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Abstract—The constantly increasing interest towards the elec-
tric and plug-in hybrid electric vehicles will increase the volt-
age unbalance and overvoltages in the distribution grids and
therefore, the power quality of the grid voltage might be put
in a danger. To overcome this issue more sophisticated control
strategies for the battery chargers must be used that are able to
improve the power quality in the low voltage grid. In this paper,
a solution based on the three-phase damping control strategy
is proposed that can be used to control the power electronic
rectifiers in the battery chargers such that asymmetrical phase
currents are drawn and thus the voltage unbalance at the point
of common coupling is mitigated.

Index Terms—Voltage unbalance mitigation, overvoltages,
power factor corrector, electric vehicles, damping control strategy

I. INTRODUCTION

Nowadays, the use of electric vehicles (EV) is
continuously growing as a solution for reducing the
greenhouse gases. The EV, hybrid electric vehicles
(HEV) and plug-in EV will become even more com-
mon in the near future [1]. The increased demand of
energy by the EV will potentially put the operation
of the distribution grid in a danger. Smart grid
concepts for charging the EVs have been recently
developed in [2]–[4] and many more that involve
a mixture of renewable energy resources (mostly
photovoltaic (PV)) and demand response.

The EV that are charged by single-phase chargers
together with other single-phase loads will cause
phase voltage difference between the three phase
voltage hence, the voltage unbalance will be deteri-
orated. Furthermore, the majority of the distributed
energy resources (DERs) is single-phase connected
with a peak power between 1 to 5 kWp. It is well
known that the DERs have positive impact over the
grid performance if the produced energy meats the
local demand. However, single-phase DERs in com-
bination with single-phase charged EV might lead
to even more prominent voltage unbalance problems
if DERs and EVs are not connected to the same
phase. This might lead to overvoltages due to the
increased zero-sequence currents which will impose

even more challenges to the distribution system
operators (DSO) to maintain the power quality in
their LV grids.

In [5], [6] a three-phase damping control strategy
for three-phase DERs is proposed that is able to mit-
igate the voltage unbalance by emulating resistive
behaviour towards the zero- and negative-sequence
components. The proposed control strategy relies
entirely on local measurements to mitigate the volt-
age unbalance and the necessity of a secondary
control is avoided. In this article, the three-phase
damping control strategy is modified to be able to
supply a load and consumes power from the grid
instead of injecting it. This control strategy can be
used in charging poles or to charge EV that require
a three-phase connection to the distribution grid. By
modifying the three-phase damping control strategy
to work in active rectifier mode, the voltage unbal-
ance will be mitigated by drawing larger current
from the phase with the highest voltage and smaller
currents from the phases with the lower phase
voltages. The classical control of the active rectifiers
is usually implemented by drawing only positive-
sequence current as studied in [7]. Therefore, a
comparison between the classical positive-sequence
and three-phase damping control strategies will be
performed.

This article is organised as follows: In Section II,
the analytical models of the used control strategies
for active rectifiers are given and their practical
implementation is described. In Section III, the
experimental examinations are described and finally
the conclusions are drawn.

II. COMPARISON BETWEEN POSITIVE-SEQUENCE AND
DAMPING CONTROL STRATEGIES

In this article, harmonic distortions will not be
considered, and also further on, complex values (and
thus only fundamental components) are used, thus



the p.u. value of the phase voltage vx can be written
in complex form as:

vx = |vx| exp(jθx) (1)

with vx the rms value of corresponding phase volt-
age vx, x is the phase of connection and θx is the
corresponding phase angle.

A. Three-phase positive-sequence control strategy

One of the most common practice for controlling
a three-phase active rectifier connected to the utility
grid and having a unity power factor is done by
drawing only positive-sequence current. This comes
from the fact that most of the three-phase angle
detection techniques are based on phase locked
loop (PLL) algorithms that are using a synchronous
reference frame [8]. In other words, the three-phase
PLLs use a coordinate transformation from abc to dq
and, therefore, the output signals of these PLLs have
phase angles corresponding to the positive-sequence
component of the grid voltage. If the phase angles
are assumed to be:

θa = 0, θb = θa −
2π

3
, θc = θa +

2π

3

then the phase currents in the p.u. systems can be
expressed as:

ix,p = g1e
(jθx) (2)

where x represents the corresponding phase a, b or c
and “p” denotes active power consumed by the load.
The fundamental input conductance g1 is written as:

g1,p =
p∗dc
3|v1|

(3)

where p∗dc is the requested power by the load and
v1 is the rms value of the positive-sequence voltage.
Obtaining the symmetrical components representa-
tion for the injected currents is done by the inverse
Fortescue transformation which yields to the follow-
ing symmetrical component equations:

i0 = 0, i1 = g1e
(jθ1), i2 = 0 (4)

where the indexes (0,1,2) are the zero-, positive-,
and the negative-sequence components.

B. Three-phase damping control strategy

As mentioned above, the voltage unbalance is
(or it will become in the future) one of the most
common problem in LV grids with high penetration
of DERs and EV. The three-phase damping control
strategy is studied in [6], [9] and it is able to suc-
cessfully mitigate the voltage unbalance at the point
of common coupling (PCC). The idea behind the
three-phase damping control strategy is as follows:
the desired reaction of the three-phase damping
control strategy is to behave resistively towards the
zero- and negative-sequence voltage components in
LV networks [5], [6]. The damping control strategy
can be described mathematically by the following
set of equations:i0i1

i2

 =

gd 0 0
0 g1 0
0 0 gd

v0v1
v2

 (5)

where v0, v1 and v2 are the zero-, positive- and
the negative-sequence voltage components, gd is the
fundamental damping conductance of the rectifier.
Eq. (5) can be transformed into phase quantities by
using: iaib

ic

 = T−1

gd 0 0
0 g1 0
0 0 gd

T
vavb
vc

 (6)

where T is the transformation matrix from phase
quantities (a, b, c) to symmetrical components
(0,1,2). Consequently, the following equations for
the phase currents are obtained:

ia =
1

3
{va(g1 + 2gd) + avb(g1 − gd) + a2vc(g1 − gd)}

ib =
1

3
{a2va(g1 − gd) + vb(g1 + 2gd) + avc(g1 − gd)}

ic =
1

3
{ava(g1 − gd) + a2vb(g1 − gd) + vc(g1 + 2gd)}

(7)



with a = ej2π/3. If (1) is substituted in (7), the
following equations for the phase currents are ob-
tained:

ia =
1

3

{
g1

[
|va|ejθa + |vb|ej(θb+

2π
3
) + |vc|ej(θc−

2π
3
)
]

+gd

[
2|va|ejθa − |vb|ej(θb+

2π
3
) − |vc|ej(θc−

2π
3
)
]}

ib =
1

3

{
g1

[
|vb|ejθb + |va|ej(θa−

2π
3
) + |vc|ej(θc+

2π
3
)
]

(8)

+gd

[
2|vb|ejθb − |va|ej(θa−

2π
3
) − |vc|ej(θc+

2π
3
)
]}

ic =
1

3

{
g1

[
|vc|ejθc + |va|ej(θa+

2π
3
) + |vb|ej(θb−

2π
3
)
]

+gd

[
2|vc|ejθc − |va|ej(θa+

2π
3
) − |vb|ej(θb−

2π
3
)
]}

where terms in (8) related to g1 can be interpreted as
the steady-state value of the fundamental component
of the drawn current. These terms are adapted by
the dc-bus voltage controller in order to balance the
power exchanged with the grid. Since the dc-bus
voltage controller is slow, g1 is slowly varying. The
terms related to gd emulate the resistive behaviour
towards the zero- and negative-sequence voltage
components.

In practice, the power balance between the dc side
and the utility grid is maintained by using a dc-bus
controller, the output of which is the fundamental
conductance g1 of the power electronic rectifier [10].
In order to incorporate the input conductance into
a simulation model, the following equation can be
used:

g1 =
3 p∗dc∑

|vx|2 + 2
∑

x 6=y |vx||vy| cos(θx − θy −
2π
3
)

−2gd

∑
|vx|2 −

∑
x 6=y |vx||vy| cos(θx − θy −

2π
3
)∑

|vx|2 + 2
∑

x 6=y |vx||vy| cos(θx − θy −
2π
3
)
(9)

The term of the positive-sequence fraction describes
the exchanged active power with the grid and
the term determined by the second fraction com-
pensates for the power of the zero-sequence and
the negative-sequence components [9]. This control
strategy mitigates the voltage unbalance by drawing

Fig. 1. Three-phase four-wire inverter used by the three-phase damping
control strategy

lower current in the phase with lower voltage and
higher current in the phase with higher voltage.
The damping capabilities of this control strategy are
determined by the damping conductance gd which
can be calculated by using the nominal ratings of
the power electronic rectifier:

Gd =
PDCnom

V 2
nom

(10)

where PDCnom is the nominal power of the rectifier
and Vnom is the nominal value of the grid voltage. In
a p.u. system the damping conductance is expressed
as:

gd =
Pnom/PDCbase

V 2
nom/V

2
base

(11)

where Pbase is the base power of the power elec-
tronic rectifier and Vbase is the base value of the grid
voltage. In [5], [6], [9], the three-phase damping
control strategy is studied when used in renewable
energy applications. In this mode, the fundamen-
tal input conductance has a negative sigh and the
damping conductance has a positive sign. When the
three-phase damping control strategy is used as an
active rectifier, the fundamental input conductance
has a positive sign and the damping conductance
has a positive sign, too.

C. Practical implementation

In order to react on the zero-sequence voltage
component, the three-phase damping control strat-
egy requires a three-phase four-wire inverter. The
inverter topology uses a split dc-bus capacitor to
form the neutral connection as shown in Fig. 1.
The voltage equilibrium is maintained by using two
dc-bus controllers for each capacitor C1 and C2 as
implemented in [11].



Fig. 2. Block diagram of the practical implementation of the three-phase
damping control strategy

Fig. 3. Connection diagram of the experimental set-up

The power electronic switches are driven by a
digital signal processor TMS320F28335 in which
the three-phase positive-sequence and damping con-
trol strategies are implemented. A simplified block
diagram of the three-phase damping control strategy
is depicted in Fig. 2. The magnitudes and the angles
of the phase voltages at the rectifier terminals are
extracted by using three PLL blocks. These signals
together with the fundamental input and damping
conductances are passed to the reference current
former block in which (8) is used to calculate
the reference currents. The reference and measured
currents are subtracted and the error is fed to a PI
controller. Since the PI controller has poor reference
tracking to sinusoidal signals an additional duty
ratio feed forward compensation is included and
the resultant signal is passed to a PWM former
that generates the driving sequence for the power
electronic switches.

TABLE I
TEST SET-UP PARAMETERS

Parameter Value
V ,a ,V ,b and V ,c 117 V, 106 V, 106 V (50 Hz)
Za,line, Zb,line, Zc,line, and Zn,line (0.470+j0.201)
Power analyser PM3000
Ca, Cb and Cc 5 µF
La, Lb and Lc 2 mH
Ln 0.666 mH
Load power 0.8 kW
C1 and C2 2000 µF
Vdc,p+Vdc,n 400 V
Switching frequency 20 kHz
Current base value 7.5 A
Phase voltage base value 225 V
dc-bus voltage base value 200 V

time  [s]
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
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Fig. 4. Phase voltage measured at the rectifier terminals

III. EXPERIMENTAL RESULTS

The experimental validation of the proposed ac-
tive rectification control is performed by using a
set-up that is presented in Fig. 3. The three-phase
four-wire rectifier is connected to a three-phase
programmable voltage source via a power analyser
and a cable. More information about the set-up pa-
rameters can be found in Table I. The programmable
voltage source is able to deliver asymmetrical volt-
ages V ,

a ,V ,
b and V ,

c which will force the three-phase
damping control strategy to draw asymmetrical cur-
rents. The control strategies are implemented in the
p.u. system because the transition from power flow
simulation platforms to practical implementation is
done in a more easy way. However, the experimental
results are presented in absolute values which will
give more useful information about the exchanged
currents by the different control strategies and also
the performance assessment can be done easily.

The instantaneous phase voltages at the rectifier
terminals are measured by using an oscilloscope and
a Matlab script to depict the measurements which
are shown in Fig. 4. In Fig. 5 are presented the
phase currents when the damping conductance gd =
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Fig. 5. Phase currents drawn by the three-phase damping control strategy

0 p.u. and 12 p.u. When gd = 0 p.u. this corresponds
to the positive-sequence control strategy thus, only
positive-sequence current is been drawn from the
voltage source. Therefore, the zero- and negative-
sequence remain intact. On the other hand, when
the gd = 12 p.u. the drawn phase currents are not
equal in magnitude any more. The damping control
strategy draws more current from phase a where the
phase voltage is the highest compared to phases b
and c and draws lower currents from phases b and c.
Thus, the voltage unbalance at the PCC is mitigated.

From (8) it can be seen that besides the current
magnitudes, the phase currents will also have a
change in the phase angles which is also dependent
on the gd value. In Table II additional data are listed
when different values of the damping conductance
are used. The experimental results show that the
phase currents experience some small change in the
phase angles which leads to some reactive power
flow. Despite the non unity power factor, the damp-
ing control strategy is based on the symmetrical
component theory and this reactive power flow helps
to reduce the voltage unbalance in a natural way
without causing additional feeder losses.

According to standard EN50160 [12], the
negative-sequence voltage unbalance factor (VUF)
is calculated as a ratio between the negative-
sequence and positive-sequence voltage compo-
nents:

VUF2 =
V2
V1
.100[%] (12)

Standard [12] does not set any limits on the
zero-sequence voltage unbalance factor but [5], [6]
report that the zero-sequence component has a direct
impact on the overvoltages hence, VUF0 is also ex-
amined. In Fig. 6 are depicted the different values of

TABLE II
VOLTAGES AND CURRENTS MEASURED AT THE INVERTER TERMINALS

V a V b V c
gd = 0 [p.u.] 115.9V 6 0◦ 105.0V 6 120.3◦ 104.9V 6 240.2◦

gd = 1 [p.u.] 115.6V 6 0◦ 105.1V 6 120.3◦ 105.1V 6 240.1◦

gd = 5 [p.u.] 114.6V 6 0◦ 105.7V 6 120.5◦ 105.6V 6 239.8◦

gd = 8 [p.u.] 114.1V 6 0◦ 106.0V 6 120.6◦ 105.9V 6 239.7◦

gd = 12[p.u.] 113.5V 6 0◦ 106.3V 6 120.7◦ 106.2V 6 239.6◦

Ia Ib Ic
gd = 0 [p.u.] 2.688A 6 5.7◦ 2.620A 6 125.6◦ 2.612A 6 245.6◦

gd = 1 [p.u.] 2.906A 6 5.2◦ 2.493A 6 126.1◦ 2.484A 6 245.8◦

gd = 5 [p.u.] 3.810A 6 3.7◦ 2.021A 6 131.0◦ 1.976A 6 243.9◦

gd = 8 [p.u.] 4.325A 6 3.1◦ 1.803A 6 137.2◦ 1.686A 6 240.0◦

gd = 12 [p.u.] 4.930A 6 2.7◦ 1.571A 6 147.1◦ 1.380A 6 231.8◦
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Fig. 6. Zero-, and negative-sequence voltage unbalance factors at the PCC

the zero- and negative-sequence voltage unbalance
factors when different values of gd are used where
VUF0 is calculated in the same manner as 12. It can
be clearly seen that when the damping conductance
differs from zero the values of the VUF0 and VUF2

are decreased, especially when gd ≥ 5 p.u.

IV. CONCLUSION

In this article, the three-phase damping control
strategy is examined in an active rectifier mode
and the experimental results showed that the control
strategy will draw more current(s) from the phase(s)
with the higher voltage and less current will be
drawn from the phases with the lower voltage(s).
Thus the voltage unbalance will be mitigated. This
makes the three-phase damping control strategy
very attractive for integration in devices that require
three-phase active rectifiers such as motor drives and
battery chargers and it can successfully substitute
the power factor correctors which are currently used
in these devises.
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