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Abstract—Harmonics and load unbalance create several ad-
verse issues in power distribution system, which are generally
mitigated by bulky shunt active power filter (SAPF). This paper
explores load compensation features of smart transformer (ST) in
a two-feeder city center, where conventional power transformer
(CPT) in one feeder is replaced by the ST whereas other feeder is
continued to be supplied through the CPT. The ST is controlled
not only to supply its own loads connected at the low voltage side,
but also to compensate reactive, unbalance and nonlinear loads
of the other feeder. This makes total MV grid currents of the
combined city center balanced, sinusoidal, and in unity power
factor at the point of common coupling (PCC) voltage. Therefore,
in addition to providing continuous and reliable support to the ST
based loads, the ST eliminates need of bulky SAPF and isolation
transformer from the city center which are used for achieving
reactive and harmonic current compensation. A switching model
of the system is developed in power system computer aided design
(PSCAD) software and implemented on a developed experimental
prototype to show the capability of the ST.

Index Terms—Smart transformer (ST), load compensation,
harmonics, power distribution system.

I. INTRODUCTION

In distribution grid, conventional power transformers (CPTs)
are used for achieving voltage transformation and isolation
between two voltage levels. The CPTs have limited control
feature and designed for unidirectional power flow. However,
increase in renewable energy sources (RES), electrical vehicles
(EVs), energy storage elements, etc. needs new services as
well as restructuring in the electric grid [1]. In this scenario,
smart transformer (ST) is an alternative to the CPT in the
distribution grid [2], [3]. The ST is a power electronic based
transformer having appropriate control and communication
features. In addition to basic operational features similar to
CPT, the ST also provides benefits like it maintains balanced
sinusoidal voltages in low voltage (LV) grid, draws balanced
sinusoidal currents from the medium voltage (MV) grid, has
dc links for integration of different energy sources, etc [2].

Parallel to research in power electronics for improving
efficiency and reliability of ST in the distribution grid, the ST
has been explored for possible ancillary services for making
its application cost effective [2], [4]. In [5], an ST has been
utilized to identify and damp out the grid resonance. A
control scheme of ST is presented in [6] to achieve better
control and sharing of the power. In [7], an ST has been

proposed for reactive power compensation in the MV grid.
A voltage/reactive power control scheme is presented in [8],
[9] to minimize the losses in the line and keep the voltages
at the feeder within the limits while using several STs and
voltage regulators. In [10], a dual microgrid (DMG) operation
of ST is proposed.

Load compensation in electric grid is generally achieved
with shunt active power filters (SAPFs) [11], [12] and the
SAPF supplies currents equal to the harmonic, reactive and
unbalanced components of load currents. However, the SAPFs
add to the cost of the overall system and also make the system
bulky with significant space requirements.

This paper introduces the investigation on the sizing and
rating requirements of the ST for load compensation capability
as well as its experimental verification in a radial city center
consisting of two feeders. In one of the feeders, the CPT
is replaced by an ST whereas the other feeder continues to
be supplied through the CPT. The ST, while continuously
supplying its LV side loads, compensates reactive, unbalance,
and harmonic loads of the feeder having CPT. It makes total
current of the city center balanced sinusoidal and in phase with
the MV point of common coupling (PCC) voltage. This feature
of the ST eliminates the requirement of the bulky SAPF from
the city center.

The paper is organized as follows. Section II describes the
conventional and proposed city center structure. Section III
discusses the load compensation capability of ST. Section
IV presents detailed explanation of rating requirements of
ST, and Section V explains the operation and control of ST.
Section VI provides digital simulation results. In Section VII,
experimental results are shown. Finally, Section VIII presents
the conclusions.

II. DESCRIPTION OF CONVENTIONAL AND PROPOSED
CITY CENTER CONFIGURATIONS

A. Description of Conventional City Center

Fig. 1(a) shows a single line diagram of a conventional
power distribution system consisting of two radial feeders in
a city center. Both the feeders use separate CPT, T1 and T2,
for supporting the loads. A combination of linear, nonlinear,
and unbalanced loads are connected to both the feeders. These
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Fig. 1. Single line schematic of two-feeder city center. (a) Conventional
system schematic. (b) Conventional system schematic with installation of
shunt active power filter for load compensation. (c) Proposed system with
one CPT replaced by an ST.

load draw reactive, unbalanced and distorted currents from the
MV grid resulting in distorted unbalanced MV grid currents.

Fig. 1(b) shows one of the solution for realizing load com-
pensation features in the city center where a SAPF is installed
for compensating the unbalanced, reactive and harmonic loads.
The SAPF consists of an ac-dc converter and an isolation
transformer T3. Due to space constraints in the city center,
installation of SAPF is always a challenging task.

B. Description of Proposed City Center

In the proposed distribution grid shown in Fig. 1(c), the CPT
in one feeder is replaced by the ST whereas another feeder
continues to use the CPT. The ST is connected between the
MV and LV power distribution system with rating of 11/0.4
kV. With the ST in the feeder 1, the LV side voltage of the ST
will be maintained balanced and sinusoidal. Also, the ST will
be operated such that the total MV side currents drawn will
be balanced and sinusoidal with UPF. With these advantages
of the ST, a single ST replaces two CPT and an ac-dc power
converter in the two-feeder city center.

This paper uses a three stage ST with two intermediate dc-
links. A neutral point clamped (NPC) multilevel converter, as
MV converter, is chosen to implement the ac-dc conversion

in the MV side. This converter converts MV ac into MV dc.
For converting MV dc to LV dc, a dual active bridge (DAB)
converter is used as dc-dc converter. In the LV side, two level
VSI is selected to convert the LV dc to LV ac where the loads
are connected. The ST supplies power to the loads connected
to its LV side and at the same time, offers compensation
features to compensate reactive and harmonic components of
currents of feeder 2. At this regard, the sizing of the NPC
converter depends upon the maximum transferred active power
to the LV loads and compensated reactive as well as distorted
power of feeder 2.

III. LOAD COMPENSATION CAPABILITY ANALYSIS OF ST
IN CITY CENTER

In the proposed system configuration, the CPT from the
feeder 1 is replaced with the ST. The ST operates to support
the loads connected to its LV side and additionally, compen-
sates for the reactive and harmonic load of feeder 2. The rating
of the ST MV converter is given as follows:

Smv−con =
√

3
Vmv−dc√

2
Imv−con (1)

where the terms Smv−con, Imv−con, and Vmv−dc are MV
converter apparent power rating, rms current rating of the
switch, and capacitor voltage at the MV dc link, respectively.
Rearranging the above equation,

Imv−con =
√

2
Smv−con√
3Vmv−dc

. (2)

Consider Smv−con as the base power and Vmv−dc√
2

as the base
voltage. The converter supports real power demand of ST
based loads and compensates harmonics as well as reactive
current of feeder 2. Let the rms of currents Iact1, Ireac1, and
Ihar are fundamental active component, fundamental reactive
component, and harmonic component of the MV converter
current Imv−con. Separating the converter current in these
three current components, following relation is obtained

√
2

Srec√
3Vdcm

=
√
I2reac1 + I2act1 + I2har. (3)

In power electronics interface, power switches are discrete in
nature. It generally results in selection of slightly overrated
power switches. Taking an overrate factor of 20%, the current
rating of MV converter of ST will be 1.2 per unit (p.u.).
Converting the above equation in p.u., following relation is
obtained

Ireac1 =
√

1.44− I2act1 − I2har p.u. (4)

In above, the currents Ireac1 and Ihar are currents needed to
provide load compensation in MV grid. With the above expres-
sion, the reactive current compensation capability curve of ST
while supporting loads of LV side of feeder 1 has been drawn
and shown in Fig. 2. The capability curve has been drawn
for three cases, (a) at 0.1 p.u. harmonic compensation, (b) at
0.2 p.u. harmonic compensation and (c) at 0.3 p.u. harmonic
compensation. Case II with 0.2 p.u. harmonic compensation
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Fig. 2. Reactive current compensation capability curve of ST while supporting loads of LV side of feeder 1. (a) At 0.1 p.u. harmonic compensation. (b) At
0.2 p.u. harmonic compensation. (c) At 0.3 p.u. harmonic compensation.
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Fig. 3. Power flow diagram in the city center. (a) Conventional distribution
grid. (b) SAPF based distribution grid. (c). ST based proposed distribution
grid.

can be treated as normal harmonic compensation and case III
with 0.3 p.u. harmonic compensation can be treated as worst
harmonic scenario in the MV grid. Most of the time of the
grid operation, the power requirement of the LV loads remain
between 0.4 p.u. to 0.8 p.u. of the total load demand of 1.0
p.u. From the capability curves, it can be noticed that the ST
has sufficient capability to compensate the reactive current of
the feeder 2. For example, the ST can inject nearly 1 p.u.

of reactive power while supplying to 0.6 p.u. of LV side ac
loads. Consequently, the ST has capability to provide the load
compensation in MV power system without any burden in the
cost and rating requirements of power converters of ST.

IV. POWER FLOW DIAGRAM IN CITY CENTER AND SMART
TRANSFORMER SIZING

The power flow diagram in the city center for different
system configurations is shown in Fig. 3. In conventional
system, the load requirements are supplied by the MV grid
as shown in Fig. 3(a). Therefore, the transformers T1 and T2
are selected to meet the load demands. When the reactive and
harmonic powers are supplied by the SAPF, the corresponding
power flow is shown in Fig. 3(b). The transformer T3 and ac-
dc converter is rated to support the city center reactive and
harmonic loads.

Fig. 3(c) shows power flow in proposed system configura-
tion. The feeder 2 reactive and harmonic currents are supplied
by the MV converter of ST. Also, the feeder 1 reactive
and harmonic current requirements are supplied by the LV
converter of ST. Therefore, the MV grid only supplies real
power requirements of the city center. The LV converter of
ST is rated for the active, reactive, and harmonic support of
the load. The dc-dc converter stage of ST is rated for LV ac
side active power requirements. Since, the power converters
have discrete voltage and current ratings, they will always
be slightly overrated. In this paper, it is considered that the
MV converter of ST is 20% overrated from the nominal
power rating. This allows significant capability to compensate
reactive and harmonic power in the MV grid. The parameters
for city center is summarized in Table I.

From the power flow diagram and Table I, it is seen that
a single ST eliminates need of the CPT from feeder 1 and
one SAPF in the city center. Consequently, the overall space
requirements will be greatly reduced.

V. OPERATION AND CONTROL OF ST
The three stages of ST have different control objectives and

are controlled accordingly. Let MV grid currents, ST MV con-



TABLE I
CITY CENTER PARAMETERS

System Device power rating
configuration and feeder loads
Traditional Transformer T1 = 1.25 MVA,
city center (P1 = 1 MW, Q1 = 0.4 MVAr)

Transformer T2 = 1.25 MVA
(P2 = 1 MW, Q2 = 0.4 MVAr)

SAPF based Transformer T1 = 1.25 MVA,
city center P1 = 1 MW, Q1 = 0.4 MVAr,

Transformer T2 = 1.25 MVA,
P2 = 1 MW, Q2 = 0.4 MVAr,
Transformer T3 = 1 MVA,
ac-dc converter = 1 MVA

Proposed system ST MV converter = 1.2 MVA
(ST based) ST dc-dc converter = 1 MW

ST LV converter = 1.25 MVA
(P1 = 1 MW, Q1 = 0.4 MVAr)
Transformer T2 = 1.25 MVA,
P2 = 1 MW, Q2 = 0.4 MVAr

verter currents, feeder II MV side currents, and PCC voltages
are denoted by imvj , imv1j , imv2j and vtj , respectively where
j = a, b, c are three phases.

A. Control of MV Converter

The ST is operated in such a way that the MV grid currents
in the city center are balanced, sinusoidal, and in phase
with the respective terminal voltages. Therefore, the reference
currents of MV converter of ST consist of two components.
Component I of currents include active power demand of
feeder 1 LV loads and ST losses, whereas component II of
current includes reactive and harmonic currents components
of feeder 2 LV loads. Based on instantaneous symmetrical
component theory, the reference currents of the MV converter
(i∗mvj where j = a, b, c are three phases) are computed as
follows [13]:

i∗mv1j = −
[vtj

∆
(P1 + Ploss)

]
+
[
imv2j −

vtj
∆

(P2)
]

(5)

where ∆ = (vta)2 + (vtb)
2 + (vtc)

2. The powers P1, Ploss,
and P2 are average load power demand of feeder I, power
losses in the ST, and average load power demand of feeder
II, respectively. The power loss Ploss is computed using a
proportional integral (PI) controller and it helps in maintaining
the MV dc link voltage at a reference voltage.

B. Operation of High Frequency dc-dc Converter

This converter steps down the MV dc link voltage to a
regulated lower voltage at LV dc link. The power flow balance
in the converter circuit is maintained by controlling the phase
shift angle (θ) of the pulsed voltages of the two converters
linked through the high frequency transformer. The angle θ is
generated using a PI controller. The reference voltage of the
LV dc link is compared with the actual dc link voltage of the
ST. The error is passed through the PI controller which results
in required phase shift angle θ [2].

C. Operation of LV dc-ac Converter

The LV converter provides a balanced sinusoidal voltage at a
constant frequency at the LV ac distribution system throughout

TABLE II
PERCENTAGE THDS IN MV GRID CURRENTS WITH RC TYPE

NONLINEAR LOAD

System configuration iga igb igc
Without load compensation 11.43 12.18 10.18
With load compensation 1.68 1.60 1.67

the operation. The reference LV ac terminal voltage of the
converter is maintained at a constant value of 230 V rms
per phase and has a frequency of 50 Hz. These voltages
are compared with the actual voltages to generate the control
signal [1].

VI. SIMULATION RESULTS

A switching model of the ST is developed using power
system computer aided design (PSCAD) software. Both the
feeders have unbalanced reactive and harmonic loads. The
Fig. 4(a)-(h) shows PCC voltages, total MV grid currents, MV
ST currents, feeder 2 MV currents, LV side ST voltages, LV
side ST currents, MV dc link voltage and LV dc link voltage,
respectively. Initially, feeder 2 has RL type nonlinear load as
well as unbalanced reactive load and at t = 0.8 s the nonlinear
load was disconnected. It can be seen from Fig. 4(a) and (b)
that the respective phase voltages and currents are in-phase
with each other at MV grid and the MV currents are balanced
sinusoidal throughout the ST operation. Fig. 4(c) shows the
three phase MV side ST currents consisting of real current
to support the loads at feeder 1 and the currents needed to
compensate the loads connected to the feeder 2. The loads
connected to the feeder 2 draw currents as per the requirements
and are given in Fig. 4(d). The MV and LV dc link voltages
are regulated around its reference values.

The load compensation under a highly distorted RC type
nonlinear load is shown in Fig. 5 from time t = 0.78 to 0.8
s. It can be seen that the total MV grid currents are balanced
sinusoidal with UPF at the PCC. At time t = 0.8 s, the RC
type non linear load is disconnected from feeder 2 and only
unbalanced linear loads are connected. In this case, the ST
supplies for the unbalance and reactive current compensation
of the loads and again makes the grid currents balanced and
sinusoidal. No significant variations in dc links of ST are
observed.

VII. POWER HARDWARE IN LOOP (PHIL) SET UP
DESCRIPTION AND EXPERIMENTAL RESULTS

The laboratory setup is shown in Fig. 6, where the ST and
the grid can be simulated in the RTDS software and can be
configured in the control desk via a computer. The control
system of the ST is implemented in an external equipment
(dSPACE 1006). In order to test these devices under a most
realistic condition, the power amplifiers are included in the
hardware loop. The measured voltage and current from RTDS
will be amplified to the actual values of the grid and sent
to the dSPACE through voltage/current sensors as well as
other power interfaces. In this case, the power converters that
represent different ST stages can be controlled and subjected
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under an actual grid condition. The methodology and labora-
tory setup can be generalized for any ST-fed grid.

The experiments are done with the reduced scale set-up.
The schematic of set-up is shown in Fig. 6(b). A voltage of
311 V, 50 Hz is realized by the power source. The ST is
realized by an ac/dc converter (4 kW power rated operating
at 10 kHz switching frequency) with resistive load at its dc
link. The ST converter is connected to the grid through an
LC filter whose inductance is 5.6 mH, the capacitance is 5
µF in series with a resistance of 1.2 Ω. In feeder 2, three
phase diode bridge rectifier based RC type nonlinear load is
connected. For this system, the experimental waveforms are
shown in Fig. 7. The total grid currents, as shown in Fig.
7(a), are distorted due to the harmonic loads in feeder 2. The
ST load compensation feature is not activated and it takes
balanced sinusoidal currents for support of its load as shown
in Fig. 7(b). In contrast, the grid performances are improved
by means of the ST as shown in Fig. 7(c) where the total grid

currents have become balanced and sinusoidal. The harmonic
currents of feeder 2 are supplied by the ST, while it supports
its own loads, as shown in Fig. 7(d). The frequency spectrum
shown in the waveforms shows the improvement in THDs of
the grid currents.

VIII. CONCLUSIONS

This paper has investigated the load compensation features
of an ST in the two-feeder city center. A detailed analysis of
the sizing and compensation capability of the ST has been
carried out. Through the developed PSCAD based switching
model and experimental prototype, the compensation features
of the ST are verified. It is shown that the ST compensates
for the unbalance, reactive, and harmonic components of
the loads connected at the feeder supplied by the CPT, in
addition to supplying their own loads. This scheme eliminates
the requirement of power quality improvement devices like
SAPF, power factor correcting capacitors, etc., connected at
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the second feeder. These additional features in the city-center
make the application of ST attractive.
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