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Abstract—Smart grids have attracted the attention of the
scientific community for years, since the ability to better manage
distributed resources in a dynamic grid scenario is of paramount
importance. Among the solutions that have been investigated,
there is the smart transformer (ST) distribution concept, where
an AC/AC power converter substitutes the traditional distribution
transformer while enabling additional services. Considering that
the ST can generate arbitrary voltage waveforms, power distribution is not restricted anymore to the fundamental frequency, but
additional harmonics can be used. This paper analyzes different
control possibilities for multi-frequency converters, comparing
the results in terms of dynamic performance, control complexity,
and communication requirements.
Index Terms—Distributed generation, microgrids, power conditioning, power transmission, power transfer, smart transformer,
solid state transformer.

I.

I NTRODUCTION

Renewable energy exploitation has proved to be a real
possibility to face the increasing energy requirement, while
trying to address also the environmental issues that comes
from fossil-fuel-based electric energy production. However, the
increasing penetration of distributed power generation (DPG)
such as photovoltaics [1], [2], wind turbine systems [3] and
combined heat and power (CHP) [4] systems has heavily
affected the medium voltage (MV) and low voltage (LV) grids,
impacting mostly on the grid management. In addition, new
loads such as electric vehicle charging stations are introduced
into the grid. As a result, voltage constraints [5], [6] and
line ampacity violations, in addition to a poor power quality
(harmonics, flicker, voltage drops) [7], are increasingly present
in the distribution grids.
In this framework, the study of decentralized or semidecentralized grid has received a lot of attention. In particular,
micro-grids were intensively studied, and the most advanced
approaches aim at implementing in a lower-scale with intelligent converters the hierarchical control that nowadays normally
regulate the central power plants [8]. This solution, however,
requires that every grid-connected system equipped with a
power converter, as grid interface, participate with an important
role to the management of the micro-grid. This approach, based
on equal sharing of the responsibilities among the players of
the micro-grid, entails severe stability and reliability problems

[9]–[11]. An intermediate solution, that could be realized in
a shorter time with minor stability and reliability challenges
but still preserving the advantages of the micro-grid concept,
is to gradually switch to smart transformer (ST) distribution.
The smart transformer (ST) solution [12] optimally integrates
the DPGs and new loads, offering a good power quality and
reliability at the same time. The ST is a solid-state transformer,
already adopted in railway, harbor, and data center applications. In addition to implementing the step-down conversion,
the ST can offer a series of ancillary services to the grid that
are otherwise not possible [13], [14].
Even more services can be offered from the ability of
the ST to generate arbitrary voltage waveforms at the lowvoltage side of the ST, that basically operates as an independent
micro-grid. Multi-frequency power transfer (MF-PT) has been
recently applied to power electronics. In [15], [16] it is
proposed to use an additional frequency in multilevel modular
converters (MMC) to implement nestled secondary power
loops in order to balance the voltages across the sub-module
capacitors, independently of the main power loop. Another
field of application is the inductive power transfer (IPT) by
means of multiple frequencies [17], where single-frequency
pick-ups can be tuned to different transmission frequencies
receiving power simultaneously and independently.
In this work, it is hypothesized that the ST generates a
voltage with multiple harmonic components on the LV side,
feeding a micro-grid, in which traditional loads, designed to
operate with only one frequency, and multi-frequency inverters
are present. In this context, the power transfer between a power
transmitter (T) and a power receiver (R) with the additional
frequency component is addressed, and the control possibilities
are investigated. In order to avoid interference with the standard equipment T and R have to be well synchronized, which
can be realized with or without communication devices. The
problem of synchronization will be addressed for a singlephase system, choosing the third harmonic as the additional
frequency component.
The focus of this paper is to evaluate the performance
of different synchronization methods in this grid scenario.
The synchronization of T and R can be achieved by the use
of a communication infrastructure. Considering that there are
already many industrial products to support communication in

Medium-Voltage Grid

Zline,transmitter

Zline,load2

Zline,1

ST

Zline,receiver

Zline,ST
T

Rload1

Rload2

direct path at
frequency fT

R

vST

(a)
iinv

T

Lf

Rf
Cf

vinv

R

Low-Voltage Grid

vPCC

(b)

Fig. 1. Multi-frequency operation in a ST based micro-grid where T is the
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Fig. 2. (a) Circuit of tested LV micro-grid, (b) equivalent circuit of the
MF-VSI

smart grids, and considering it is still subject to research [18],
it is acceptable to assume that the ST-fed LV grid will feature
a communication infrastructure, especially with the multifrequency inverters. In particular, the availability of power to
be transferred with the additional frequency will be signaled
to the ST, which will relay this information to the receiver, or
vice versa. In this scenario, it will be therefore assumed that
the transmitter and the receiver receive synchronized power
references, since only a small amount of data needs to be
communicated.

the conclusion, that the average power transferred at different
frequencies is independent to each other:

A synchronization mechanism between T and the R without
a communication infrastructure may be needed if the diffusion
of multi-frequency devices happens prior the installation of the
communication devices. As a matter of fact, self-synchronizing
solutions were presented in literature for single-frequency
systems [14], and can be extended to this case. In this way,
a method based on droop control between the transmitter and
the ST is proposed, meeting the power demand of the receiver.
In Section II, the theory of MF-PT is discussed and two
control methods with and without additional communication
devices are presented. Based on simulations, a comparison is
made in Section III in terms of synchronization effectiveness
and control dynamics. Conclusions are finally drawn in Section
IV.
II.

C ONTROL S TRATEGIES OF M ULTI -F REQUENCY
I NVERTERS

In the following, the theory of MF-PT is briefly explained
discussing the idea to apply MF-PT in a LV micro-grid, and a
basic control structure for MF-PT is presented. On the basis of
this, an extension based on droop-control is proposed in order
to achieve synchronization without additional communication
devices.
A. Multi-Frequency Power Transfer in LV Micro-Grids
MF-PT is based on the principle of orthogonal power
flow, introduced by [15]. The theory states that the different
frequency components of non-sinusoidal periodic voltage and
current waveforms are orthogonal to each other, leading to

v(t) = V0 +

∞
X
√

i(t) = I0 +

n=1
∞
X

√

2Vn cos(nωt + θn )

(1)

2In cos(nωt + ϕn ) .

(2)

n=1

Hence,
P = V0 I 0 +

∞
X
n=1

Vn In cos(θn − ϕn ) .

(3)

In micro-grid operations, this offers the possibility to transfer
power point-to-point from a transmitter to a specific receiver
by using an additional transmission frequency fT , different
from the fundamental frequency [19]. The idea of MF-PT in
a ST based micro-grid is shown in Fig.1.
In [19], a current-control (CC) scheme is presented, and
the impact of MF-PT on the loads and lines in a distribution network is analyzed, choosing the 3rd harmonic as
the additional transmission frequency. As a result, assuming
a good synchronization of the transmitter and the receiver,
it is possible to stay in compliance with the voltage and
current limitations of the grid standards [20], not affecting the
local loads but only the lines connecting both the inverters.
However, respecting the voltage limitation of a THD of 5%
leads to significantly high line currents if a significant amount
of power should be transferred. So far, standards for microgrids, regulating the power quality, have not been determined
[21]. This provides the opportunity to think about different
harmonic limitations for micro-grids.
The considered single-phase LV micro-grid is shown in
Fig.2(a), in which the ST is modeled as a voltage source
acting as a slack bus providing voltages at the fundamental and
3rd harmonic frequency. In general, since the ST represents
the grid-forming device of the micro-grid, the multi-frequency
voltage source inverters (MF-VSI) can be operated as gridfeeding or grid-supporting devices [22]. In this work, the MFVSIs are operated in grid-feeding mode, wherefore they can be
seen as controlled current sources. The inverters are modeled
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Current-control strategy of a single-phase MF-VSI

as a voltage source connected through an LC-filter to the
point of common coupling (PCC), as depicted in Fig.2(b).
In the following, a basic CC scheme is presented, which is
suitable for MF-PT in the frame of a communication based
(CB) infrastructure for synchronization purposes. This scheme
is then extended to the case of a droop based (DB) control,
avoiding additional communication devices.
B. Control Strategy in the Frame of a Communication Infrastructure
In general, the control structure of grid-feeding inverters in
micro-grids includes an inner current control loop to regulate
the injected grid current [22]. The current reference, in turn,
is given by an outer power control loop, which is fed by the
references of active and reactive power. In the simplest case,
a DPG unit is feeding the grid with the maximum available
power coming from the generator side, or the power references
are set in accordance to the power demand of the grid.
As it is depicted in Fig.3, in case of MF-VSIs, two or more
power control loops, one for each transmission frequency, are
working in parallel generating the reference of the current
at the particular frequency. The power references for the
fundamental frequency P1∗ and Q∗1 are determined locally. In
contrast, the power references P3∗ and Q∗3 of the 3rd harmonic
frequency are set at ST level and transmitted to the MF-VSIs in
order to synchronize T and R. The inner control loop is realized
by a P+Resonant (PR) controller with harmonic compensator
(HC) [23]:
s
GPR (s) = kP + kI 2
(4)
s + ω02
X
s
(5)
kI,n
GHC (s) =
2 .
2
s + (ω0 n)
n=3,5,7,...
Regularly, the HC is tuned to attenuate the current harmonics
of the 3rd, 5th, 7th or higher order harmonics. In case of MFPT, this ability is used to track the 150 Hz reference instead
of compensation purposes.
In order to detect the angles of the grid voltage at 50 Hz
and 150 Hz a phase-locked loop (PLL) is needed for each
frequency. Additionally, as can be seen from Fig.3, the output
of the PLL is used to calculate the current values of the
active and reactive power. Since the fundamental and 3rd
harmonic frequency are close to each other in the frequency
domain, high filtering capabilities are required for the PLL.

Therefore, a second order generalized integrator PLL (SOGIPLL) in synchronous reference frame (SRF) is implemented
[24]. The combination of the paralleled SOGI-PLLs and a
frequency-locked loop (FLL) results in the frequency adaptive
multiple SOGI-FLL (MSOGI-FLL) scheme proposed by [25].
The dynamic behavior of the MSOGI-FLL can be further
improved by applying a harmonic decoupling network (HDN)
as a cross-feedback to reduce the distortion at the output,
which makes the PLL suitable for grid voltages with multiple
frequency components. The structure of the PLL is shown in
Fig.4. In case of the CB control strategy the ratio between the
base frequency and the additional transmission frequency is
fixed and ω1 is used as an input for the SOGI in the branch
of the additional frequency. An FLL is not needed to track the
frequency ω3 . In case of the DB control strategy the ratio can
vary and an FLL has to be implemented in both branches.
In analogy to the filtering of the grid voltage in case of
the PLL, the grid current has to be filtered in case of the PQcalculation. Therefore, a SOGI-based PQ-calculation scheme
is implemented [26] in combination with a cross-feedback
network:
1
Pn = (vα,n iα,n + vβ,n iβ,n )
(6)
2
1
Qn = (vβ,n iα,n + vα,n iβ,n ) .
(7)
2
C. Control Strategy in the Frame of Droop Control
The presented control scheme can be adapted in order to
avoid the use of communication between the ST, T, and R
using the well-known droop control concept [27]. By adopting the droop-characteristic of the conventional synchronous
generators, power sharing between different DPGs without
communication channels can be realized [22]. Since LV grids
are mainly resistive, the following droop equations are valid
at the fundamental frequency:
V − V0 = −kp (P − P0 )
f − f0 = kq (Q − Q0 ) .

(8)
(9)

The R/X-ratio of the grid impedance is decreasing with higher
frequencies, resulting in a more and more inductive grid. The
network can be mainly inductive at 150 Hz, and therefore the
droop characteristics for such grids have to be respected:
fn − f0,n = −kp,n (Pn − P0,n )
Vn − V0,n = −kq,n (Qn − Q0,n ) .

(10)
(11)

To overcome the uncertainty of the grid behavior a generalized
droop-controller can be applied [28], or a virtual impedance
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Droop-control scheme of the ST

scheme can be chosen [29] in order to adapt the control to the
grid characteristic.
The idea of the proposed approach is that the voltage
of the additional frequency at ST level is regulated by a
droop controller. Furthermore, the same droop characteristic is
applied to the transmitter for calculating the power reference
at this frequency. For the receiver the control structure shown
in Fig.3 can be applied. If the receiver sets a power demand
at the additional frequency, the ST changes the grid voltage
at this frequency following the applied droop characteristic.
The transmitter, in turn, reacts on the change of the grid
voltage supplying power in order to stabilize the voltage to
the reference point. In this way, power sharing between the ST
and T is used to synchronize T and R without communication
lines.
1) Control of the ST: The ST is modeled as an ideal voltage
source with a stiff voltage at the fundamental frequency.
The control structure to regulate the voltage at the additional
frequency fT is based on (10) and (11) and is shown in Fig.5.
2) Control of the transmitter: For the control of the transmitter the structure of Fig.3 can be used. The only change lies
in the calculation of the reference of the active power at the 3rd
harmonic frequency P3∗ . The reference is not given directly by
the ST, but it is due to the droop-characteristic that is applied
to the ST. The control law can be yielded from (10):
Pn∗ = −

kn
(fn − f0,n ) + P0,n ,
kp,n

(12)

where kn is an additional gain that regulates the ratio of the
power sharing between the ST and T. P0,n is set to zero in
order to have no power transfer at the additional frequency, if
the receiver has no power demand. The reference of reactive
power Q∗3 is not used for the droop control and it is set to
zero.
III.

S IMULATION R ESULTS

In this section, the control strategies described above are
applied to the network shown in Fig.1 by simulations. The
ST applies voltages at the fundamental and 3rd harmonic
frequency to the network (Vrms,1 = 230 V , Vrms,3 = 20 V ).
The loads 1 and 2 are assumed to be constant and purely
resistive (Rload1 = 20 Ω, Rload2 = 100 Ω), and the line data
are listed in Table I. The two concepts are compared in terms
of dynamic performance as well as in terms of synchronization
effectiveness. Moreover, the suitability for MF-PT will be
discussed. In the first case, both the transmitter (T) and the
receiver (R) receive the power references from the ST, whereas
in the second case R is setting a power demand and the ST

The two cases with and without communication are shown
in Fig.6 and Fig.7, respectively. It can be seen that in both cases
∗
T and R have a reference step change to P50Hz
= 1000 W at
t = 1 s. The references for reactive power are held constant
(Q∗50Hz = Q∗150Hz = 0 VA). In the first case, the reference
of the active power at 150 Hz of T is changing from zero to
∗
P150Hz
= 100 W at t = 3 s. The same step with a negative sign
is applied to R. This results in three different phases: In the
first phase the micro-grid is only fed by the ST, in the second
phase neither T nor R provide/drain active power at 150 Hz,
and in the third phase T provides and R drains the same amount
of active power at 150 Hz. In the second case the simulations
result in the same three phases with the difference that only
∗
at t = 3 s. The ST and T are
R has a step change of P150Hz
following this demand due to their droop characteristic.
∗
Comparing the responses of T to the step changes of P150Hz
in Fig.8, it can be seen that the settling time and the overshoot
in the first case is lower than the one that results in the
second case. Both control strategies offer a satisfying dynamic
behavior. Only the response of the ST, shown in Fig.7(c),
has an high overshoot of 35%. This and the slower dynamic
behavior of T are due to the control principle. At first, only
the ST is responding to the power demand of R. Then, T is
reacting on the change of the grid voltage, lowering the steadystate power level of the ST. As can be seen in Fig.7(a) and
Fig.7(c), the power demand of R is shared between the ST and
T resulting in a steady-state error between the power level of
T and R. By changing the gain k3 the power sharing between
the ST and T can be varied and thus the steady-state error of
the power transmission between T and R can be influenced.
In summary, in case of a communication infrastructure, the
controller design is a more straightforward approach, caused
by the possibility to apply common design rules. In contrast,
in case of droop control, it is difficult to find the optimal
droop parameters, which lead to a fast yet robust control
design. In the DB structure, the ratio between the additional

TABLE I.

L INE DATA

Line

Length (m)

Resistance (mΩ)

Inductance (µH)

Transmitter
ST
1
Receiver
Load 2

200
200
300
200
100

42.0
42.0
63.0
42.0
21.0

50.9
50.9
76.4
50.9
25.5

TABLE II.
Parameter

C ONTROL PARAMETERS
Communication
line based (CB)

Droop control
based (DB)

kP,i

13.6

-

kI,i ,kI3,i

1000

-

kP,pq

0.0001

0.0001

kI,pq

0.00115

0.00115

k3

-

1

kp,3

-

0.01

kq,3

-

0.2
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0.7

0.7

P

Q

P

50Hz

150Hz

Q

P
150

T communication

1

1.5

2

2.5

3

3.5

4

4.5

W, VA

50

1.5

2

2.5
Time (s)

0.5

1

1.5

W, VA

Q50Hz

2

0.5

1

1.5

2

3

3.5

4

4.5

5

1

1.5

2

W, VA

3.1
3.3
Time (s)

3.5

R droop

-50

P150Hz

2.5

2.5

2.5
Time (s)

-150
2.9

-50
-100

3.1
3.3
Time (s)

3.5

-150
2.9

(c)

3

3.5

4

4.5

5

3

3.5

4

4.5

5

3

3.5

(d)

Fig. 8. Comparison of 150 Hz active and reactive power transient: (a) CB:
transmitter (T), (b) DB: transmitter (T), (c) CB: receiver (R), (d) DB: receiver
(R).

B. Suitability for MF-PT
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In order to discuss the suitability for MF-PT the steadystate behavior of the line currents in case of CB and in case of
DB for the three phases described above are shown in Fig.9.
In the first case it can be seen that, if T and the R have
the same power set-point at the 3rd harmonic frequency, the
loads and the line at transformer level are not affected by the
power transmission. The 150 Hz frequency component of the
current at load level is caused by the stiff transformer voltages.
The second case shows that power sharing between the ST
and T is not affecting the loads, likewise. This leads to the
conclusion that both strategies offer the possibility to transmit
power point-to-point in the network and are thus suitable for
MF-PT.
A fourth phase is shown in Fig.9(e), in which the power setpoint of R at 150 Hz is reduced to 75 W. As a consequence, the
150 Hz frequency component of the current at transformer level
is almost zero. T becomes the supplier of the current at 150 Hz
throughout the grid, whereas ST only provides the voltage
of the harmonic frequency. In this way, without knowing all
the grid values, the ST can generate a power set-point of
the transmitter and the receiver, and ensure a synchronization
among them by monitoring the current at transformer level.
The same effect can be achieved in the frame of the power
sharing method, if the power sharing gain k3 is varied. This
is shown in Fig.9(f) if the gain is set to k3 = 4.
IV.

frequency and the base frequency is not fixed to be a harmonic
frequency as it is done in the CB scheme. Because of this, both
frequencies have to be tracked by a separate FLL in order to
ensure the correct operation of the SOGI blocks inside the PLL
and PQ-calculation structures. The FLL gains have to be tuned
carefully to guarantee the filtering capabilities of the SOGI and
to avoid unwanted oscillations in the power references.

C ONCLUSION

This paper has investigated the possibility to manage power
transfer at different frequencies in a smart transformer based
distribution grid. The power transfer between a transmitter and
a receiver is studied under the hypothesis that a synchronization mechanism between the power reference of the two nodes
exists. The other scenario is a synchronization mechanism
without a communication infrastructure, for which an approach
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