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Power Quality Improvement in HVDC
Networks Using V2G Technology
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ABSTRACT

Active and passive filters are prerequisites for maintaining power quality in the HVDC network. In this paper
active filters based on the trending method in the electric power sector, namely Vehicle to grid (V2G) technology is
designed using p-q theory. The results are being compared with the CIGRE benchmark model to demonstrate the
low cost solution for the filters in the HVDC system. The potential of a low-cost solution for harmonics is carried
out using the PHEV batteries using V2G technology.
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1. INTRODUCTION

The market of Hybrid electric vehicles (HEVs) entering the market has been increasing expeditiously in
recent years, since they offer customers a way to increase mileage as they constitute a battery and electric
drive system for serving internal combustion engine. HEV's have speed and long distance constraints and
they cannot be used effectively.

On the other hand PHEVs has no such constraints. PHEVs can store Electrical energy and they
can overcome the difficulties in the HEVs [1]. The strategy of vehicle-to grid (V2G) is implemented
by transferring energy from Plug-in Electric Vehicles (PEVs) in a smart grid can support the
distribution sector at peak load times. The PEV owners can earn through these power transactions.
Grid operating costs can be brought down where the peak time tariffs are high. V2G technology has
an ability provide many ancillary services, which includes Reactive power support [1], load leveling
[2], spinning reserve and voltage regulation [3], [4], external storage for renewable sources [5], and
can provide income to PHEV owners according to load curves [6], [7] thus providing environmental
and economic benefits.

An HVDC network is simply a DC transmission system between two AC generating systems. A
rectifier inverter group is used for this interfacing. A smart grid comprising HVDC system has been
expected in the late eighties and early nineties [9]. However, the snag is the devastating cost of power
electronic converters and inverters and their control which were often termed as power electronic devices.
From a few past years, many efforts have been made to mitigate these costs and enhance HVDC technology
[10-14.] An HVDC transmission system has some major applications compared with AC transmission.
An HVDC network is preferred for electric power transmission over long distances and serves best for
submarine connections.

In an HVDC network, to reduce harmonics active filters which are a combination of capacitors, power
electronic converters, and switching controller, are used [8]. The pricey components of filter or FACTS
devices are capacitors. In this work, the capacitors in the filter circuit are substituted with PHEV batteries.
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The bidirectional charger at the charging station can be served as a converter. A controller is designed using
the p—q theory [15].

The use of PHEV as active filter is done in the two configurations:
Casel: PHEV substitution on the rectifier side of the HVDC link.
Case2: PHEV substitution on both the inverter and rectifier sides of the HVDC link.

2. HVDC TEST SYSTEM

The CIGRE model is taken as the base system for addressing harmonics problems which exhibits complex
operational characteristics. This benchmark system has a rather simple, but operationally difficult
configuration. The values of the main circuit presented are arbitrary and is a two terminal DC scheme. The
primary system shown in is a 500 HVDC link which is rated at 1000MW and having 12-pulse converters.
The DC line is modeled as a T-network (fig 1).

The control modes are as follows:
At rectifier- constant current control and
At inverter - constant extinction angle control.

Converters in the model are six-pulse Graetz bridge circuits. Each thyristor has a built-in RC snubber
circuit. The tuned filters on the rectifier side and the inverter side of the benchmark model are replaced with
the PHEVs to obtain a low cost solution and the bidirectional converter is the charging station.
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Figure 1: CIGRE benchmark HVDC system
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Figure 2: HVDC system with PHEYV on rectifier side.
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Figure 3: HVDC system with PHEV on both sides

3. PHEV MODELING AND INTERFACING WITH AN HVDC SYSTEM

PHEVs have the capability of compensating the reactive power [16]. In this work, they are considered as
bidirectional converters connected dynamic batteries [17]. The P—Q capability of a PHEV varies =138 kW
and between +126 KVA [16]. Simple battery equivalent with internal impedance is indicated in Fig. 4 . In
addition, if the charge efficiency were equal to unity, the charge stored internally as a consequence of a
current flowing into the battery would be its integral [18]. This approach has two main issues:

1) The battery characteristics are not practically linear and the battery dynamics are the function of
SOC and electrolyte temperature.

2) Charge efficiency cannot be approximated unity.

The other case is the dependence of E on S can be dropped. To handle these constraints, the electric
network is modified as indicated in Fig. 5, where, 0 represents a measure of the electrolyte temperature.
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The third order battery dynamic model is designed taking the current, electrolyte temperature and SOC
into consideration and its dynamic equations are:

E =E —K_(273+0) (1-SOC) (1)
R,=R,,[1+4,(1-SOC)] )
R, =-R,, In(DOC) 3)
exp| 4, (1-50C)]
P Lbexp( Ayl /T*) “)
9 — RS’RB + ea (5)
1+ R,C,S

The SOC and depth of charge (DOC) can be expressed as

SOC=M=1—(] (6)

n

.9
DOC =1 c(1..0) )

Here C, and Ps are the battery’s thermal capacity and power, respectively, R | is the thermal resistance
and Rp is the polarization resistance, 0, represents ambient temperature, I* is the reference current, x_
is the Thevenin equivalent reactance, be is the exponential capacity coefficient, Qe is the extracted
capacity in Ah, Q_is the rated battery capacity in Ahand E_, K, Kp, A, A, and A, are constants for
a battery.

The behavior of the parasitic branch is strongly nonlinear and its current is given as

I =V G exp{£+A [I—EJ]
P pp VpO P Hf

The heat produced by the parasitic reaction can be calculated by means of the Joule law as given by,
_ 2
P =R,
Where, 0, is the electrolytic freezing temperature and Voo Gp, and Ap are constants.

A bidirectional converter circuit which is a charger circuit in the real time PHEV charging station is
connected to the PHEV to interface with the HVDC link.

4. CONTROLLER ARCHITECTURE

The active controller block is divided into three functional blocks:

4.1. Instantaneous power calculation

PQ theory has been employed for the instantaneous power calculation and is being used for active filter
control. We consider the analysis without taking neutral wire into account. The algebraic transformation of
the voltage and current components in the abc coordinates to of3.

The current and voltage equations in o coordinates will be
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The main aim of this controller is to calculate the reference values of active and reactive powers by

passing the instantaneous values of p and q into a selection block where power is to be compensated (fig 6).

The HVDC link converter behaves like a nonlinear load [19] which voids a fundamental or average and
a harmonic or oscillating current component from the power system. The inverse Clarke’s transformation
is used to approximate the current injected by active filter. To generate the current for controller, Eq. (10)

can be written as
ia _ 1 va vﬁ p
iﬁ v§+v/23 Vs =V, g (11)

The p and q values can be separated into average and oscillatory parts for our convenience.

4.2. Power Compensation section
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Figure 6: Main control circuit
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p=p+p (12)

9=q+q (13)

The af} variables defined in Eq. (10) are replaced with equivalent expressions referred to the abc axis
using Eq. (8) and similarly for the current, the following relationship can be found:

D=V, T Vi,
p =210 =3~ {0 =)= =+ =)= = )
:%[(Vab v )i+ (= v )iy + (v = v )i ] (14)
And,

q= vﬁia +vaiﬂ

1 . . .
:ﬁ[(‘}a _Vb)lc +(Vb -V )la +(Vc _Va)lb:l
1 . . :
:_3(Vablc +Vbcla +vcalb) (15)

The compensating current is given by,

icoma _ 1 va Vﬂ _p +1)L
icomﬂ vi + V; vﬁ _va - q

Where, P, is the power from DC voltage regulator and helps to maintain V,_around the reference value.
If the AC voltage is greater than the DC voltage, the PWM controller loses its controllability, in this case
the rating of DC capacitor need to be large. However PHEV Park serves this need.

4.3. DC voltage regulation and the current controller

In this work, Hysteresis controllers have been used since, they offer robust and smooth operation [20]. A
dynamic offset (¢) is created from the measurement of Vdc and the DC reference voltage in such a way that
upper and lower band limits of the hysteresis current controller are Lyt A(l + €) and Loy — A(l + €)
respectively.

5. SIMULATION RESULTS
5.1. PHEY filter on rectifier side

Analyses have been carried out for the performance check. A real time harmonics spectrum is analyzed,
and it is determined that it’s different orders have the maximum and minimum levels of 0.31% and 0.05%
magnitude respectively as shown in fig 7. The THD value in the transient state and steady state are traced

out and their values are 4.4% and 0.2 respectively as shown in fig 8. which are acceptable according to the
IEEE standard 519 [21].

5.2. PHEY filter on both sides

The tuned filters on both sides of the CIGRE model are replaced by the PHEV batteries. The results are
taken on the inverter side of the HVDC link. The maximum and minimum levels of harmonic currents are
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Figure 10: THD analysis (case 2)

0.33% and 0.08% (fig 9). The THD of the Inverter current in transient state and steady state are 4.45% and
0.4% respectively as shown in fig 10.
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