.5 9 10.5 12

Time (seconds)

Figure 5.11: Measured active-reactive power and battery current during all operating
modes.

The simulation results of measured active (P), reactive (Q) power and battery
current (/per) during all the modes of operation are shown in Fig. 5.11. During the first
four modes, only the exchange of either active or reactive power is performed. Then in
next four modes, the exchange of both of the active and reactive is performed
simultaneously. During mode 3 and 4, only reactive power operation is performed
thereby the battery current is zero because switch connected across the battery is open

and charger works as active power filter.

The controller performance is shown in expended version of simulation result as

shown in Fig. 5.12. The simulation results have been presented for both steady-state as
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Figure 5.12: Transition of measured grid current and voltage with active-reactive from
(a) mode-1 to 2, (b) mode 2 to 3, (c) mode 3 to 4, (d) mode 4 to 5, (e) mode 5 to 6, (f)
mode 6 to 7 and (g) mode 7 to 8.

well as dynamic operating conditions. The battery pack voltage level is kept to 350 V,

whereas the active and reactive power demand is varied to simulate all the eight modes
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of operations. The P and Q are calculated at the AC side of the converter and fed to the
controller which in turn, tracks the active and reactive power command successfully
within the settling time of less than three grid cycles. Note that, the grid current remains
same during all operating mode (i.e., [; = 6600/230 = 29 A rms) since the apparent power
is kept constant. Fig. 5.12 (a) shows the transition after the active power command
changes from 6.6 to -6.6 KW with reactive power command is kept to 0. Here, it can be
seen that the grid is in phase while charging or battery and out of phase in discharging
operation. Similarly, Fig. 5.12 (¢) shows the change of reactive power command from
6.6 to -6.6 KVAR while keeping the active power to 0 and now the current changes from
90° lagging to leading. Fig. 5.12 (d), (e), (f) and (g) shows the various possible cases of

battery charger with non-zero active and reactive power command simultaneously.

-8

AT Tes
0 -12
5

0.125 0.15 0.175

-40 & 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (seconds)
(a)
9.5 — T
a0 BAAAAAAAAA
-10.5 RV VY IIA
N\ -11 — - —
- 0 0.125 0.15 0.175
= \
g S
_.n
-0 I I b e I I ]
40 -
= 20H
s 0
-~ =20
-40 1 1 1 1 1 ]
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (seconds)
(b)

Figure 5.13: Ripple in battery current during mode-5 (a) without rvipple minimization
and (b) with ripple minimization.

Fig. 5.13 (a) and (b) represents the simulation results of DC side current and
reference grid current without and with ripple minimization technique, respectively. The

most challenging battery charger operation is under mode 5 (i.e., EV battery is charging
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from the grid and charger is compensating reactive power) and accordingly, the results

for ripple current reduction methods have been presented for this mode only. It can be

clearly seen that the ripples in DC side current have been reduced to almost 11% of their

original level.
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Figure 5.14: THD in grid current without ripple minimization technique during (a)
Mode-1, (b) Mode-2, (c) Mode-3, (d) Mode-4, (e) Mode-5, (f) Mode-6, (g) Mode-7 and

(h) Mode-8.

From the simulation results, it can be analyzed that controller successfully reduce

the ripple in DC side current and takes less than three grid cycles to respond active and

reactive power command during all the possible transition. Furthermore, the

modification in reference grid current increases the THD but it is within the permissible

limit of IEEE std. 519 i.e., 5%. The THD in grid current during all the modes without

and with ripple minimization technique are shown in Fig. 5.14 and 5.15 respectively.
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Figure 5.15: THD in grid current with ripple minimization technique during (a) Mode-1,
(b) Mode-2, (c) Mode-3, (d) Mode-4, (e) Mode-35, (f) Mode-6, (2) Mode-7 and (h) Mode-

8

Table 5.2 — THD in grid current during all working modes with and without ripple

minimization technique.

THD (%) THD (%)
Mode | Without Ripple | With Ripple | Mode | Without Ripple | With Ripple
Minimization | Minimization Minimization Minimization
1 1.25 4.37 5 1.26 4.61
2 1.23 4.35 6 1.57 4.67
3 1.23 4.33 7 1.53 4.87
4 1.09 4.43 8 1.35 4.92

From the THD results, it can be easily seen that the THD in grid current is

increased due to the presence of third harmonic component. However, the THD in grid

current after adding third harmonic component is within the permissible limit of 5%.
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Moreover, the THD (%) during all working modes with and without ripple minimization

technique is listed in Table 5.2.

5.8 Experimental Results

A scaled hardware prototype of battery charger is also designed to validate the
proposed control approach as shown in Fig. 2.11. For this purpose, two Semikron /GBT
leg (each having two IGBT with antiparallel diode) converter is used and eight 12 V,
7Ahr Lead acid batteries are connected in series to make a 96 V battery pack. The
experimental setup parameters are listed in Table A.4. The experimental study has been

carried out in real time using dSPACE 1104.

The performance of the charger controller is tested as per the scenario listed in
Table A.8 and the results are shown in Fig. 5.16. The experimental results have been
presented in compliance of simulation results, where the maximum KVA is limited to
350. The on-board charger initially supplies the active power to battery only as shown in
Fig. 5.16 (a) in mode-1 without any reactive power support and accordingly, the current
is in phase with voltage. After some time, the charger is controlled to supply the battery
power back to grid in mode-2 and now the current is exactly out of phase with leads the

voltage as shown in Fig. 5.16 (b).

In mode-3 and 4 only the exchange of reactive power takes place without any
active power support as shown in Fig. 5.16 (c) and (d). During the transition from mode-
3 to 4 the current changes from 90° lagging to leading and accordingly, the battery
current is almost constant zero during this transition. Later, the exchange of both active
and reactive power is tested simultaneously. During mode-5, 300 W of active power is
supplied from the grid side while compensating 180 VAR of inductive reactive power as
shown in Fig. 5.16 (d) and (e) and during mode-6, 250 W of active power is supplied to
battery pack while compensating the 245 VAR of capacitive reactive power as shown in
Fig. 5.16 (e) and (f). The mode-7 and 8§ are associated with discharging of battery pack
while compensating of reactive power. During mode-7, 200 W of active power is taken
from battery pack while compensating 287 VAR of inductive reactive power as shown in
Fig. 5.16 (f) and (g). Similarly, 325 W of active power is taken from battery pack while
compensating 130 VAR of capacitive reactive power during mode-8 as shown in Fig.

5.16 (g). The phase angle in last four modes are depends on amount of active reactive
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power and power factor is listed in Table A.8. Further, the battery current depends on

active power command, it is positive in case of discharging and negative in charging.
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Figure 5.16: Transition of measured grid current, voltage, battery current and voltage
from (a) mode-1 to 2, (b) mode 2 to 3, (c) mode 3 to 4, (d) mode 4 to 5, (e) mode 5 to 6,
(f) mode 6 to 7 and (g) mode 7 to 8.
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Figure 5.17: THD in grid current without ripple minimization technique during (a)
Mode-1, (b) Mode-2, (c) Mode-3, (d) Mode-4, (e¢) Mode-5, (f) Mode-6, (g) Mode-7 and
(h) Mode-8.

SA/div DC [

The experimental results of THD in grid current without and with ripple
minimization is shown in Fig. 5.17 and 5.18 respectively. Moreover, the THD (%)
during all working modes with and without ripple minimization technique is listed in
Table 5.3. It is found that the THD in grid current is within the limit of 5% after using

the ripple minimization technique.
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Figure 5.18: THD in grid current with ripple minimization technique during (a) Mode-1,
(b) Mode-2, (c) Mode-3, (d) Mode-4, (e) Mode-35, (f) Mode-6, (2) Mode-7 and (h) Mode-

8

Table 5.3 — THD in grid current during all working modes with and without ripple

minimization technique.

THD (%) THD (%)
Mode | Without Ripple | With Ripple | Mode | Without Ripple | With Ripple
Minimization | Minimization Minimization Minimization
1 1.95 4.70 5 1.91 4.88
2 2.04 4.44 6 1.87 4.72
3 2.0 4.54 7 2.07 4.53
4 1.81 431 8 1.97 4.33
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(@ (b)
Figure 5.19: Battery Current (a) with ripple minimization technique and (b) without
ripple minimization technique.

Fig. 5.19 shows the experimental results of converter DC side current during the
mode-5, where the current with ripple compensation is shown in Fig. 5.19 (a) and
without compensation is shown in Fig. 5.19 (b). Here, on comparing both the results, it
can be easily observed that the ripple current harmonics have been reduced to around
11%.

Moreover, the proposed control technique is compared with other ripple
minimization existing techniques in Table 5.4. In proposed technique the ripple in
battery current is minimized up to around 11% which is lesser than other techniques as
presented in [29], [30].

TABLE 5.4- Comparison with other techniques.
# Ref. [29] Ref. [30] Proposed
Ripple Reduction  12.5% 13.2% 11.6%

5.9 Conclusion

The focus of this chapter is on the controller design and implementation of
single-phase single stage bidirectional on-board PEV charger. The proposed EV charger
is able to operate in all four quadrants of active-reactive power plane. The proposed
charger controller diminishes the second order ripple current on DC side and hence up to
11%, may be very helpful in extending the lifetime of battery which having acceptable
ripple of C/10. As the tracking of grid current is difficult in dg frame, a RC has been
designed and implemented successfully for tracking the reference current in periodic
form in inner current control loop. From the control performance prospective, it has been
observed that the proposed EV charger controller is fast enough in comparison to other
existing controllers and takes less than three grid cycles to settle down in outer loop and

less than one cycle in inner loop. Along with the fast-dynamic response it has good
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steady state performance too. To confirm these facts, various cases of the step-changes in
reactive power (inductive/capacitive) and active power (charging/discharging) have been
presented. Furthermore, the proposed technique has drawback of increases the THD in
grid current but it is within the limit of 5%. Simulation and experimental results have
been presented to verify the claims. The thorough simulation study supported by

experimental results has been provided to validate the claims.
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6.1 Introduction

This chapter deals the control design and implementation of two stage on-board
EV charger. The charger is controlled to perform four quadrants operation in active-
reactive (P-Q) power plane. As discussed before, the controller consists of two control
loops. Therefore, in this chapter the inner control is performed in AC domain where the
signals are periodic as it is difficult in dg frame. The proportional plus resonant (PR)
controller is found to be very useful in tracking such type of periodic signals of fixed
frequency in case of single-phase system and accordingly, it has been designed and
successfully implemented for the proposed work. The PR is simply tuned to provide
infinite gain at selected resonant frequency [132], [133]. This enables the smooth control
of fast acting inner current loop with dismal steady state error. This approach also results
in seamless transfer of operating modes from charging to discharging and vice-versa.
Moreover, it also easily handles the dynamic rates of charging and discharging.

Practically, it is impossible to implement infinite gain in hardware and the gain need to
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be adjusted to certain finite value which may affect the control performance. Therefore, a

modified PR controller is designed in which the gain is limited to some finite value.

Moreover, a reduced order plant integrated proportional integrating (PIPI)
controller for on-board EV charger has been proposed. The proposed technique has all
the functionalities of conventional PR controller and can track any periodic signal [134],
[135]. The method is implemented in inner current control loop of first stage AC-DC
converter. Since, the chapter focuses on developing a periodic reference signal tracker
for first stage, therefore conventional control method based of P/ controller is applied for
second stage DC-DC converter. Furthermore, the performance of proposed EV charger
controller is tested in MATLAB and validated through a 350 VA hardware prototype in
eight operating modes and it is found that the proposed controller is fast and more robust

than conventional PR control method.

Generally, the PR controller is utilized to track the periodic signals. They are
much popular, especially in case of single-phase system and extensively available in
literature [136], [137], [138]. The conventional PR controller may suffer from grid
frequency variation, however this issue is overcome by use of quasi-PR (QOPR) controller
[139], [140]. In [141], a combination of notch filter and passive damping with PR is
presented to deal with harmonics of grid voltage. In [142], multiple PR controllers are
implemented for single phase converter control to reject the harmonics, however the use
of multiple PR controllers makes it complex and difficult to tune. Moreover, the practical
implementation of PR controller, especially while using fixed point arithmetic and at low
frequency rate is not robust [143], [144]. A conventional PR compensator requires
supplementary integrator to reject the DC offset. This will increase the complete
controller order and makes it a third order controller because PR alone is a second order
and integrator is first order controller [145]. Therefore, in proposed work a reduced order
integrated controller-plant dynamic (ICPD) based plant integrated proportional
integrating (PIPI) controller is designed to track the reference periodic signal for an EV
charger. The PIPI controller has ability to accomplish all the purposes of conventional
PR controller with reduced order. The proposed approach resolved the issues that arise
during practical implementation of conventional PR controller and offers robust

performance.
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6.2 Control of Two-Stage On-Board EV Charger

The topology of on-board EV charger is shown in Fig. 2.9 and control
architecture is shown in Fig. 6.1. The proposed charger controller has two control loops:
outer one is for active (P)/reactive (Q) power control and inner one is for grid current
control. Since, the P and Q are constant in nature, they can be regulated by P/ controller.
The outer loop generates reference for inner current loop and in present case it is periodic
in nature. The reference current is compared with actual grid current and pulses for AC-

DC converter is generated by PWM technique.

AC-DC Converter Control

Current
b3
( Controller
* I
i (PI F>sin (wt)—
q

Q & P=1/2 (vgig+ vgip)
P 0=1/2 (va'ig+ vgid)

Figure 6.1: ON board EV charger controller.

To calculate active/reactive power, first f component is generated by applying
quarter delay in actual signal. The measured active (P) and reactive (Q) power are as

follows,
1
Pzz(va'ia-l'vﬁ'iﬁ) (61)
1
Q = E(Ua - iB + Uﬂ ) ia) (62)
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To produce the reference grid current for inner control loop, first active and

reactive component of current may be calculated as,

Id=KpZO(P*_P)+K120f(P*_P)dt

Similarly, the reactive current component may be determined as

I, = Kypr (Q° = Q) + Kiny j Q" - Q) dt

(6.3)

(6.4)

Furthermore, the instantaneous value of active current component is,

Isa :Id'COS(L)t: [KPZO(P*_P)-FKLZO-[(P*_P) dt] - cos wt

Similarly, the instantaneous value of reactive current component is,

I = I - sinwt = [Kp21(Q* - Q)+ Kz J(Q* -Q) dt] - sin wt

Further, reference current is generated by adding both active

reactive current component.

(6.5)

(6.6)

and modified

Ig* =Igq + Iy (6.7
The values of PI controllers’ gains are listed in Table 6.1.
Table 6.1 — Controllers Gains of AC-DC Controller.
PARAMETER SYMBOL VALUE
Proportional constant of active power control loop Kp20 5.47
Integral constant of active power control loop Kiz 2.35
Proportional constant of reactive power control loop Kp21 1.84
Integral constant of reactive power control loop Kz 3.43

6.3 Design of Proportional Resonant Current Controller

The primary objective of proposed work is to evolve a versatile current control for

EV charger [146]. For better understanding, the proposed system is presented in Fig. 5.7.

Here, Ry, Lrand Cr are filtering resistance, inductance and capacitance, respectively. The

grid may act as a source or load depending on charger operating mode (i.e., G2V or

V2G).
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The equivalent inner current control for proposed controller is depicted in Fig. 6.2.
Since, the reference current signal is periodic in nature and accordingly a modified PR

controller is employed to track the reference current signal.

Figure 6.2: Inner Current Control Loop.

The transfer function of the ideal PR controller in continuous time domain is

given in equation (6.8).

N 2KRS
S?2 + w?
Where, K, and Kr are the gains of PR controller with ® being the angular

G.(S) = K, 6.8)

frequency. The transfer function of PWM in continuous time domain is given in equation
(6.9).

K
G~ T3 o)
. S

Where, Kpws is corresponding PWM gain and 7y is switching time period.
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Figure 6.3: Bode plot of ideal PR controller.

10"

Fig. 6.3 shows the frequency response of ideal PR controller G¢(S) when K, = 1,
Kr=1 and w.= 314 rad/sec. From the Fig. 5, it can be observed that the gain value of

ideal PR controller is infinite at fundamental frequency (o).
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The transfer function between error signal (E) and reference current signal (I;*) of

inner current closed loop control system is given by,

E©S) 1
I:(S) 1+G(S)-H(S)

(6.10)

Where, H(S)=1 as given closed loop system is unity feedback system and
G(S)=Gc(S) Grwm(S)  Grrant(S).

E(S) _ X($) 611
I56S)  Kpy(KpS? + 2KgS + K,w?) + X(S) (©.11)
Where, X(S)= (S* + w?)(1.5TS + 1)(Ls + Ry)
. . . Aw . .
If the reference input signal is ooty then the error signal is,
Aw(1.5T;S + 1)(Lf + R
E(S = (LSTSS + D(ly + Ry) (6.12)

Kpwu (K,S? + 2KgS + K,w?) + X(S)

According to final value theorem, the steady state value of the error signal is,

lim e(?)=lim S-E(S)=0 (6.13)

In ideal PR controller, the steady state value of error is zero but the gain at the
resonance frequency is infinite. Practically, it cannot be possible to attain infinite gain at
resonance frequency. Moreover, the infinite gain will fall quickly and may compromise
the system stability. Due to the quick fall, it is difficult to track the fluctuations in
frequency and voltage of grid [26]. Therefore, for cases modified PR controller would be

utilized, whose transfer function in given in equation (6.15).

2Kp(w.S + w?)

Gne(S) =K 6.14

me(S) p+52+2wcS+(wcS+a)§) ©.14)
2Krw S

Gmc(S) = Kp + ST 205 1 o (6.15)

The transfer function of modified PR controller has a frequency parameter (w.) in
denominator, which is responsible to modify the magnitude and bandwidth at
fundamental frequency. The proportional gain factor K, is responsible for determining
the value of gain margin (GM), phase margin (PM) and transient performance of the
controller. Whereas, resonant gain factor Kz adjust the controller’s gain at resonance

frequency. The resonant bandwidth is determined by cut off frequency (w¢). in general,
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the value of w. is smaller i.e., between 5 to 15 rad/sec [31]. The frequency response of

practical PR controller is presented in Fig. 6.4.
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Figure 6.4: Bode plot of modified PR controller.
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=

6.4 Design of PIPI Current Controller

In conventional inner control loop, the periodic reference current signal of AC-
DC converter is tracked by PR controller as shown in Fig. 6.2. However, sometimes it

requires additional integral controller to eliminate the DC offset as shown in Fig. 6.5.

2Kyrw S

oo s1o7 which is a second order
C

The transfer function of PR controller is Kp +

transfer function and integrator is single order transfer function i.e., Ki/S. Where, K,, K,
and K; are gains of controller. Moreover, it consists of internal virtual resistance (R) or
damper loop and feed-forward term V,, which is used for soft start and initial

synchronism.

The proposed PIPI controller is shown in Fig. 6.6. It contains a combination of
proportional (P) and PI controller. The P controller having gain K where proportional
and integral constant of PI controller are K, and K, respectively. The open loop transfer

function from E; to I, is as follows,

1,(S) K,S + K;
= (6.16)
Ei(S)  LsS*+ (K, + R)S +K;
By choosing the K, = -R and K; = L o’ we get,
1,(S K Lw? — RS
o) _ K Lw? RS 6.17)

Ei(S) Lg S?2+ w?
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I,*

Figure 6.5: Conventional PR controller with integrator for inner loop.

Where, o is grid frequency in rad/sec. The closed loop transfer function is,

() K Lw’—RS

T 6.18
§) Lsgz BE 4 (14 k2 (6.18)
S

The stability of closed loop transfer function depends on value of R and K and
their range is less and greater than zero for R and K, respectively. For this, the w,/®»
ratio should be greater than 1, here w, is natural frequency. The parameters K and R
are calculated by (w./w)>-1 and -2{Lw./K, respectively. By putting these values, the

closed and open loop transfer functions are,

I(S)  2{w,S + w} — w?
E.(S) S2 + w?

I,(S)  2{w,S + w} — w?
I;(S)  S?+ 2{w,S + w?

(6.19)

(6.20)

In present case, w,/w = V2 and { = 0.45 leads to R = -1.27Lsw and K = 1. For
50 Hz system frequency, the locations of closed loop poles are -200 + 7397 and zero is -
247. From the frequency response shown in Fig. 6.7, the phase margin is 131° at

crossover frequency 544 rad/sec.
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Figure 6.7: Frequency response of closed loop transfer function.

From the analysis, it can be seen that the proposed controller can track periodic
reference signal. This is achieved due to the existence of frequency dependent S° + o’
term in denominator of equation (6.18). At fundamental frequency i.e., S = jw., the
closed loop transfer function of equation (6.20) tends to unity. This shows that the
second order integrator term guarantees help to attain zero steady state error. Moreover,
there is no DC offset in output current because if any DC current (iz) flows through
inductor, then the steady state error will be (-iy) and e; = (K + 1):(-ig). This is
contradictory because the input of P/ controller cannot have a DC term. Therefore, the
proposed controller can track periodic reference signal without any DC offset while

having the order of first.

Control of DC-DC converter

The second stage controller is utilized to regulate active power (P) and battery
current (/pos). This also contains two control loops in which outer one is for active power
control and inner one for battery current. Both the quantities are regulated by regular P/

controller and pulses are generated by well-known pulse width modulation technique.

K:
lpat = (szz + %) (P*=P) (6.21)
K;
d = (Kpzs +=22) Gipac = ipar) (622)

The values of PI controllers gain are listed in Table 6.2.
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Table 6.2 — Controllers Gains of DC-DC Controller.

PARAMETER SYMBOL VALUE
Proportional constant of active power control loop Kp22 3.54
Integral constant of active power control loop Kz 17.64
Proportional constant of reactive power control loop Kp23 25
Integral constant of reactive power control loop Kizs 6.4

6.5 Simulation Results
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Figure 6.8: Simulation results of grid current (Ig), active (P)-reactive (Q) power, DC
link voltage (Vpc), battery voltage (Vi) and battery current (Ipa) during all modes.

A 6.6 KVA on-board EV charger as shown in Fig. 2.9 and its proposed controller
has been simulated in MATLAB environment. Table A.6 listed all the simulation
parameters, here input voltage of first stage AC-DC converter is 230 V and DC-link
voltage is regulated at 400 V. The battery pack nominal voltage is taken as 350 V and its
SOC is 50%. The battery pack voltage may be higher than nominal voltage and it is
depends on SOC.

To verify the performance of proposed EV charger controller, a simulation
scenario having eight operating modes has been created as listed in Table A.8. These
modes are associated with active-reactive power operations, where positive active power
means battery is charging from grid. Each mode is simulated for 1.5 seconds in which

positive reactive power means compensation of inductive reactive power and negative
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for capacitive reactive power.

For optimal utilization of EV charger, it is suggested to

utilize complete charger’s rating. During first two modes, battery is charging without any

compensation of reactive power. Similarly, charger is compensating inductive reactive
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Figure 6.9: Transition from (a) Mode 1-2, (b) Mode 2-3, (c) Mode 3-4, (d) Mode 4-5, (e)
Mode 5-6, (f) Mode 6-7, (g) Mode 7-8.

131



power without charging battery pack in mode-3 and 4. These are cases of fully charged
battery pack and charger can compensate reactive power if requested by grid within its
limit. The rest four modes are associated with both active as well as reactive power
operation simultaneously. During these modes, battery is charging/discharging at slower

rate and rest of charger’s capacity can be used for reactive power compensation.

Fig. 6.8 Shows the Simulation results of grid current (/,), active (P)-reactive (Q)
power, DC link voltage (¥Vpc), battery voltage (V) and battery current (/pa;) during all
modes. Since, EV charger is operating at constant power in all modes, the grid is
constant i.e., 6600/230 = 29 A (rms). The DC-link voltage is maintained at 400 V and
battery voltage is around 380 V. The battery current varies according to active power
command and it is negative during charging and zero in case of mode-3 and 4. Fig. 6.9
shows the transition from one mode to another. Since, only battery charging operation
has been performed in mode-1, the grid current is exactly in phase with voltage.
Similarly, in mode-3 and 4, grid current is lagging and leading the voltage by 90° due to

inductive and capacitive reactive power operation respectively.

Fig. 6.10 shows the performance of proposed P/PI inner loop current controller
conventional PR controller during the transition from mode 5 to 6. It is observed that the

proposed controller is much faster and more robust than conventional method.

50
0
-50

0.495 0.5 0.505 0.51
Conventional Method Proposed Method

Reference

0.4 0.45 0.5 0.55 0.6
Time (seconds)
Figure 6.10: Comparison between proposed and conventional method.

6.6 Experimental Results

Fig. 2.11 shows the laboratory 500 VA experimental setup using dSPACE 1104

and its parameters are listed in Table A.4. Both the converters are made up from
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semikron insulated gate bipolar transistor (IGBT) legs. A battery pack of 96 V is
connected across the DC-DC converter. To validate the performance of proposed
controller in real time, a scenario same as simulation has been developed as listed in

Table A.8.

I P=350W
I Q=0VAR

P=0W I
Q=350 VAR |
AAA N

A

| P=0W \ P=0W T P=0W I P=300W ;I
! Q=350 VAR I Q=-350 VAR LI Q=-350 VAR I Q=180.2 VAR

P=300 W P=250 W T P=250 W | P=-200 W 1
Q=180.2 VAR Q=-245VAR L Q=-245VAR I Q=287.2VAR

P=-200W | P=-325W
Q=1287.2 VAR T Q=-130 VAR

g
Figure 6.11: Transition from (a) Mode 1-2, (b) Mode 2-3, (c) Mode 3-4, (d) Mode 4-5,
(e) Mode 5-6, (f) Mode 6-7, (g) Mode 7-8.

The transient and steady state performance of controller is shown in Fig. 6.11.
The Fig. 6.11 (a) is associated with transition from mode 1-2. It can be seen that the
voltage and current are in same phase during mode 1 and battery current is
approximately -3.5 amps. In mode 2, battery is discharging with same amount of active

power, thereby the battery discharging current is same as charging current of mode-1. In
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Fig. 6.11 (b) transition from mode 2-3 has been shown, here both active and reactive
operation is performed in mode 2 and 3 respectively. Fig. 6.11 (c) shows the transition
from inductive reactive power to capacitive reactive power. During this transition, the
grid current changes from lagging to leading by 90°. Since only reactive operation has
been performed in mode 3 and 4, therefore battery current is zero. Fig. 6.11 (d) shows
the transition from mode 4 to 5, during mode 5 the active power transferred to battery is
300 W and inductive reactive power compensation is 180.2 VA. Accordingly, the battery
current is approximately 3 Amps and phase angle between voltage and current is 31°
lagging. Similarly, 45° leading phase angle can be seen during mode 6 because of the
compensation of capacitive reactive power as shown in Fig. 6.11 (e). The battery current
is -3 Amps and -2.5 Amps during mode 5 and 6 respectively. Fig. 6.11 (f) shows the
transition from charging to discharging of battery while compensation of reactive power.
Accordingly, the battery current changes from -2.5 Amps to 2 Amps and phase angle
changes from 45° leading to 125° lagging. In the last mode, charger supplies 325 W of
battery energy to grid while compensating 130 VAR of capacitive reactive power as
shown in Fig. 6.11 (g). During this the grid current is leading by 158° with grid voltage.
Moreover, from the transitions it can be seen that the DC-link voltage is maintained at

150 V during all the modes and transition does not affect it too much.

Fig. 6.12 shows the performance of proposed PIPI inner loop current controller
conventional PR controller during the transition from mode 5 to 6. It is observed that the
proposed controller is much faster and more robust than conventional method in real

time also.
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Figure 6.12: Transition from mode 5-6 with conventtonal PR.

134



6.7 Conclusion

This chapter presents the inner current control loop design for a two-stage single-phase
on-board EV charger. The performance of the EV charger is evaluated with its ability to
work under all the four quadrants of the P—Q-plane. In this chapter, two controllers are
designed i.e., PR and PIPI. Both the controllers are able to track the periodic signal.
However, the implementation of idea PR controller is very difficult, therefore some
modification has been done to implement it in real time. Moreover, a reduced order PIPI
controller which has the functionalities of PR controller is proposed for EV charging.
Here, a third order conventional PR controller is replaced by first order P/PI controller.
This proposed technique has been implemented for controlling the first stage of on-board
EV charger in inner loop. Furthermore, the transient and steady state performance of
both on-board EV charger controllers has been tested in MATLAB and claims are
verified in real time using dSPACE 1104. For this, a scenario having eight modes has
been developed for both simulation and hardware, where results show quick and smooth
response by tracking the reference grid current in inner loop and active-reactive power

command in outer loop less.
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CHAPTER
CONCLUSION &
FUTURE SCOPE

7.1 Conclusion

This work focuses the development of various electric vehicle (EV) charger
controller. The EV charger comprises two conversion stages i.e., AC-DC (first) and DC-
DC (second). These two converters are main component of an EV charger. The EV
charger is designed in such a way that it charge/discharge the battery pack as well as
compensates reactive power. For this, both the converters are designed with bidirectional
capability. The converters are designed by IGBT switches which have a diode in anti-
parallel. The EV charger can charge the battery pack as well as take the battery power

and transfer it back to grid or nearby load.

In this work, both on-board and off-board EV chargers and their controllers has
been developed. The two stage EV charger requires two separate controls i.e., each for
AC-DC and DC-DC conversion stage. Here, two EV charger controllers have been
designed for off-board EV charger and three for on-board EV charger. The main focus of
this work is to develop control algorithms for first stage AC-DC converter to mitigate
various problem of EV charger. However, the generalized control approach is used for
second stage DC-DC converter in all the EV charger controllers. All the EV charger
controllers are designed in such a way that they can follow any active/reactive power

command within the rating of EV charger.

In EV charger controller, total five quantities are regulated i.e., active/reactive
power, grid side current, DC link voltage and battery current. In proposed controller,
three quantities are regulated by AC-DC converter control i.e., active/reactive power and
grid side current. Where rest two quantities i.e., DC link voltage and battery current are
regulated by DC-DC converter control. In present case, total three references are given

and rest two are generated by them. The control of AC-DC converter consists of two
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loops i.e., outer and inner. The outer loop generates reference for inner control loop. In
outer loop, the active/reactive power is tracked and it generates the reference of grid
current for inner current control loop. Therefore, two separate regulators are required
each for inner and outer control loop. Similarly, two control loop architecture is used for
DC-DC converter control. Here, the DC link voltage is tracked in outer loop and it
generates the reference of battery current which further tracked in inner current control

loop.

The thesis comprises of total six chapters in which first chapter described the
basic introduction, types and standards of EV charger. The second chapter presented
working modes and experimental setup development of EV charger. For this, dSPACE
1104 controller is used to validate the performance of EV charger controller in real time.
The third chapter presented mathematical modeling of a bidirectional EV charger. In
fourth chapter, two EV charger control strategies have been developed for an off-board
EV charger. In first control strategy, four proportional integral (P[) regulators are utilized
for controlling of first stage AC-DC converter and two for second stage DC-DC
converter. For AC-DC converter control, two PI regulators are required to track
active/reactive power in outer loop and two for grid current control in inner loop in dg
frame. It is found that sometimes it is very difficult to tune four PI regulators
simultaneously for a single controller especially for inner loop. Moreover, this type of
EV charger controller requires multiple frame transformations. In second control
strategy, a unified adaptive neuro-fuzzy inference system (ANFIS) control is used in
outer loop for tracking active/reactive power and generation of reference grid current. In
inner loop, a hysteresis control is utilized for tracking the grid current in periodic form. It
is found that the hysteresis control gives better performance than P/ regulator in inner
loop. The implementation of hysteresis control is simple but it produces variable
switching frequency. Moreover, the ANFIS control gives better dynamic performance
than PI regulator in tracking of active/reactive power in outer loop. However, the ANFIS
is very much complex in design in respect of P/ regulator and its settling time is nearly
equals to P/ regulator in case of tracking active/reactive power in outer loop. Therefore,
the PI regulators can be used in tracking of active/reactive power in outer loop for

simplicity of control design but it is not suitable for inner current control loop.

In fifth chapter, a control strategy has been developed for a single stage on-board

EV charger. This EV charger has an inherent problem of producing second order ripple
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on DC side, thereby it is not preferable for battery charging purpose. To minimize this
second order ripple on DC side, a control strategy has been proposed in which the
reference grid current is modified by adding third harmonic component. In this, two P/
regulators are used in outer loop for tracking active/reactive power and a simple
repetitive control (RC) for grid current control in inner loop. It can be seen that the RC
has better transient and steady state performance and it has better control in harmonic
rejection. Further, the proposed control technique has been implemented in real time also
and it is suitable for charging the battery which has allowable ripple limit of less than
10%. However, the proposed control technique increases THD in grid current but it is

less than the allowable IEEE limit of 5%.

In sixth chapter, two control strategies have been developed for a two stage ON
board EV charger. Here, proportional resonant (PR) and plant integrated proportional
integrating (PIPI) regulators are used in inner loop for grid current control. Generally, a
PR controller has an integrator in parallel to remove DC offset which makes total control
a third order system. In replacement of this, a first order PIPI regulator has been
designed which has all the functionalities of a conventional third order PR regulator. The
proposed PIPI regulator has very fast dynamic response than conventional PR controller

and simple in design for tracking periodic grid current reference in inner loop.

Table 7.1: Comparison between outer loop controllers.

Controller | Performance | Design Remark

PI Slow dynamic | Simple | Can be used in outer loop as very simple in
response design.

ANFIS Faster dynamic | Very Dynamic  performance is  fast  but

response than | complex | approximately equals to P/ regulator, due to
PI the limitation of hardware P/ can be adopted

in outer loop and give similar performance.

Total five controllers have been developed for EV charging application. The
ANFIS and PI controller are used for tracking active/reactive power command in outer
loop. It is found that the ANFIS has better performance than PI but it is complex in
design. On the other hand, five different controllers are used in inner current control
loop. It is found that the tracking of grid current is simpler in periodic form. Moreover,

PIPI regulator is found very much suitable for inner current control loop as it has faster
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dynamic response and simple in design. The comparison of all controller has been listed

in Table 7.1 and 7.2.

Table 7.2: Comparison between inner loop controllers.

Controller | Performance | Design Remark

PI Slow dynamic | simple Difficult to tune as inner loop is very fast,
response required two frame transformations.

Hysteresis | Faster dynamic | Very Very fast dynamic response but generates
response Simple variable switching frequency.

RC Good Complex | Better transient and steady state performance

and better control in multiple harmonic

rejection.

PR Moderate Moderate | Conventional third order PR controller has
slow dynamic performance.

PIPI Good Simple Fast dynamic response, simplest way to track
a periodic reference signal.

7.2 Future Scope

There are four future studies that can be further investigated:

In case of hysteresis control, some methods can be implemented which can
convert the variable switching frequency into fixed switching frequency.

In case of single stage single phase on-board EV charger, some control
techniques may be implemented which reduces the THD and ripple as well,
therefore it may be used for 5% allowable ripple battery pack also.

In case of periodic reference controller, disturbance can be taken into account. As
large amount of EVs is connected to grid which may create disturbance in grid
parameters.

Since, periodic controllers are sensitive to frequency variation, therefore

frequency adaption technique can be included in inner current control loop.
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APPENDIX

SYSTEM PARAMETERS AND OPERATING MODES

Table A.1: Simulation Parameters of OFF Board EV Charger.

PARAMETER SYMBOL VALUE
kVA rating of charger S 12.5kVA
Grid voltage (line-to-line) Ve 415V
Supply frequency f 50 Hz
Line inductors Ly 2 mH
DC link capacitor Cpc 1200 pF
DC link voltage Vbc 600 V
DC-DC converter inductor Ly 2.5 mH
DC-DC converter capacitor Cr 10 pF
Battery voltage Viat 350V

Table A.2: Simulation Parameters of ON Board EV Charger.

PARAMETER SYMBOL VALUE
kVA rating of charger S 6.6 kVA
Grid voltage Ve 230V
Supply frequency f 50 Hz
Line inductors Ls 1 mH
DC link capacitor Cpc 500 pF
DC link voltage Vbc 400 V
DC-DC converter inductor Ly 1.5 mH
DC-DC converter capacitor Cr 5 uF
Battery voltage Vibat 350V

Table A.3: Experimental Parameters of OFF Board EV Charger.

PARAMETER SYMBOL VALUE
kVA rating of charger S 500 VA
Grid voltage (line-to-line) Ve 70V
Supply frequency f 50 Hz
Line inductors Ly 4 mH
DC link capacitor Cpc 1650 pF
DC link voltage Vpe 150V
DC-DC converter inductor Ly 6 mH
DC-DC converter capacitor Cr 47 uF
Battery voltage Viat 100V
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Table A.4: Experimental Parameters of ON Board EV Charger.

PARAMETER SYMBOL VALUE
kVA rating of charger S 350 VA
Grid voltage Vg 60V
Supply frequency f 50 Hz
Line inductors Ly 2 mH
DC link capacitor Cpc 1650 pF
DC link voltage Vbe 150V
DC-DC converter inductor Ly 6 mH
DC-DC converter capacitor Cr 47 uF
Battery voltage Viat 100V

Table A.5: Simulation Scenario of OFF Board EV Charger.
Mode Real Power Reactive Apparent Power Time
(KW) Power (KVAR) Power (KVA) Factor (sec)
1 12.5 0 12.5 Unity 0-1.5
2 -12.5 0 12.5 -1 1.5-3
3 0 12.5 12.5 0 3-4.5
4 0 -12.5 12.5 0 4.5-6
5 10 7.5 12.5 0.8 (lag) 6-7.5
6 7.5 -10 12.5 0.6 (lead) 7.5-9
7 -5.5 11.2 12.5 0.44 (lag) 9-10.5
8 -11.2 -5.5 12.5 0.89 (lead)  10.5-12
Table A.6: Simulation Scenario of ON Board EV Charger.
Mode Real Power Reactive Apparent Power Time
(KW) Power (KVAR) Power (KVA) Factor (sec)
1 6.6 0 6.6 Unity 0-1.5
2 -6.6 0 6.6 -1 1.5-3
3 0 6.6 6.6 0 3-4.5
4 0 -6.6 6.6 0 4.5-6
5 4 5.25 6.6 0.6 (lag) 6-7.5
6 5 -4.31 6.6 0.75 (lead) 7.5-9
7 -5.5 3.65 6.6 0.83 (lag) 9-10.5
8 -2.5 -6.11 6.6 0.38 (lead)  10.5-12
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Table A.7: Hardware Scenario of OFF Board EV Charger.

Mode Real Power Reactive Apparent Power
W) Power (VAR) Power (VA) Factor
1 500 0 500 Unity
2 -500 0 500 -1
3 0 500 500 0
4 0 -500 500 0
5 400 300 500 0.8 (lag)
6 300 -400 500 0.6 (lead)
7 -200 458.3 500 0.44 (lag)
8 -458.3 -200 500 0.9 (lead)

Table A.8: Hardware Scenario of ON Board EV Charger.

Mode Real Power Reactive Apparent Power
W) Power (VAR) Power (VA) Factor
1 350 0 350 Unity
2 -350 0 350 -1
3 0 350 350 0
4 0 -350 350 0
5 300 180.2 350 0.85 (lag)
6 250 -245 350 0.71 (lead)
7 -200 287.2 350 0.57 (lag)
8 -325 -130 350 0.92 (lead)
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