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Abstract—In a 3-phase 4-wire LV distribution system,
unbalanced loads lead to neutral current (NC) looping resulting
in increase of power losses and variation of neutral potential.
Compared to the conventional power transformer, Smart
Transformer (ST) has strict current limitations to avoid
overcurrent. However, its advantages on the downstream LV
grid voltage regulation can provides the capability to regulate
excessive NC. This paper proposes a closed-loop NC optimization
control in order to, on the one hand, minimize the NC current in
the normal operation satisfying the standard EN 50160
requirement, on the other hand, suppress the NC current in
extreme cases to avoid the overcurrent damage of the ST. The
proposed control strategies are validated by experimental tests
via the hardware-in-the-loop setup and a case study based on a
350kVA, 10kV/400V, ST-fed distribution network under
unbalanced loading profile according to the 3-phase 4-wire
distribution grid in Manchester area. The results clearly prove
the effectiveness and flexibility of the proposed NC optimization
control strategies on the NC suppression and minimization.

Keywords—Smart Transformer, Neutral Current Control,
Unbalanced Load, Voltage Unbalance Degree Limitation

| INTRODUCTION

The increase in the application of the power electronics
converters in the grid has the potential to make the grid more
flexible and smarter. The power electronics based smart
transformer (ST) [1] has been proposed as an alternative to the
conventional distribution transformer in this smart grid. The ST,
can have multiple DC and AC ports connecting to different
subsystem [2], e.g. renewable generation [3], electrical storage
[4,5], or electrical vehicle charging station [6], can provide an
interface between transmission and distribution systems [1],
and act as a hub to centrally regulate the power flow between
these subsystems [7].

Based on its control possibilities, the ST can provide
auxiliary services to the grid which might otherwise have to be
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provided from other sources and devices. For example, using
the decoupled voltage and fast response features, the ST can
provide accurate real-time measurement of the load state, such
as load voltage sensitivity [8] and load frequency sensitivity [9].
This dynamic load identification can help the ST regulate the
load dynamically in order to achieve, for example, demand
minimization [10] and system frequency support [11]. In
addition, the decoupled reactive power at the primary side can
be used to support upstream system voltage through reactive
power compensation [12].

However, compared with a conventional transformer, the ST
has lower efficiency, up to 96.7% [13,14] and has strict current
limitations to avoid overload damage [15]. Use of the ST
therefore only becomes feasible if its control possibilities can
reduce overall system losses and limit currents. In 3-phase 4-
wire distribution networks, the connected loads are
stochastically unbalanced. The resulting unbalanced load
current flows in the neutral line causing a certain neutral
current (NC). In some occasions, the NC can even exceed the
phase current [16], potentially leading to overcurrent in the ST.
In addition, the NC represents a power loss and causes voltage
drop which impacts on the load voltage [17]. Therefore, a
proper NC control approach would have a benefit for both the
distribution system and the connected ST.

Conventionally, in order to suppress the excessive NC, extra
power converters-based devices, such as the active power filter
(APF) [18-20] and hybrid power conditioner (HPC) [21-23]
have been adopted to coordinate with the conventional
transformer and to reduce the NC by eliminating triple
harmonics, at the point of connection of the nonlinear or
unbalanced load. In contrast to those approaches, the work
described in this paper assumes that an ST is feeding a network
largely composed of single phase loads which are overall
unbalanced and it proposes a control technique which can be
integrated with the ST so as to reduce NC from the source side.
The work in this paper directly addresses fundamental
component NC, as opposed to that arising from triple
harmonics which can also be eliminated in a converter-fed
system, such as [24 — 26].

Some NC control approaches in fundamental frequency have
been proposed for the ST-fed system. The basic idea is to
purposely unbalance the load supply voltage phase and/or
amplitude so as to cancel the current unbalance due to the
unbalanced loads. The objective of the fundamental NC control



is the reference voltage but not the modification on the voltage
or current control loop, so that it does not conflict with and can
coordinate with those harmonic elimination methods.
Reference [27,28] proposed a method for application in data
centres to fully eliminate the NC. However, the voltage
unbalance required is significant so that it cannot be applied in
the distribution system. The public distribution grid standard
EN50160 [29] specifies that the voltage unbalance degree
should be less than 2% over 95% of the time. Considering
these voltage operation limits, reference [30] proposes a NC
minimization approach, which although it cannot eliminate the
NC it can still achieve approximately 10% NC reduction. Since
the relationship amongst the voltage unbalance, load unbalance
and NC is nonlinear, the realization of this method is based on
linearization of this relationship by introducing a constant
parameter in the control scheme corresponding to the 2%
voltage unbalance limit. The introduced parameter sets a
narrow bound to the movement of the control and thus
degrades the robustness of the control. The most drawback of
these previous methods is that it did not provide closed loop
control on the NC limitation. Reference [31] firstly uses the
feedback NC to reduce the NC but fails to achieve the optimal
result neither suppress the NC. Although the approach
implemented the usual limits on phase currents in the inner
current control, this does not explicitly limit the NC. It is
therefore possible for the NC current to exceed the ST current
limit leading to overcurrent damage. Although there is a clear
limit to the ability of the ST to reduce the NC if the voltage
unbalance is to be maintained with the 2% (over 95% of the
time) limit imposed by the standards, it remains the possibility
to exceed this limit in exceptional circumstances (for 5% of the
time). This requires a more advanced approach to NC
minimization control which is closed loop and ensures NC
current limitation in extreme situations. Therefore, the
contribution of this paper is to propose a new optimal NC
current suppression and limitation technique to achieve these
aims. The proposed method consists of only algebraic
equations which can be solved with relatively small
computation effort so that it suitable for running in real time
with a small sampling time.

The paper is structured as follows: Section Il introduces the
ST with 4-leg LV DC/AC inverter fed 3-phase 4-wire
distribution system. Section Il reviews the NC elimination
control strategies. The NC optimal control and suppression
control strategy are proposed in Section IV and Section V
respectively. Section VI provides the experimental validation
and Section VII presents the performance, from simulation,
when applied in a 350 kVVA, 400 V distribution network with
unbalanced loads. Section VIII draws the conclusion of this

paper.

Il SMART TRANSFORMER-FED DISTRIBUTION SYSTEM

The basic configuration of a 3-stage ST consists of MV AC/DC
rectifier, MVDC/LVDC converter with a medium frequency
transformer and LVDC/AC inverter as shown in Fig.1. The
main advantage of this configuration is that the voltage in the
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primary and secondary side of the ST is fully decoupled and
can be regulated independently. Since the emphasis in this
work is to reduce the NC in the LVAC, the control is
implemented in the LV inverter, and thus, the work focuses on
ST LV side inverter only.
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Fig. 1. Basic configuration of three-stage ST

Since the distribution system is 3-phase 4-wire, there are two
methods which can be used to connect to such a system using
the 3 phase LV inverter in the ST. One approach would be to
connect the neutral line to the mid-point of DC capacitors.
However, excessive NC would adversely affect the lifetime
and reliability of the capacitors. Another method uses the 4-leg
inverter (see Fig. 2), where the fourth leg connects to the
neutral line. The additional leg can not only provide the path
for the NC, but it also allows each phase-to-neutral to become
independent. This gives greater freedom for the distribution
system voltage regulation. Thus, the voltage can be purposely
adjusted to be unbalanced in order to optimize and suppress the
excessive NC. The control of the 4-leg inverter contains
separate regulation on positive-, negative- and zero-sequence
components based on the synchronous dg frame. Therefore, the
analysis and the proposed control is based on the application of
sequence components, pn0. Fig. 2 shows a simplified diagram
of the 4 leg inverter, with LC filter, feeding 3-phase,
unbalanced loads, Z,, Z,, Z.., which will be used to illustrate the
development of the control approach.
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Fig. 2. Topology of 3-phase 4-leg inverter

Based on the definition of sequence components, three-
phase PCC voltage V,,,. equation can be expressed as,

VP 1 1 a az Za Zne Zne 1 1 1 Ip
Zne Zy Znella®? a 1||L| (D
a a* 1l]I,

l==|1 a* a
Zne Zne ZC
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where subscripts “p” “n” and “0” represent the positive-,
negative- and zero-sequence component, respectively;
subscripts “a” “b” “c” and “ne” distinguish the variables in
phase-a, -b, -c and neutral; V, | and Z are the voltage, current
and impedance respectively; a is the operator equalling to
12£120°.

Assuming that the neutral impedance is small enough to be
negligible compared to loads, then by assuming Z..=0, (1) can
be simplified as,
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where
Zo+Zp+Z, Zg+a*Zy+aZ, Z,+aZ,+a*Z,

M=|Z,+aZ,+a*Z, Zo+Z,+Z,
Zo+a?Zy +aZ, Zg+aZ,+a’Z,

Zg+a*Zy +aZ,
Zo+Zy+Z,
When the 3-phase system is balanced, V, is equal to the

rated value, while V,, V,, I, and I, are equal to O; otherwise, the
system has a certain NC, i.e. [, # 0.

111 NEUTRAL CURRENT ELIMINATION CONTROL

A Neutral Current Elimination Control

The NC elimination control which has been previously
proposed in [31], had the objective of eliminating the NC. It
proposed to set the voltage so as to compel the zero-sequence
current to be 0, while keeping the positive and negative-
sequence currents fixed, ie. Iy, =01, =1, and I, =1,,
where Ip/ ,I, and I, are the output sequence currents after
application of the NC elimination control. By substituting these
currents into (2), the required voltage can be obtained as,

% 1| ZatZp+2Zc
v, =3|%a +aZy +a?Z,
A Zo+a*Zy+aZ, Z,+aZ,+a*Z,

Zo+a?Z, + aZ,

I
Zo+Zy+Z, [[” (3)
n

The corresponding abc voltages can be obtained as,

v, 1 1 11w Zoly + Zgly
Vb/ = [ 2 q 1] Vn/ = aszIp +aZ,l, €))
v a a* 1 A aZ.l, + a*Z.I,

Equation (4) shows that the required reference voltages can
be calculated directly from the measured positive and negative
sequence currents. Consequently, the resulting 3-phase output
currents can be expressed as,

o] [Va /Za I + 1
L, |=1\v, /z,| = [a*p +al, (5)
I V. /Z. al, + a*I,
Then the NC I,,, would be,
Liey=1, +1, +1, =

A+a+a?),+A+a+a®), =0 (6)
In this way the NC could be eliminated by setting the zero-

sequence current as 0 and using the original positive-, negative-
sequence current.

B Voltage Unbalanced Requirement

In the real distribution systems, the phase angle and
amplitude of voltage cannot be significantly varied, since a
dramatically unbalanced output voltage has significant negative
impacts on loads, such as induction machines. Consequently,
standards such as EN50160 state that the unbalanced voltage
degree in the distribution system, should be below 2% for 95%
of the time [29]. Because the NC elimination control changes
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both voltage amplitude and phase, the estimation of voltage
unbalance degree should consider amplitude and phase
respectively under the following measures. According to the
definitions in [32], the unbalanced voltage factor (UBF) and
phase voltage unbalance degree PVUR can be expressed as,

Vinaxel = Vi
PVUR = Wnax| = [Vinin| x 100% (7)
[Vave |
Va
UBF = || x 100% (8)
14

where [Viaxl s | Vininl \ |[Vang| are the maximum, minimum,
average value of the amplitude of 3-phase output voltage
respectively. Based on the comparison and analysis of the UBF
and PVUR in a distribution system, it is suggested that both
PVUR and UBF should be below 2% for the stable operation in
the distribution system [33].

IV Neutral Current Minimization Control

The objective of NC reduction control is to reduce the NC
while still satisfying the constraints of both PVUR and UBF. In
other words, the work minimizes the NC, but because of the
limited voltage operation required from the EN 50160
standard, the NC may not be completely eliminated, especially
under the dramatic unbalanced situation. NC can be directly
reduced by regulating and reducing only zero-sequence current
IO’ , While other components are remain constant, i.e. I,; =1,
and I, =1,. When further reduction of the zero-sequence
component requires a voltage unbalance greater than the limit,
further NC reduction can be achieved by regulation of the
negative sequence current component I/, which can provide
additional reduction on the zero-sequence current Iy'. We use ’
and "' to distinguish the NC under zero-sequence regulation
only and the NC under further negative-sequence regulation,
respectively.

A Zero-sequence Control

In the NC reduction control, the following constraints are
defined, i) the controlled zero-sequence current is I, , and 0 <
[Io | < II,]; ii) the positive- and negative-sequence currents are
fixed, ie. I, =1, and I, =1,; iii) the average voltage is
equal to the rated value, i.. [Vapg| = [Vyarel. Based on these
constraints, (7) can be expressed as,

max(|Vol, Vs, Ve ) — min(|Vgl, [Vp |, [Ve]) < 0.02|Vygee| (9)
Substituting the above conditions into (2) and transforming
back to the three-phase stationary reference frame gives,
v, Zoly + Zoly + Zoly
lvb’ ] = |a?Z, L, + aZ,l, + Z,1,
A aZ.l, + a?Z 1y + Z I,

Based on (10), the absolute value of voltage is determined by
the load impedance. For simplification of the presentation of
the analysis, it is assumed that the relationship among load
impedance is: Z, < Z, < Z.. Then, |V," | is the maximum

(10



value while |V, | is the minimum value, and (9) can be
expressed as:
Vo' | = [Va' | < 0.02Vyqre (11)
Since phase-c leads phase-a by 120°, by substituting (10) into
(11) yields,
V. a? =V, =Z.0,+aZd,+a*Zly — (Zol, + Zoly + Zaly )
= (Zc = ZJlp +(aZe = Z)ly + (@PZ, — 29Iy (12)
In the balanced voltage case,
Vel = Vol = Vea? =V = (Zc = Z)I, +
(aZ; = Zg)ln + (@%Z, = Za)Ip = 0 (13)
Hence:
(Ze = Z)ly + (aZ. = Z )l = —(@®Z. — Zo)ly (14)
Substituting (14) into (12) gives:
V. a? =V, =—(a%Z. = Z)l + (a®Z. — Z)Iy
=(a?Z, = Z)(ly —1y) < 0.02V,4e (15)

For I —lo <0 and a?Z.—Z, = ~Z, 22 +j22. <0,

then the resulting NC when the voltages still satisfies the
PVUR constraints, can be expressed as :
0.02V,
rate (16)
(aZZc - Za)
Note, the obtained |, | € [0,1lp]) . When the load is
balanced, (16) would compute a negative value. In this

situation, the NC I, should set to 0. Otherwise, it would make
the voltage unbalanced and give rise to the NC.

Iy =1+

B Negative-sequence Control

When (16) is satisfied, PVUR meets the limitation. However,
the PVUR (7) does not have any requirement on phase angle
and thus we could change the negative-sequence current [}/, in
order to further reduce the NC to I}’ until the UBF condition
(17) is broken.

[V, | < 0.02V,4 (17)
In this case, the voltage would be changed to:
v Zyl, + Z,1, + Z,1,
Vy| = |a*Zy1, + aZ,l, + Z,1, (18)

/4 aZl, + a*Z I, + Z I
By substituting (18) into (7) and according to (12)-(16),
similarly, it can be obtained that,
V' = (aZe=2o) (I — 1) +
@z, — 2,)(Iy — Ip) < 002V, (19)
Equation (19) is used to constrain the PVUR. Now, we
consider UBF condition, for which the negative-sequence

voltage magnitude can be expressed as (20) in the balanced
condition.

"

A

_ (Zo + aZy, + a2, , Gat 2+ 201

Vol 3
N (Z, +a’Zy, + aZ)l, _
3

0 (20)
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Assuming the positive-sequence voltage remains at rated
after voltage regulation, i.e. |V;’| = V,4 and as the positive-

sequence control does not change, i.e. 1;,' = I,,, substituting
these two conditions along with (20) into (8) gives:
|Vn”| = (Za +Z, + Zc)(lrlll - [n)
+(Z, +a?Z, +aZ )y —I,) < 0.06V,4, (21)
Assuming the further reduced NC is Aly, i.e. Iy = Iy — Aly,
substituting into (19) gives that,

(az,—z,)(I, — I,) = (&®Z, — Z,)Al,  (22)

and
., (a*Z. — Z,)AI,
" ez, - 2)
Substituting (20), (23) and I’ = I, — Al, into (19) obtains
(a*Z. - Z,)
(aZ.—Z,)

(23)

Z,+Z,+7Z,) —(Z,+a?Z, + aZC)] Al

X 0.02V, 4¢e
< 0'06VTate - (Za +a Zb + aZc)m (24)

For Z, <Z, <Z., Re(ly) = Re(ly) = Re(ly) =0 and
Im(ly) < Im(ly) <Im(ly") < 0. The maximum Al, would be,

0.02V,
0.06Vygte — (Z, + asz + aZc)ﬁ
(aZZc — Za) _ 2
@Z.=Z) (Zs+a?Zy +aZ,)
Then the minimized zero-sequence (neutral) current is (26)
and its corresponding negative-sequence current variation is
(27).

Al = (25)

(Za + Zb + Zc)

. 0.02V,4,

Iy =————<+1,—Al, (26)
(aZZc - Za)

. (@*Z. = Z,)Ml, @n

n (aZc - Za) " "
Substituting (26) and (27) back to (18) could obtain the
reference voltage for the minimal NC which satisfies the
standard requirement. It should be noted that |Ij| € [0, |I,]),
and |Ij'| € [0, |I3]). If these conditions break, it means zero-
sequence crosses the zero NC operating point and reduces to be
opposite sign with higher magnitude, thus, set I’ = 0 and I} =
I, to fully eliminate NC.

C Initialization

Implementation of the proposed control in (18) requires the
following information, the total load impedance in each phase
viewed from the ST terminal Z,, Z,, Z. and the initial currents
In, I, I,.

Although the proposed method only minimizes the NC on the
ST connected line, according to Kirchhoff's Current Law
(KCL) and if the distributed load power factor is approaching
to unity with small phase shift, the total NC reduction on the
main branch must lead to NC reduction in other lines.
Although the loads are distributed and stochastic, the real-time
measurement in the ST can identify the load impedance via the
measurement of voltage, current, real and reactive powers, as
shown in (28). These two points will be verified later using the



dynamic load in the hardware test and network simulation.
Note that the impedance measurement is only aimed at the
measurement of fundamental impedance, by the relatively
simple technique of taking suitably low pass filtered
measurements of voltage, current, real and reactive powers. In
general, the distribution grid impedance varies with time and
includes harmonic components. The accurate measurement of
grid impedance is an active area of research [34-36] and any of
those methods could be substituted for the approach adopted
here.

(cos(tan™? &) +sin (tan~? %)J')_

7 |1 | Pa

ol (Il 1@ _1 .

Zy| = (cos(tan™ —) +sin (tan™'—)j)| (28)
21 [l P, P,

A Qe Qe
n |(cos(tan Fc) +sin (tan FC)J)_

The control requires the positive-, negative- and zero
sequence current in the balanced voltage situation. Assuming
phase-a voltage is the reference at rated value (V,.4¢.), then:

_a _b rate Vrate + Vrate
Zb Zc
|74
C rate rate 2 rate
== + 29
L”‘ 3|Z Z,, ch 3| 7, T4z, T¥ 7 I( )
0 [ VZ: Vb V J [Vru_te ZVrate VrateJ
= +a +a
Zo Iy Z Zy Zy Zc

Through (28) and (29) the load impedance and initial
sequence current can be dynamically computed. Substituting
these results into (26) and (27) gives the required targets, zero-
and negative-sequence current respectively. Then, the
confirmed sequence currents (I, I/, 15') in (18) can be used to

compute the reference voltage (V,,V,,V.) . The NC
minimization control algorithm (16, 25-29) are algebraic
equations, so that it can dynamically work on real-time.

V NEUTRAL CURRENT SUPPRESSION CONTROL

The NC minimization control can be used in normal
operation to reduce the NC and save the losses. However, in
some extreme cases, the NC may be greater than the ST current
limit. In this case, the NC has to be limited to avoid overcurrent
damage or ST disconnection. Particularly, in some distribution
systems, the NC is required to be limited to a maximum
percentage of its phase current [37], e.g. maximum of 35.6% of
phase in hospitals, 55% in public buildings and around 20% in
the central telephone exchange [38]. EN 50160 [29] allows
temporarily exceeding the voltage unbalance degree for 5% of
the time. Thus, the ST could further suppress the NC by the
means of purposely increasing the voltage unbalance degree
beyond the limit. The standard voltage unbalance degree of
2%, is represented in (16, 25, 26) of the NC minimization
control algorithm. An additional control algorithm is proposed
in this section to link the voltage unbalance degree and the NC
limits in order to supress the NC meanwhile optimizing this
temporal voltage unbalance degree.

A PVUR-based Neutral Current Suppression
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Since the negative-sequence voltage has high impacts on
three-phase machines, the increase of PVUR is studied first.
Assuming the PVUR=m when the suppression control is
enabled, the maximum zero-sequence current would be
[To.max| = §|1ne,max|- Substituting these conditions into (25),

(26) obtains the change in zero-sequence current, which should
be less than | Iy max|-

0.06V, g0 — (Zg + a2Zy + aZ, )(’Z"Z‘/riafed)
Aly = @z, ) Za (30)
(Za +Zb +ZC)ﬁ_ (Za +Cl Zb +aZC)
" mVrated
Iy =————<+1,— Al 31
0 (ach _ Za) 0 0 ( )

The objective is to ensure |15'] < |Ipmax| and meanwhile find
the minimum value of m. By substituting (30) into (31) gives,

I =Am+B +1, (32)
(Za+aZZb+aZC)7Vrated
where A = —rated (a?2c-2q)
27— Zc-7Z
(a Zc Za) (Za+Zb+ZC)%_(Za+azZb‘HIZC)
B = 0.06Vrgte
 arzp 2 EEZD_ (7, 4027, vaz,)
atiptic)l gz "7,y \“atdtiptaic
|1, | 1 1 "max Mi NC . v,:' ST inverter &
nemarl_yg s |m inimization |V, - >
P 1A " iB)s J control —vi,,Lb Distribution ™
+ Mnin | (25~27)(18) system

Fig. 3. PVUR Neutral Current Suppression Control Scheme

It indicates that the NC can be dynamically regulated by
computing m in (32) with a PI controller as shown in Fig. 3.
Based on (32), the proportional and integral gain is set as 1/|A|
and 1/|B|, respectively. However, in reality, the load impedance
Z,,Zy, Z. changes randomly. To avoid the use of an adaptive
Pl controller, the value of |A] and |B| could be obtained by
setting the load impedance equal to the rated power. For
example, in 350 kVA, 400V distribution network, Z, = Z, =

_ (400/v3)?

€ 7 350%x103/3

standard EN50160 also constraints the voltage variation within

+10%, i.e. m,4, = 0.1. The lower saturation “0” at the input
comparator makes the normal operation at m,,;, = 0.02.

Q for |A] and |B| calculation. In addition,

B UBF-based Neutral Current Suppression

It is possible that PVUR-based NC suppression control
becomes saturated, while the NC is still excessive. In this case,
the UBF could also be temporarily increased to help with
further decrease in NC. The increase in negative-sequence
voltage would shift the voltage phase, which also benefits the
reduction of harmonic NC caused by the triple-N harmonics, as
the unbalance in voltage phase results in some degree of triple-
N harmonic cancelation.

Assumed the UBF=n then rewrites (32) as,

I =Cn+D+1,

3Vrate

(e2:-24)
(az¢~24)

(33)

where C =

(Za+Zy+Z.)

—(Z+a?Zy+az,)
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Fig. 5. Neutral Current Optimization Control Scheme

MmaxVrated
Zg+a?Zp+az )——g—tated
D= MmaxVrated Za ptaZo) (a2z¢-2q)
- 27 _ 2Zc-Z
(@®Zc~2a) (7,42, +2)\ 5227, +a27,+az,)
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Similar to Fig. 3, the UBF-based NC suppression control
scheme is shown in Fig.4, where n,,;;, = 0.02, n ., = 0.1.

14 | 1 1 Mpax| - NC y": ST inverter &
ne,max! m+m n N Mu;i?lilz‘zluon i}' Distribution - ‘=
e | 25-2n018) | system "

Fig. 4. UBF Neutral Current Suppression Control Scheme

C Overall Control Design

Fig. 5 shows the overall control design. The NC is measured
and feedback to the NC suppression control. The NC
suppression control provides the reference for the unbalance
degree m and n, which is provided to the NC minimization
control. This complete closed-loop control scheme is referred
to as NC optimization control. The NC suppression control is
automatically enabled only when the NC exceeds its limitation,
otherwise the reference voltage unbalance degrees are set at 2%
and the NC is minimized by the minimization control. The
overall NC optimization control algorithm generates the
reference sequence-currents and further obtains the reference
voltages provides to the outer voltage, inner current control of
the 4-leg voltage source converter. In order to automatically
reset voltage unbalance degree back to 2%, the NC suppression
control resets when the NC undergoes a significant change, e.g.
10%. Note that the use of the UBF based neutral current
suppression control to temporarily exceed the limits imposed
by the standard is envisaged as an emergency reaction which
could be used to protect the ST from overcurrent.

VI HARDWARE VALIDATION

In order to validate the proposed control approaches, a 2 kVA
downscaled prototype of a 3-phase 4-leg inverter has been
implemented with the hardware-in-the-loop experiment via
Opal-RT, where the DC voltage is supplied via a rectifier
connecting to the grid, the 4-leg inverter feeds to the loads via a
2 Q emulated transmission line. The loads are varied and will
be given in each test. The NC control scheme in Fig. 5 is

implemented in the OP5600 Series OPAL-RT simulators. The
OPAL-RT samples the voltage and current, and then after
running the inverter controls, generates the firing pulses to
drive the 4-leg inverter. The hardware set-up is shown in Fig. 6
as well as the set-up parameters are given in Table I. The NC
minimization and NC suppression control are validated,
respectively.

TABLE |
ELECTRICAL AND CONTROL PARAMETERS OF SIMULATION
Parameters Symbols Values
Rated power (kVA) S 2
Switching frequency(kHz) fs 3
LC Filter capacitor(uF) Cs 80
LC Filter inductor(mH) L¢ 65
DC bus voltage (V) Udc 500
Output AC voltage(V) Un 220
Line impedance () 2
Parameters of PI controllers
Proportional gain of current Pl Kp ¢ 0.54

Integral gain of current Pl ki ¢ 12
Proportional gain of voltage Pl Ko v
Integral gain of voltage Pl Ki v

Fig. 6. Hardware-in-the-loop experiment set-up.

Note, the switch between the proposed control and balanced
voltage control causes a transient peak in the PVUR and UBF
in the test, e.g. in Fig. 8 at 2 s, Fig. 9at 1 s, Fig. 10 at 1 sand 3
s, and Fig. 11 at 1 s and 3 s. However, if the inverter remains
working on the proposed NC optimal method, no overshoot
occurred in the PVUR and UBF even when the load suddenly
changes as shown in Fig. 8at 3sand 4 s, Fig. 9at2sand 3 s,
Fig. 10 at 2 s and Fig. 11 at 2 s. In practice the proposed
control would run continuously, and such transient spikes



would not be present. The switch between balanced voltage
control and NC control is used in the test only to highlight the
difference.

A Neutral Current Optimization Control Validation: Neutral
Current Minimization Control

To validate the minimization NC control in the test, the three-
phase load unbalance degree is dynamically changed: the initial

value of load unbalanced  degree is  9.4%
(48/48/63Q+27mH/phase), and then increases to 47%
(63/63/98Q+27mH/phase) at 3s and 71.8% (48/63/98Q

+27mH/phase) at 4s. Considering the line impedance is 2 Q in
this test, the theoretical impedance in each phase at each time is
following:
1.5-3s:A:50.720.167Q; B: 50.7£0.167Q; C: 65.520.131).
3-4s: A:65.520.13Q; B: 65.520.13Q; C:100.420.085Q
4-5s: A: 50.7£0.167Q; B: 65.520.13Q; C:100.420.085Q
Fig. 7 shows the test results as obtained from the
measurement technique which can be seen to be quite close the
actual value as above. The impedance amplitude can be
computed within 0.1 s, which is delayed by the RMS
calculation. While the impedance angle computation has a 0.5 s
delay, this is because of the low pass filter used to measure the
power in fundamental component, but this does not affect the
control as shown latter in Fig. 8.
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Fig. 7. Experimental results of impedance measurement (a) angle (b)
amplitude, 1.5-3 s, 48/48/63Q+27 mH/phase; 3-4s 63/63/98Q2+27mH/phase,
4-5s 48/63/98Q+27mH/phase.

Fig. 8 presents the results under different control, including
the balanced voltage (blue), proposed NC minimization control
(red) and elimination control (black). From 1.5s to 2s, only the
balanced voltage control is adopted and at 2s the NC
minimization control and NC elimination control is enabled.

The increase of the load unbalanced degree leads to the NC
increase under the balanced voltage control as shown in
Fig.8(a) (blue trace). The NC elimination control can reduce
NC almost to zero (black trace), but this requires a large
unbalanced voltage degree as can be seen from the PVUR in
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Fig.8 (b) and the UBF in Fig.8 (c). This action significantly
violates the limits for the voltage unbalance degree, especially
the PVUR. In contrast, the NC minimization control minimizes
the NC meanwhile ensuring that the voltage unbalance degree
is within 2%.

In theory both the proposed method and the neutral current
elimination control should also reduce ripple on the ST DC link
due to the unbalance, however in practice this effect is small. It
can be seen from Fig. 8 (d) that the neutral current controls,
including both proposed method and NC elimination method,
has no influence on the DC side voltage compared with the
balanced voltage control. The main influence on the DC
voltage comes from a significant power change or specifically
the loading change.
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5s 48/63/98Q+27mH/phase).



B Neutral Current Optimization Control Validation: Neutral
Current Suppression Control

The NC suppression control includes the calculation of both
PVUR- and UBF-based references, and in order to highlight
the working of the control, so that these two parts are tested
separately. Fig. 9 presents the results from the NC suppression
control. In this case, the load is static at
48/63/98Q+27mH/phase with 71.8% unbalanced degree. At 1s,
the NC optimization control (as tested in the previous section)
with m=0.02 and n=0.02 is activated; the PVUR- and UBF-
based suppression parts are enabled at 2s and 3s separately. For
the sake of the test it is assumed that the maximum allowable
NC, |Inemazx| is set as 1A and reduction of the NC below this
limit cannot be achieved by the control with m=0.02 and
n=0.02 as indicated by the portion of the trace between 1s and
2 s in Fig. 9(a). Under these conditions the NC suppression
control activates and the voltage unbalance degree, m and n,
(PVUR and UBF) are temporarily increased to help keep the
NC within the limit. For the test, the PVUR and UBF control
parts are decoupled, i.e. the UBF (Fig.9 (b)) is constant when
the PVUR control part is active and vice versa. As can be seen
in this case, the increase in PVUR alone up to 10% (between 2s
and 3s) is not sufficient to reduce the neutral current and the
increase in UBF to 5% is required.
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Fig. 9. Experimental results of (a) NC and (b) voltage unbalance degree (0.5-
1s balanced voltage control; 1-2s NC minimization control; 2-3s PVUR-based
suppression control; 3-4s UBF-based NC suppression control with load
48/63/98 Q+27mH/phase)

Fig. 10 shows test results from load step changes from
48/63/98Q+27mH/phase to 63/63/98Q+27mH/phase at 2s to
validate the performances of the NC suppression control under
the dynamic load situation. The control approach follows Fig.
5, including of the PVUR and UBF-based NC suppression
control and NC minimization control, which are enabled
simultaneously from 1 s to 3 s and then back to the balanced
voltage control after 3 s. It can be seen that the activation of the
NC optimization control can immediately supress the NC from
1 s. When the load unbalanced degree reduces, the control can
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automatically tune the voltage unbalance degree back to 2% at
2 s. Note in Fig. 10 around 1.5 s, the voltage unbalanced degree
for PVUR and UBF are identical to that in Fig. 9 at 4 s due to
the same loading conditions. This helps verify that the NC
suppression control for PVUR and UBF are independent, and
their simultaneous action causes no problem.
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Fig. 11. Experimental results of (a) NC and (b) voltage unbalance degree (0.5-
1s and 3-4s balanced voltage control; 1-3s NC optimization control with
balanced load 48Q+27mH/phase during 0.5-2 s; phase C open-short fault

during 2-4s)

C Open-short Fault

The proposed NC optimization control has also been verified
under an asymmetric open fault test, where the load starts from
a balanced load, 48Q+27mH/phase and subsequently phase C
is open at 2 s. To compare with the balanced voltage regulation,



the proposed control is enabled at 1 s and disabled at 3s. Fig.
11 presents the results and proves that the control maintains
zero NC when the load is balanced and reduces the NC even in
the case of the single phase open fault as much as is possible
while keeping the voltage unbalanced degree below the
maximum 10%.

VIl CASE STUDY

In order to further verify the practicability of the proposed
NC optimization control strategies, the control is applied to an
ST assumed to be feeding a 350 kVA, 400 V urban distribution
network with 90 residential customers evenly distributed across
three phases, i.e. 32, 26, and 32 customers in phase A, Band C
respectively. The distribution network (in Fig. 12), based on
ENWL distribution grid Feeder 3 in the Manchester area, has
90 residential customers evenly distributed across three phases,
with 32, 26, and 32 customers in phase A, B and C
respectively. The load is modelled as an exponential load, i.e.

P= Prated (L)a’ Q = Qrated (L)B with VOItage
Vrated Vrated

coefficient o € [0.5 1.5] B € [1 1.8] as detailed in Fig. 13 (b)
[10], where P,,teq/@ratea 1S the rated power. The data for each
customer is obtained by averaging the total power (see Fig. 13
(a)) in the corresponding phase and then randomizing between
90% to 110%. The power factor is randomized between 0.92 to
0.98. The distribution model was built in the software
Matlab/Simulink running in real-time with the details in [39],
with one-minute load data resolution scaled to one second in
the simulation.

Fig. 12. ENWL Distribution grid in the Manchester with ST

Fig.14 (a) shows the NC results on the ST terminal under the
proposed NC optimization control and the conventional
balanced voltage control. Clearly, the NC optimization control
can reduce the NC on average by 20% as shown in Fig.14 (b).
Note, for some short durations when the load is lightly
unbalanced, the NC can be totally eliminated in Fig. 14 (b).
When the NC does not exceed its limiation (here set at 143 A),
the control fulfils the EN50160 standard with 2% voltage
unbalanced degree, while when the NC exceeds its limit, the
unbalanced degree is temporarily increased in order to suppress
the excessive NC below 143 A as shown in Fig.14(a) and (c).
Fig.14 (d) and (e) show the zoomed-in results around 1080 s,
when the NC is excessive. At 1085 s, the original NC (blue
line) increased by 11.52% from 165 to 184A; which is over
10%, so that the NC suppression control is reset. This is why
the NC shows a surge from 143 to 162 A even under the

9

proposed control at this time. The dynamic of the proposed NC
control has an associated time constant (due ot the PI control),
and adjusts the allowable voltage unbalanced degree until the
NC is below the limit. When the original NC reduces by 10%
(blue line from 184 A to 165.6A at 1086s), the NC suppression
control resets again, and due to the NC being within the limit, it
maintains 2% voltage unbalanced degree.
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Fig. 13. One-day loading profile

Table 11 summaries the loss in the neutral lines. Since the
control is applied to minimize the neutral current at the ST
connection point, there is no doubt that the loss in this section
of neutral line reduces by 25%. However, the section of
neutral line carrying the full NC seen by the ST is relatively
short and downstream lines are more significant as regards
losses shown in Fig. 12. As expected, although the neutral
current is only directly controlled in the ST connected line, it
also has to reduce in the other lines. Therefore, the total
downstream neutral line energy loss (over the course of 24
hours) is reduced from 17.83 kWh to 13.81 kWh, around
22.55% reduction. This verifies that the proposed NC
optimization control can not only reduce the losses on the

connected line but also in the downstream lines, thus
benefiting to the whole distribution system.
TABLE Il
DAILY NEUTRAL LINE LOSSES COMPARISON (kKWh)
. Balanced Proposed Losses
Line .
voltage control control reduction
ST connected line 0.20 0.15 25.00%
Total downstream lines 17.83 13.81 22.55%
Total lines 18.03 13.96 22.57%

V111 CONCLUSIONS

This paper proposes a practical neutral current optimization
control suitable to be implemented in the Smart Transformer-



fed 3-phase 4-wire distribution system to minimize and
suppress the neutral current optimally. Two constraints, voltage
unbalanced degree and ST overcurrent, are both considered for
the neutral current operation. When the NC is exceeds the ST
capacity, a temporary higher voltage unbalance degree is
applied to supress the NC within the ST current limit;
otherwise, the control minimizes the NC under a maximum 2%
voltage unbalance degree.
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zoom-in neutral current and (e) zoom-in voltage unbalanced degree.
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