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ABSTRACT

High Power level Direct Current Fast Charger (DCFC) Electric vehicles chargers are

a key factor to the widespread of Plugged Electric Vehicle (PEV) penetration to the grid.

This thesis proposes modelling the aggregation of Bidirectional EV chargers to perform as

STATCOM. This high-power level bidirectional Electric Vehicle (EV) Chargers are

modelled to continuously provide reactive power services through their front-end AC-DC

converter. The work decouples the reactive power capability of the chargers from the Real

power. Three phase, 2-level voltage source converter is used for modeling the bidirectional

charger. The front-end converter is controlled to continuously provide reactive power and

the boost/buck rectifier is controlled to charge the battery whenever EV is connected to

the charger.

The control is in Direct-Quadrature-Zero (dqo) synchronous rotating reference

frame, and the reactive power is controlled by the quadrature current. The aggregation of

these high-power level DCFC generates enough reactive power that make an impact to the

grid. The dispatch of the bidirectional DCFC is considered a unit commitment problem

and proposes that neural network be employed. In this work, the high-power level DCFC is

modelled like the ASEA Brown Boveri (ABB) high-power Charger - ABB Terra HP 350

DC Fast charging station. The model is tested with IEEE 13 Node Test Feeder.

vi



TABLE OF CONTENTS

Chapter Page

1 INTRODUCTION 1

2 LITERATURE REVIEW 4

3 MODELING THE BIDIRECTIONAL ELECTRIC VEHICLE CHARGER 6

3.1 Modeling the High Power Charger as VSC 6
3.2 Direct Current Fast Charger (DCFC) 13
3.3 Control in Synchronous Rotating Reference frame 14
3.4 Aggregation Method for the Model 19

4 TEST CASE STUDIES AND SIMULATION RESULTS 21
4.1 Two DCFC with Inductive and Capacitive Loads Simulation 22
4.2 Two DCFC with Inductive and Capacitive Loads Results 24
4.3 Two DCFC with Inductive Loads Simulation 27
4.4 Two DCFC with Inductive Loads Results 28
4.5 IEEE 13 Node Test Feeder Simulation 30
4.6 IEEE 13 Node Test Feeder Results 33

5 CONCLUSION 35

REFERENCES 36

APPENDIXES 39

A. IEEE 13 Load flow Study 40

B. Cases Simulation Reading 44

vii



LIST OF TABLES

Table Page

1 DCFC System parameter 13

2 2 DCFC with Inductive and Capacitive loads (Case 1) Setup 23

3 2 DCFC with Inductive and Capacitive loads (Case 1) Results 26

4 2 DCFC with Inductive loads (Case 2) Setup 27

5 2 DCFC with Inductive loads (Case 2) Results 29

6 IEEE 13 Node Test Feeder (Case 3) Setup 32

7 IEEE 13 Node Test Feeder (Case 3) Results 33

viii



LIST OF FIGURES

Figure Page

1 3 phase 2-level converter topology 8

2 PQ Plane with Quadrants 9

3 Simulink Simulation diagram for the High-power Offboard Bidirectional DCFC 10

4 Scheme of a STATCOM 11

5 Proposed Controller of the High-power Offboard Bidirectional DCFC 14

6 Proposed EVA flow diagram 20

7 Case 1 Simulation diagram 22

8 Case 1 Grid,DCFC 1 and DCFC 2 Real power 24

9 Case 1 Grid,Load 1 and Load 2 Real power 24

10 Case 1 Grid,DCFC 1 and Load 1 Reactive power 25

11 Case 1 Grid,DCFC 2 and Load 2 Reactive power 25

12 Case 2 Grid,DCFC 1 and Load 1 Reactive power 28

13 Case 2 Grid,DCFC 2 and Load 2 Reactive power 28

14 One line Diagram of IEEE 13 Node Test Feeder with DCFC connected to 634 30

15 Unbalanced IEEE 13 Node Test Feeder with DCFC connected to 634 31

16 Balanced IEEE 13 Node Test Feeder with DCFC connected to 634 31

17 IEEE 13 Result Graph 33

18 DCFC with Inductive and Capacitive loads (Case 1) Reading 44

19 DCFC with Inductive loads (Case 2) Reading 45

20 IEEE 13 Node Test Feeder (Case 3) Reading 46

ix



LIST OF ABBREVIATIONS

AC Alternating Current

CSC Current Source Converter

DC Direct Current

DCFC Direct Current Fast Charger

D − STATCOM Distribution Static Compensator

DSO Distribution System Operator

EV Electric Vehicle

EVA Electric Vehicle Aggregator

FACTS Flexible Alternating Current Transmission System

FC Fast Charger

ICE Internal Combustion Engine

IGBT Insulated-Gate Bipolar Transistor

PCC Point of Common Coupling

PEV Plugged in Electric Vehicle

PHEV Plugged Hybrid Electric Vehicle

PLL Phase-Locked-Loop

PWM Pulse Width Modulation

SPWM Sinusoidal Pulse Width Modulation

STATCOM Static Compensator

V2G Vehicle 2 Grid

x



CHAPTER I

INTRODUCTION

The power system of the future or the smart grid will comprise mainly of distributed

energy resources (DER) from renewable energy sources. A lot of coal-fired generators must

have been retired in the future grid because of their impact on the environment. They are

going to be replaced with renewable sustainable energy sources like solar panels, wind

farms and battery storage facilities.

Most of the conventional power plants like the coal fired plants have synchronous

generators and these synchronous generators are the main sources of reactive power to the

grid. By the time all these reactive power sources are retired and replaced with renewable

energy sources that produce very small reactive power, there would be a real shortage of

reactive power sources to the grid. Reactive power is very important to the grid not only to

provide reactive power to the loads that consume them but to reduce losses and maintain

voltage profile which is very critical in power system stability and security.

Presently, reactive power compensation in the power grid is accomplished with

FACTS devices, capacitor banks, Reactors, tap load changing Transformers and obviously

synchronous generators [1]. With the expected reduction of synchronous generators and

the increase in both renewable energy sources and non-linear loads like electric vehicles

charging stations. The need for reactive power to the grid would be huge. Any attempt to

replace the reactive power produced by these synchronous generators that are already

phased out with distributed generators would be an expensive and costly endeavor. DCFC

charging stations can be that source as mentioned in [2].
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However, there will be a lot of voltage source converters connected to the grid in the

form of electric vehicle chargers. Since Internal combustion engines (ICE) are going to be

replaced with Electric vehicles. Gas stations are to internal combustion engine vehicles,

what EV chargers are to EV. It is expected that most gas stations would be replaced with

charging stations.

These charging stations will mean a lot of loads to the grid. But the charging

station being one of voltage source converters has the capability to produce reactive power.

Reactive power generation is preferred to be close to the location where it is consumed

(load centers), this lends itself well to the EV chargers performing as a reactive power

compensator since they are already at the load center.

For widespread EV penetration, it is imperative that there are many High-power

DCFC available for PEV just as there are many gas stations available for Internal

Combustion Engine. There are presently range anxiety that prevents people from buying

into EV. High-power EV chargers are the solution to alleviating this anxiety. High-power

EV chargers can charge EV batteries from 10 to 15 minutes depending on the battery

capacity and SOC. In order for EV to be integrated into the grid and for people to replace

their Internal Combustion Engine with EV, the time spent recharging the EV should be

close enough to the time spent refilling at the gas stations.

The trend of energy demand for EV is expected to grow. The slow AC charging is

to have a dominant share through 2030, however the penetration of DCFC is projected to

increase significantly afterwards[3].These charging stations will mean a lot of loads to the

grid. But the charging station being one of voltage source converters has the capability to

produce reactive power. DCFC can be modeled and built to produce reactive power

continuously whether the EV is connected to the charger or not. This is achieved when the

high-power converters are made to be bidirectional and operating at a non unity power

factor.
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This thesis proposes a model of aggregation of Bidirectional EV chargers that can

always provide Reactive power service, whether the EV is connected to the off-board

charger or not. This works perspective of a bidirectional EV charger is as any other voltage

source converter like STATCOM, that the front-end AC-to-DC converter is the part

responsible for reactive power operation in a Voltage Source Converter.

The rest of the thesis is organized as follows: Chapter I is an Introduction to the

thesis, Chapter II is on Literature reviews of the selected works on bidirectional EV

chargers. Chapter III describes the modelling of the high power DCFC based on ABB

Terra HP 350 DC Fast charging station [4], the control used for the DCFC and proposes

the EV Aggregator function.

The dispatch of the EV chargers is seen as a unit commitment problem and a

Neural network is to be employed to solve for the Q reference (Qref). setpoints/commands

for the chargers is delivered through the Electric Vehicle Aggregator (EVA). Chapter IV

presents and discusses the simulations of the models in MATLAB/SIMULINK on IEEE 13

Node Test Feeder and finally Chapter V is the conclusion.
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CHAPTER II

LITERATURE REVIEW

Most research, studies and works on how Bidirectional EV Chargers can provide ancillary

service to the power grid focus on the Electric Vehicle connecting to the chargers in order

to provide Reactive or Real power to the grid in a V2G mode. A complete and

comprehensive review was done in [3]. The study reviewed the trends, Standards, the issues

with FC and mitigation measures. Systematic review of the state-of-the-art technology for

DCFC, the various standards (CHAdeMO, GB/T, CCS, and Tesla) and the power quality

issues. The grid impact of a heavy-duty electric vehicle charging station was done in [5].

A systematic procedure to analyze the potential impact of the placement of

charging stations to the grid and setting the baseline for developing mitigation plans and

necessary system upgrades. A voltage load sensitivity matrix approach is employed to

investigate placing charging stations on the feeder. Neither [3] and [5] considered the

impact of reactive power generation from this charging station to the grid.

A reactive power compensation case study using just the Inverter DC-link capacitor

is evaluated when a PHEV battery is under charging operation was done in [2]. An

investigation into the capabilities of V2G enabled EVs in executing the reactive power

compensation whether done alone or simultaneously with either battery charging or

battery power delivery to the grid was shown in [6]. The work chose bidirectional battery

chargers to examine and collaborate their theoretical findings experimentally.

Literature [7] and [8] focused on the design of single phase bidirectional chargers for

V2G reactive power operation. [9] investigates the effect of reactive power transfer on the

charger system components, especially on the dc-link capacitor and the battery. [10]

mentioned the key elements required to make V2G operation a success like power

connection to the grid, control and communication between vehicles and the grid operator,

and on-board/off-board intelligent metering, Electric vehicle aggregation (EVA).
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In paper [11] it is illustrated that Electric vehicle charging/discharging can take

place in any quadrant in the P-Q plane. It showed that EV could support reactive power

to the grid while charging the battery. It was highlighted that the DSO could issue higher

and lower bounds to the EV chargers and the grid constraints would not be violated. In

[12], Coordinated Electric Vehicle Charging with Reactive Power Support to Distribution

Grids was demonstrated. The coordinated dispatch of active and reactive power from EVs

using a 33-node distribution feeder with a large number of EVs (more than 5000) was

shown with an electric vehicle aggregator. The paper has an extensive and comprehensive

mathematical model of the Distribution Grid Component, Distribution Grid Optimization

Model and EV Optimization Model. It developed optimal distribution power flow and

optimal EV charging models that utilize reactive power injection capability of the EVs to

support the grid.

Paper [13] investigates reactive power support operation using offboard PEV

charging stations while charging a PEV battery. It employed the three-phase acdc boost

rectifier topology that is capable of operating in all four quadrants and presented a control

system for the Real (P) and Reactive (Q) command following a bidirectional offboard

charger. None of the aforementioned works and any other studies (to the best of my

knowledge) has attempted to model the high-power DCFC to operate as a

STATCOM/D-STATCOM whether connected to the EV or not.
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CHAPTER III

MODELING THE BIDIRECTIONAL ELECTRIC VEHICLE

CHARGER

3.1 Modeling the High Power Charger as VSC

Modeling of a phenomenon or process is based on its observation and relies upon capturing

into an approximate, but sufficiently comprehensive,representation of its most significant

features from the point of view of the given application [14]. There are two main modeling

approaches: one that is based on the process of behavior observation of its response to

some known input signal, this approach is called the black-box model. The other modeling

type is known as the information approach, it is based on the known information about the

system to be modeled.

The latter approach, the information type is employed in this Thesis. This work is

about the modeling of VSC as Bidirectional High power Electric vehicle charger, the model

representation is made using the available physical knowledge about 2-level three phase

VSC.

The physical knowledge about the converter results in mathematical descriptions of

mass and energy laws. Hence, energy accumulation variations within the converter are

described by state variables [14]. For this VSC information is embodied in Kirchhoff’s laws

of the converter circuit, Ohm’s laws for the various loads and states of the various

solid-state switches in this thesis is the IGBT.

The mathematical description of fig 1 is used in the modeling of the four-quadrant

High-power Bidirectional Electric Vehicle charger in the thesis.
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There are two main converter technologies. Current Source Converter (CSC) and

VSC. CSC has large smoothing reactors connected to the DC side and CSC consumes

reactive power under rectification as well as in inversion mode. VSC has a DC Link

Capacitor connected to the DC side. Independent control of real and reactive power

exchange between the converter and the AC side can be achieved by controlling the

magnitude and phase angle of the synthesized AC voltage.

PEV Chargers are VSC. In modeling the High-power four-quadrant Bidirectional

Offboard Charger, some assumptions were made. The first assumption is that the grid

voltage is symmetric and balanced as in equation (1) to (3)

Ea = Emcos(ωgt) (1)

Eb = Emcos(ωgt−
2π

3
) (2)

Ec = Emcos(ωgt−
4π

3
) (3)

The second assumption is power balance between the converter DC side and the AC

side. This implies that the instantaneous power that the VSC draws from the DC side [15],

Pdc is equals to the real power that the VSC delivers to the AC side, Pt

Pdc = Pt (4)

The energy balance equation is:

VdcIdc = Eaia + Ebib + Ecic (5)

7



The Offboard Bidirectional DCFC is modeled with the configuration of a 2-level

Voltage Source Converter. This three-phase ac-dc conversion topology is used due to its

capability to perform in a four-quadrant operation in the PQ plane. Fig. 1 shows the

topology of the 2-level Voltage Source Converter. This topology consists of six

insulated-gate bipolar transistors (IGBT) and antiparallel diodes, each having a blocking

voltage of Vdc, and LCL filters on the ac side to compensate for the input harmonic current

and achieve a sinusoidal current waveform [13]. Sinusoidal pulse width modulation

(SPWM) is used to trigger each IGBT.

Figure 1: 3 phase 2-level converter topology
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This three-phase ac-dc boost rectifier topology is capable of operating in all four

quadrants. It is the only topology that is capable of bidirectional power flow. The other

two main topology for high power EV chargers are the Vienna Rectifier and the multi-pulse

rectifier. There is an improved efficiency and increased power density in the Vienna

topology but it only allows unidirectional power flow. Although the conventional 2-level

voltage source converter is less competitive regarding power density, it allows bidirectional

power flow. It is used for bidirectional charging where V2G is implemented[3]

Figure 2: PQ Plane with Quadrants

Voltage source converters are capable of generating and consuming Inductive and

Capacitive Reactive power as can be seen in Fig 2. Conventional 2-level voltage source

converter employed in bidirectional four-quadrant high-power EV charger can be modeled

and made to perform as STATCOM which is a VSC as well.
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The conventional 2-level VSC for the high-power bidirectional offboard EV DCFC

simulation diagram in MATLAB/SIMULINK is shown in fig 3.

Figure 3: Simulink Simulation diagram for the High-power Offboard Bidirectional DCFC
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STATCOM is a FACTS device connected to the power system and is capable of

exchanging reactive power with the system in both directions (by absorbing or by

generating). It is analogous to the synchronous generator in the manner it

generates/absorbs reactive power but without any moving parts, hence the name static[15].

It is a VSC that, by means of purely electronic processing of voltage and current

waveforms, provides reactive power generation as well as absorption. The building block of

STATCOM consists mainly of VSC, supplied from a capacitor operating at DC,and which

is connected to the power grid through a transformer. Fig 4

Figure 4: Scheme of a STATCOM
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The operating principle consists of maintaining the DC Link capacitor voltage Vdc

and to generate or absorb reactive power through the conversion bridge, using the energy

stored in the capacitor, with the converter AC side voltage Vc in phase with the

Grid/network AC Voltage V .

The difference between the Converter AC side voltage Vc and the Grid/network

voltage V causes reactive current to flow. The amplitude of this voltage difference

determines the amplitude of the reactive current, and it’s polarity determines the direction

of the phase angle of the reactive current with respect to the Grid/network voltage V .[16]

The reactive current produced by a STATCOM depends only on the amplitude of

the converter AC side voltage Vc, this is assuming that the DC capacitor is charged. The

value of Vc is proportional to the voltage Vdc of the DC side capacitor.[16]

In fig 4, when I lags behind V by π
2
, the device acts like a reactor, absorbing

reactive power. This means that the amplitude of Vc is less than V (Vc < V ). when I leads

V by π
2
, it acts like a capacitor, supplying reactive power. this means that the amplitude of

Vc is greater than V (Vc > V ). If V = Vc, the current through the reactance Xt is zero and

there is no energy exchange.

This very property of a VSC is also applicable in an EV charger, if it can be

modeled and built as such. The part of the VSC responsible for reactive power power flow

or energy flow is simply the front end AC-DC converter, which starts from the AC side and

ends at the DC capacitor. Since, the VSC can generate reactive power by purely electronic

processing of voltage and current waveforms. An offboard bidirectional high power DCFC

can be modeled to operate like a STATCOM.
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3.2 Direct Current Fast Charger (DCFC)

The modeling of high-power bidirectional 4 quadrant Direct Current Fast Charger (DCFC)

was done based on ABB Terra HP 350 DC Fast charging station [4]. The Charger is

modeled with the AC input parameter like the ABB Terra HP 350 DC [4]. The system

parameter is shown in table I.

Table 1: DCFC SYSTEM PARAMETER

Parameter Value
AC Input Power 174 KVA

AC Input Voltage 480 V
Grid Frequency 60 Hz

Switching frequency 18 KHz
DC Link Capacitance 100µF

LCL Filters 0.5mH,30µF
VDC 800 V

Fig 1 shows the simplified schematic diagram of the conventional 2-level VSC. The

2-level VSC consists of three half-bridge converters, one per phase (AC-side terminal), and

the common DC side of the half-bridge converters is the DC side of the VSC.

The switches employed are IGBT. The switching strategy employed is the

suboscillation, carrier-based, pulse-width modulation (PWM) strategy. The specific

strategy used is the sinusoidal pulse-width modulation. All the parameters used including

the switching frequency are as stated in table 1.
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3.3 Control in Synchronous Rotating Reference frame

The Control of the Offboard Bidirectional charger is of current-control scheme in the

Synchronous rotating dq0 reference frame. Fig. 1 shows the proposed controller of the

high-power offboard bidirectional DCFC. The control system consists of 3 main controllers.

The DC-Link voltage controller maintains the voltage across the DC Capacitor, the

Reactive Power controller controls the reactive power flow to the Converter based on the

current command form the DSO through the Aggregator and the Battery voltage

controller, this controller charges the batteries through the boost/buck rectifiers.

Figure 5: Proposed Controller of the High-power Offboard Bidirectional DCFC
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The current control in the synchronous rotating reference frame is the control

implemented in this work. In this control system, the Grid voltage vabc and Phase current

iabc are transformed from the abc reference frame to the dq0 reference frame using equation

(10). Equation (10) is called the Park Transformation.

The results of the transformation are the grid voltage components vd and vq, phase

current components id and iq. In current control in synchronous rotating reference frame,

knowing the grid voltage components vd and vq, the Real (P) and Reactive (Q) power can

be controlled by controlling the VSC AC-side or phase current components id and iq.[16]

In the dq0 reference frame the instantaneous real and reactive power can be

calculated with equations (6) and (7) respectively.

Pt =
3

2
(vdid + vqiq) (6)

Qt =
3

2
(−vdiq + vqid) +Qc(t) (7)

where Qc(t) is the instantaneous power generated by the LCL filter capacitors (fig 5),

however, in this work the capacitance of the filters are assumed to be small so equation (7)

can be rewritten as:

Qt =
3

2
(−vdiq + vqid) (8)

The proposed control strategy in fig 3 uses dq0 reference frame and the

Phase-Locked-loop (PLL). PLL maintains the synchronization with the supply voltage

[15],[16]. The main function of the PLL is to synchronize the converter AC side voltage

with the grid voltage. For the PLL, the grid voltage is transformed from the abc reference

frame to the stationary alpha-beta-zero reference using Clarke’s transformation

Equation[17] (9)
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The Phase currents

iabc

, and supply voltages

vabc

are transformed from abc reference frame to a dq reference frame using Park

transformation and for the PLL, Clarkes transform is used to transform from vabc.

Equation (10) is the Park’s transformation and Equation (9) is Clarke’s transformation.


α

β

0

 =

3
2


1 −1

2
−1
2

0
√
3
2

−
√
3
2

1
2

1
2

1
2



a

b

c

 (9)

Clarke’s Transformation Equation. (9)


d

q

0

 =

2
3


sin(θ) sin(θ − 2Π

3
) sin(θ + 2Π

3
)

cos(θ) cos(θ − 2Π
3
) cos(θ + 2Π

3
)

1
2

1
2

1
2



a

b

c

 (10)

Parks Transformation Equation. (10)
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The most important part of the PLL synchronization process is that the real and

reactive power outputs of the VSC becomes proportional to and can therefore be

independently controlled by the dq0 components of the VSC AC side currents, id and iq,

respectively.[15] this can be verified by substituting for vq ≈ 0 in (6) and (7) to obtain:

Pt =
3

2
(V id) (11)

Qt = −3

2
(V iq) +

3

2
(C(ω)V 2) (12)

where

Qc(t) =
3

2
(C(ω)V 2) (13)

but, Qc(t) is assumed to be small, so therefore

Qt = −3

2
(V iq) (14)

Thus, from (11),P can be regulated when the VSC direct axis current setpoint,id ,can be

computed from the real-power setpoint,P ∗. Similarly, Q can be regulated based on

(14),when VSC quadrature axis current setpoint,iq ,can be calculated from the

reactive-power setpoint,Q∗.[15]

The quadrature-axis current iq setpoint can be solved from (14) when given the

reactive power setpoint, Q∗. Solving for iq from (14) results in:

i∗q = −2

3

Q∗
t

V
(15)
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The DCFC is modeled to operate only in the first and fourth quadrant of the PQ

plane. This means that the DCFC does not inject real power to the grid in the V2G mode.

The jury is still out on the impact this would have on the life span of the EV battery.

Secondly, this is not the focus of this thesis as the DCFC are only modeled to perform as a

STATCOM or DSTATCOM providing only reactive power support to the grid.

In fig 5, the V DC∗ reference is the setpoint of the voltage across the DC link

capacitor. The VDC controller tracks this setpoint with the measured feedback of the

VDC. The VDC controller produces Pd. Similarly, the Reactive power controller tracks the

i∗q with measured feedback of iq. The Reactive power controller produces Qq.

The Pd and Qq generated by both controllers are converter from the synchronous

rotating reference frame to the abc reference frame. this transformation is synchronized

with the grid voltage through the θ signal generated by the PLL.

SPWM is performed and 6 pulses are generated that is used to fire each of the

IGBT switches.
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3.4 Aggregation Method for the Model

The amount of Reactive power each DCFC can generate and absorbed is known, hence the

total VAR a charging infrastructure can provide to the grid is also determined. This makes

the aggregation of the DCFC a unit commitment problem. This work proposes solving the

unit commitment with Neural network.

The input layer to the neural network is the Node voltages and currents obtained by

solving the Optimal power flow of the network. The Distribution System

Operator/Transmission System Operator (DSO/TSO) solves the Optimal power flow[11]

and generates the Q∗
t for Reactive power dispatch from the Offboard DCFC. (15) in the

last page is then used to compute for the i∗q
The EV Aggregator (EVA) receives the commands and dispatches the DCFC

stations. Fig 4 Shows the proposed flowchart. The type of communication between the

DSO/TSO and the EVA,EVA and the DCFC is beyond the scope of this work. It is

assumed that any of the communication technologies like 5G would be available and can be

used.

The EVA monitors the status of each DCFC and communicates the status to the

DSO. It gives the commands of the setpoints to each DCFC based on their status and the

amount of reactive power it can generate/consume.
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Figure 6: Proposed EVA flow diagram
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CHAPTER IV

TEST CASE STUDIES AND SIMULATION RESULTS

The simulation is performed in MATLAB/SIMULINK environment. Simulation is done in

three case scenarios. In case one, two DCFC was connected to two loads where load 1 is

inductive and load 2 capacitive. DCFC 1 was set to supply reactive power to load 1 and

DCFC 2 set to absorb the reactive power from load 2. Fig 5 shows the SIMULINK

simulation diagram for case 1. This simulation is simply to show that each DCFC can

receive different commands. This case is not practical in real life as the net VAR from the

charging stations would be reduced.

In case 2, the two loads in case 1 are made to be Inductive loads only and the two

DCFC Connected to the node are set to supply reactive Power to the two loads. The aim

of case 2 is to confirm that the high-power DCFC Stations has to either consume or

generate reactive power. This is because if some chargers are consuming reactive power

and others are generating, the net VAR to the grid would be less that the amount the

charging station is capable of delivering.

The third case, IEEE 13 Node Test Feeder is used. Because the simulation is

designed to run on balanced network (the DCFC is not modeled to specify different PQ

powers for each phase). The test feeder is modified from an unbalanced network to a

balanced network. The loads that are connected to the single and two phase were lumped

into one and all the single- and two-phase lines removed.

The simulation diagram for case 2 is the same as in case 1, see fig 7 and fig. 14

shows the one-line diagram of the IEEE 13 Node Test Feeder with the EV DCFC

connected to node 634 and fig 15 shows the simulation diagram for the 13 node Test Feeder

prior modification and fig 16 post modification.
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4.1 Two DCFC with Inductive and Capacitive Loads Simulation

Figure 7: Case 1 Simulation diagram

Table 2 shows the setup for the simulation of Case 1. Two Loads has the same PCC with

the two Bidirectional EV chargers. (DCFC 1 and DCFC 2). Load 1 is inductive and Load

2 is capacitive. DCFC 1 is getting a command of -100 A as Qref i∗q to inject VAR to PCC

and DCFC 2 is given a command of 100 A as Qref i∗q to absorb VAR from PCC. Negative

Qref i∗q means the EV Charger is operating in either the fourth or third quadrant of the PQ

plane.

In this simulation, it is in the fourth quadrant since the EV is not supplying Real

power to the grid. On the other hand, if i∗q is positive, then the EV is absorbing Reactive

power. it can be in either the first quadrant or the second quadrant. In this simulation, it

is in the first quadrant because like in the negative Qref i∗q, the EV charger is not injecting

real power to the grid.
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Table 2: CASE 1 SETUP

- Real Power(KW) Reactive(KVAR) Setpoint (i∗q)
Grid Swing Swing -

Load 1 200 50 (Inductive) -
Load 2 200 -50 (Capacitive) -

DCFC 1 0KW see (15) -100
DCFC 2 0KW see (15) 100

It is important to note that Case 1 simulation is done to demonstrate that each

individual Bidirectional DCFC can be given commands from the EVA to generate/consume

reactive power from PCC. It is not feasible in real case scenario as the net reactive power

at the PCC from the charging station would be less than the rated VAR capacity of the

charging station. For example, if DCFC 1 is generation 25 KVAR and DCFC 2 is

consuming 25 KVAR, the net VAR from the charging station would be 0. Case 1 is for

demonstration only.
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4.2 Two DCFC with Inductive and Capacitive Loads Results

Fig 8 is showing the graph of the Real Power of the Grid, DCFC 1 and DCFC 2. The

graph shows that the grid is supplying the Real power and not the EV Charging station.

Fig 9 is showing the real power of the grid and the two loads. the grid is supplying the real

power to the loads.

Figure 8: Case 1 Grid,DCFC 1 and DCFC 2 Real power

Figure 9: Case 1 Grid,Load 1 and Load 2 Real power
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Fig 10 is showing the reactive power graph of the grid, DCFC 1 and Load 1, while

Fig 11 is showing the graph of the grid, DCFC 2 and Load 2. Table 3 the result data of

Case 1.

Figure 10: Case 1 Grid,DCFC 1 and Load 1 Reactive power

Figure 11: Case 1 Grid,DCFC 2 and Load 2 Reactive power
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In table 3: the grid which is the swing bus, supplied the real power required by the

the two loads and small real power to the EV charger to account for the losses in the

converter and the real power required to maintain the Voltage Direct Current (VDC). The

VDC Controller regulates the voltage across the DC capacitor. the DCFC consumes real

power from the grid in order to maintain VDC. There are also losses in the VSC during the

switching by the IGBTs.

Table 3: CASE 1 RESULTS

- Real Power(KW) Reactive(KVAR)
Grid 399.6 -4.886

Load 1 199.6 49.87 (Inductive)
Load 2 198.1 -49.51 (Capacitive)

DCFC 1 < 1KW -62.29
DCFC 2 < 1KW 56.64
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4.3 Two DCFC with Inductive Loads Simulation

Case 2 is a more realistic case where the entire EV chargers in the station is made to either

generate reactive power or absorb reactive power from the Point of Common Coupling

(PCC). The charging station is setup as a one unit. The simulation diagram is like that of

case 1 but the setup is shown in table 4 below.

Table 4: CASE 2 SETUP

- Real Power(KW) Reactive(KVAR) Setpoint (i∗q)
Grid Swing Swing -

Load 1 200 50 (Inductive) -
Load 2 200 50 (Inductive) -

DCFC 1 0KW see (15) 100
DCFC 2 0KW see (15) 100

The Net VAR from the EV Charger is the sum of the individual high-power

bidirectional 4-quadrant DCFC. The real power required by each load is 200KW, making it

a total of 400KW just like in case 1. The two loads are both inductive and require a total

of 100KVAR from the PCC. the setpoints to the two DCFC are a little above the require

VAR by the load, this is to account for the losses in the line and converter.
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4.4 Two DCFC with Inductive Loads Results

The graph of the result of Case 2 is in fig 10 and fig 11.The result table is in table 4.

Figure 12: Case 2 Grid,DCFC 1 and Load 1 Reactive power

Figure 13: Case 2 Grid,DCFC 2 and Load 2 Reactive power

28



It can be seen from the Case 2 result table that the power factor of the two loads

has been increase when compared to case 1. Less real power is drawn from the grid by the

two loads.
Table 5: CASE 2 RESULTS

- Real Power(KW) Reactive (KVAR)
Grid 276.5 163.1

Load 1 137.9 34.49 (Inductive)
Load 2 137.9 34.49 (Inductive)

DCFC 1 < 1KW -49.9
DCFC 2 < 1KW -49.1

It is also observed that the amount of reactive absorbed by the loads are less than

required.
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4.5 IEEE 13 Node Test Feeder Simulation

Figure 14: One line Diagram of IEEE 13 Node Test Feeder with DCFC connected to 634

The AC Input voltage for the Bidirectional four-quadrant EV DCFC is 480V, so therefore

the voltage at PCC between the EV chargers and the grid has to be 480 V. IEEE 13 Node

Test Feeder has Medium voltage level of 4.16KV and Low voltage of 480V. Node 634 is

chosen for the connection of the DCFC station because of the step-down transformer that

stepped down the voltage from 4.16KV to 480V for Load 634. See fig 14 or fig 16
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Fig 13 shows the IEEE 13 Node Test Feeder as an unbalanced system and fig 14

shows the modified test feeder as a balanced system.

Figure 15: Unbalanced IEEE 13 Node Test Feeder with DCFC connected to 634

Figure 16: Balanced IEEE 13 Node Test Feeder with DCFC connected to 634
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The full power flow data/result for the Simulation is in (Appendix XX). The focus

was on node 634, which is the PCC for Load 634 and the charging station made up two

DCFC. In the pre modified IEEE 13 node test feeder, a capacitor bank was connected at

node 634 to help improve the power factor of load 634 by injecting reactive power to the

node. this capacitor bank was removed and replaced with the two DCFC Bidirectional

charging stations.

The real power rating of load 634 is 1MW. the load is model as a PQ load, it is an

inductive load with VAR rating of 120KVAR. The charging station was set to generate a

total of 140KVAR. this is to make sure that the reactive power need for the load is met

and also for any losses on the line.

Table 6: CASE 3 Setup

- Real Power(KW) Reactive (KVAR)
Grid Slack Depend on network

Load 634 1000 120 (Inductive)
DCFC 1 < 1KW -70
DCFC 2 < 1KW -70

Table 6 has the setup at PCC 634 in the modified Balance IEEE 13 node test feeder

used for the simulation.
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4.6 IEEE 13 Node Test Feeder Results

Figure 17: IEEE 13 Result Graph

Fig 17 shows the graph of the results at PCC 634 and table 7 the results. the DCFC

injected 73KVAR each to the PCC. Load 634 consumed a total of 126KVAR, 6KVAR more

that rated. Since, the DCFC is set to inject more than the rated VAR for the load, this

was not a problem. the extra VAR injected by the DCFC charging station was absorbed by

the grid through the step-down transformers, distribution line up line and loads up line.

Table 7: CASE 3 RESULTS

- Real Power(KW) Reactive (KVAR)
Grid Slack 139.1

Load 634 1000 126.4 (Inductive)
DCFC 1 < 1KW -73.4
DCFC 2 < 1KW -73.4
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The table results of case 3 which is the IEEE 13 Node Test Feeder is shown in table

7. Below is the short short version of the load flow study of the IEEE 13 test feeder at 634.

The full version is on Appendix A

Summary for IEEE13NodeFeeder18Modver : The load flow converged in 4 iterations !

P(kW) Q(kvar)

Total generation 7110.29 1911.887

Total PQ load 6000 1890

Total Z shunt

Total ASM 0 0

Total losses

3 : 634 V= 0.968 pu/0.48kV -2.44 deg

P(kW) Q(kvar)

Generation 0 0

PQ Load 1000 120

Z shunt 0.945085 -3.95417

633 -1000.95 -116.046
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CHAPTER V

CONCLUSION

This thesis showed that the control of a bidirectional high power DCFC can have a

controller to continuously generate/consume reactive power as STATCOM. An aggregation

of bidirectional EV chargers is modeled to perform like STATCOM in providing continuous

reactive power support. The models are simulated with IEEE 13 Node Test Feeder. By

making the DCFC chargers bidirectional and to continuously produce VAR, the DCFC

power electronics are not made redundant.

Reactive power compensation is needed where it is consumed, with the expected

increase in high power DCFC penetration, this high powered VSC can generate enough

reactive power to have an impact on the grid when aggregated.

35



REFERENCES

36



REFERENCES 

[1] M. Eremia and M. Shahidehpour, Voltage and Reactive Power Control, pp. 340–450.

2013.

[2] M. C. Kisacikoglu, B. Ozpineci, and L. M. Tolbert, “Examination of a phev

bidirectional charger system for v2g reactive power compensation,” in 2010

Twenty-Fifth Annual IEEE Applied Power Electronics Conference and Exposition

(APEC), pp. 458–465, 2010.

[3] L. Wang, Z. Qin, T. Slangen, P. Bauer, and T. van Wijk, “Grid impact of electric

vehicle fast charging stations: Trends, standards, issues and mitigation measures - an

overview,” IEEE Open Journal of Power Electronics, vol. 2, pp. 56–74, 2021.

[4] A. ABB Asea Brown Boveri Ltd, “Terra hp charger up to 350 kw,” 2022. Last

accessed 29 March 2022.

[5] X. Zhu, B. Mather, and P. Mishra, “Grid impact analysis of heavy-duty electric vehicle

charging stations,” in 2020 IEEE Power Energy Society Innovative Smart Grid

Technologies Conference (ISGT), pp. 1–5, 2020.

[6] G. Buja, M. Bertoluzzo, and C. Fontana, “Reactive power compensation capabilities of

v2g-enabled electric vehicles,” IEEE Transactions on Power Electronics, vol. 32,

no. 12, pp. 9447–9459, 2017.

[7] M. C. Kisacikoglu, B. Ozpineci, and L. M. Tolbert, “Ev/phev bidirectional charger

assessment for v2g reactive power operation,” IEEE Transactions on Power

Electronics, vol. 28, no. 12, pp. 5717–5727, 2013.

[8] M. C. Kisacikoglu, M. Kesler, and L. M. Tolbert, “Single-phase on-board bidirectional

pev charger for v2g reactive power operation,” IEEE Transactions on Smart Grid,

vol. 6, no. 2, pp. 767–775, 2015.

37



[9] M. C. Kisacikoglu, B. Ozpineci, and L. M. Tolbert, “Effects of v2g reactive power

compensation on the component selection in an ev or phev bidirectional charger,” in

2010 IEEE Energy Conversion Congress and Exposition, pp. 870–876, 2010.

[10] M. Yilmaz and P. T. Krein, “Review of the impact of vehicle-to-grid technologies on

distribution systems and utility interfaces,” IEEE Transactions on Power Electronics,

vol. 28, no. 12, pp. 5673–5689, 2013.

[11] S. Paudyal, O. Ceylan, B. P. Bhattarai, and K. S. Myers, “Optimal coordinated ev

charging with reactive power support in constrained distribution grids,” in 2017 IEEE

Power Energy Society General Meeting, pp. 1–5, 2017.

[12] J. Wang, G. R. Bharati, S. Paudyal, O. Ceylan, B. P. Bhattarai, and K. S. Myers,

“Coordinated electric vehicle charging with reactive power support to distribution

grids,” IEEE Transactions on Industrial Informatics, vol. 15, no. 1, pp. 54–63, 2019.

[13] M. Kesler, M. C. Kisacikoglu, and L. M. Tolbert, “Vehicle-to-grid reactive power

operation using plug-in electric vehicle bidirectional offboard charger,” IEEE

Transactions on Industrial Electronics, vol. 61, no. 12, pp. 6778–6784, 2014.

[14] S. Bacha, I. Munteanu, A. I. Bratcu, et al., “Power electronic converters modeling and

control,” Advanced textbooks in control and signal processing, vol. 454, no. 454, 2014.

[15] N. Chaudhuri, B. Chaudhuri, R. Majumder, and A. Yazdani, The VoltageSourced

Converter (VSC), pp. 23–75. 2014.

[16] L. Wang, S. Chai, D. Yoo, L. Gan, and K. Ng, Modeling of AC Drives and Power

Converter, pp. 1–26. 2015.

[17] H. Akagi, E. H. Watanabe, and M. Aredes, Shunt Active Filters, pp. 111–236. 2017.

38



APPENDIXES

39



APPENDIX A

Load flow

Summary for IEEE13NodeFeeder18Modver : The load flow converged in 4 iterations !

P(kW) Q(kvar)

Total generation 7110.29 1911.887

Total PQ load 6000 1890

Total Z shunt

Total ASM 0 0

Total losses

1 : 632 V= 1.000 pu/4.16kV 0.00 deg ; Swing bus

P(kW) Q(kvar)

Generation 7110.29 1911.887

PQ Load 1000 120

Z shunt

633

671

675 1.22051 -0.02009

680 0.076664 -0.16188

692 -1.22527 0.019375
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2 : 633 V= 0.996 pu/4.16kV -0.22 deg

P(kW) Q(kvar)

Generation 0 0

PQ Load 1.95E-11 1.62E-11

Z shunt

632

634 1024.8 159.4178

671 0.381885 -0.58239

675 0.291664 0.179555

680 0.101945 0.011468

692 -0.29122 -0.17719

3 : 634 V= 0.968 pu/0.48kV -2.44 deg

P(kW) Q(kvar)

Generation 0 0

PQ Load 1000 120

Z shunt 0.945085 -3.95417

633 -1000.95 -116.046
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4 : 671 V= 0.960 pu/4.16kV -3.57 deg

P(kW) Q(kvar)

Generation 0 0

PQ Load 2000 750

Z shunt

632

633 -1.48919 -0.26745

675 -1.51571 0.761716

680

692 1963.01 -103.263

5 : 675 V= 0.958 pu/4.16kV -3.75 deg

P(kW) Q(kvar)

Generation 0 0

PQ Load 1000 300

Z shunt

632 -0.55551 -0.6973

633 -0.24928 -0.01183

671 1.351581 2.079931

680 -0.32789 -0.52185

692
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6 : 680 V= 0.954 pu/4.16kV -3.90 deg

P(kW) Q(kvar)

Generation 0 0

PQ Load 1000 600

Z shunt

632 -0.01723 0.068082

633 -0.06401 -0.21266

671

675 0.37964 -0.18495

692 -0.38098 0.185549

7 : 692 V= 0.960 pu/4.16kV -3.57 deg

P(kW) Q(kvar)

Generation 0 0

PQ Load 0 0

Z shunt

632 0.556271 0.704486

633 0.248485 0.011145

671 -1962.99 103.2635

675

680 0.328145 0.525194
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APPENDIX B

My Awesome Suit

Figure 18: Case 1 Reading.
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Figure 19: Case 2 Reading.
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Figure 20: Case 3 Reading.
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