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Abstract: Smart transformers are considered a crucial part of future smart grids as they will operate
as the energy router and be able to control the power flows from and to the microgrids since they
are placed in the border. A multi-port transformer can integrate different energy resources, loads
and energy storage systems, optimizing the power flows between these elements. Combining both
concepts, a multi-port smart transformer is obtained that is able to integrate efficiently distributed
and renewable energy resources, electric vehicle chargers, prosumers and energy storage in both
AC and DC microgrids. Nevertheless, the operation of these transformers, composed of several
modules connected in series to the high-voltage grid is not easy, mainly due to the different power
consumed or generated by each module. In this paper this issue is analyzed and different operation
strategies for coordinating the series-connected modules at the input side are studied by simulation.
The paper will expose how it is possible to extend the proper operation of the system if a reactive
power controller is implemented.

Keywords: smart transformer; multi-port transformer; smart grids; energy router

1. Introduction

Electric Energy Systems (EES) are evolving into more complex systems, where opera-
tion strategies are planned in shorter interval periods day by day. Traditional unidirectional
EES, where the energy comes from central generation plants to the final end-users by
transmission and distribution grids, are moving to smart grids, where the EES are divided
and controlled in the so-called microgrids (MGs). Their strategies aim to operate as a
self-sufficient energy network minimizing the energy interchanges with other MGs.

In this context, the conventional energy transformer can be considered the optimal
point to control the power flows between the MG and the grid of microgrids, and can be
considered as an energy router and named as a smart transformer (ST) [1,2], presenting
the conventional topology shown in Figure 1a. Each of the modules that compose the
ST are mainly based in dual active full-bridge (DAB) topologies and a high-frequency
transformer [2—4]. There are many works that deal with the advantages of solid state
transformers (SST) compared with other alternatives. A comparison of different alternatives
is made in [4] and is summarized in Table 1.

To control the input side of the series-connected modules, different modulation strate-
gies can be used, very similar to the ones used in Multi-Modular Converters (MMCs) [3-11],
highlighting as the most used, modulation based on phase displacement [8,9].

An analysis of different modulation strategies used in an MMC has been conducted
in [5-14]. These works try to optimize the operation of the MMC by mitigating the im-
balance in voltage capacitors, reducing the circulation currents or reducing the common-
mode voltage.
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Figure 1. (a) Conventional topology of a three-phase smart transformer [1], (b) possible topology of a
multi-port smart transformer.

Table 1. Comparison of ST, conventional DAB-based multi-stage ST, and low-frequency transformer
with a rectifier and an inverter when implementing a three-phase 480 V /50 kVA solid state transformer
with a switching frequency of 15 kHz [4].

. . Device .
Topology Active Device §0ft: DC Caps XFMR Vi Total De\flce Fault Efficiency
Count Switching Frequency . Irms Rating  Current
Rating
Soft-switching 12 (main) +
solid state 2 (auxiliary) Full range - 15 kHz lpu./2pu. 12 p.u. 2p.u 97.4%
transformer (SST) u ¥
DC/DC only
DAB-based . - o
multi-stage SST 20 w1thr:ig:1ted 2 15 kHz lpu./lpu. 20 p.u. >10 p.u. 93%
Low-frequency
transformer o
with rectifier 12 No 1 60 Hz l1pu/1lpu 12p.u. >10 p.u. 91.5%

and inverter

STs, as the core of the smart grid of microgrids (SGM), not only control the power
flows to or from the SGM, but are also a key element that can control the energy gener-
ated by renewable resources as well as the energy to be charged or discharged in energy
storage systems (ESS). To give the ST the ability to integrate the energy from different
components (sources and sinks), the concept of a multi-port ST (MPST) [11-15] can be
exploited, with different terminals able to integrate DC and AC microgrids, loads or ESS
(Figures 1b, 2 and 3), and to implement strategies to optimally manage, in a coordinated
way, all these resources.

Figure 1b [15-17] shows the potential architecture of an MPST as an example. In
this case the system is composed of four ports: it has a single high-voltage (HV) port to
connect with the SGM and several low-voltage (LV) ports, one in AC to connect to a single
MG, another in DC to control the energy generated by a photovoltaic plant (PVP) and the
last one in DC to integrate an ESS. The architecture is based on electrical transformers, to
guarantee the usually required galvanic isolation, that are operated at high frequencies by
using power electronic converters (PECs) to minimize the size and weight.
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Figure 2. Possible topologies for multi-port smart transformer: (a) [18], (b) [19].
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Figure 3. Solid state transformer (SST) and the hybrid transformer (HT) with integrated storage in
active distribution grids [19]. (a) Line frequency transformer. (b,c) SST. Both the three stage SST in
(b) and the single stage current source SST in (c) can realize controllability and storage integration.
(d) Energy storage. (e,f) HT. The converter in the HT can be installed either on (e) LV side or (f) MV
side of the transformer.

Modulation strategies for the proposed MPST are not in the scope of this work (as
they have been analyzed in previous works [15]), but it should be highlighted that in this
work, the different modules that compose the input side of the MPST do not have to be
balanced, but, conversely, the modules operate in an unbalanced strategy as each of them
supply a different power to the device or resource connected at their input port.

To connect the PECs (usually operating at LV) to the HV side of the ST, they are
associated in series, requiring so many converters due to the need to divide the grid HV to
the operation LV of the PEC. This concept is used a great deal in MMCs. Usually, converters
in the MMCs operated at the same power point (as they are connected in series, the current
circulating through the converters is the same and this implies that, ideally, input operation
voltages are the same in all converters). It should be highlighted that the operation strategy
for the MPST in this work is not the same as that in conventional MMCs, as not all the
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converters operate at the same power because it depends, as commented, on the power
generated or consumed by the different ports the converter is associated with.

The MPST concept has been presented and analyzed in several previous works. In [18]
an MPST is analyzed that has different ports for integrating DC microgrids, PV arrays,
DC loads and DC electric vehicle chargers (Figure 2a). In this case, all the converters have
output modules that share the same LV DC bus, and the input MMC modules, connected
to the AC grid and MVDC bus, do not operate at different power points as in the case
analyzed in this work.

In [19] a different alternative is proposed for an MPST, integrating into the grid
different renewables energies (PV and wind generators) and ESS (Figure 2b). In this case,
all the converters share the same transformer core and have a single inverter connected
to the grid, meaning it is unnecessary to control the input power between the different
converters at the input side as in the case proposed in this work.

Recently, in [20], a solid state transformer and hybrid transformer with integrated
energy storage in active distribution grids was presented (Figure 3). In [20] attention was
not paid to the modular architecture, but instead the focus was on the possibility of the
input side being composed by several series-connected modules that could operate at
different powers.

One of the novelties of this work is the analysis of the input side of the MPST when it
has a modular architecture with several modules connected in series to the HV grid. Each
of the input modules are associated to different output ports in the MPST and they can
operate in an unbalanced way at different working powers.

The main contribution of this work is the analysis of operation strategies for the
proposed modular architecture for the MPST (Figure 1b), where the different input PECs
are connected in series to the HV grid and operate with different amplitude modulation
indexes. If the difference between the working powers of the converters is high enough,
the converters working with the higher power can enter into the PWM overmodulation
zone, causing the MPST to become out of control.

There are several works that have dealt with this problem previously, see [21-25].
There are two main actions to extend the lineal operation range: the first is to improve
the modulation strategy to extend the lineal operation beyond 1 [23], the second group of
actions use the reactive power control to prevent the operation in the overmodulation zone.
In [21] it is demonstrated how by controlling the reactive power it is possible to operate
several output modules at different powers and to allow their operation at different DC
output voltages.

Reference [22] validated how is it is possible to control the cascaded active rectifier
stage of an SST, implementing a voltage feedback-based controller for the output-parallel
DAB converter stage and a single-phase-based three-phase PR controller for a three-phase
inverter. As a result the proposed control is able to realize voltage and power balance, even
in the case of mismatched parameters between modules.

Reference [23] proposed to route the power in a CHB converter based on the condition
of the components in connected power paths. The loading of the converter cells was
controlled to alter the power processed in the different paths, and multifrequency power
routing using the third harmonic was proposed to improve the unbalanced power sharing
between the cells. This work introduces the concept of maximum unbalanced power
loading and does not consider the reactive power control as this assumes a unity power
factor operation.

In [24] a power adaptive control strategy was proposed to make a single-phase CHB
PV grid-tied inverter operate normally under severe power imbalance conditions. This
method divided the system into three operating modes based on modulation waveforms
being calculated by different methods. As a result the proposed power adaptive control
strategy could further expand the operation range of a single-phase CHB PV inverter and
obtain as much PV energy as possible under the premise of normal operation.
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Finally, in [25] a reactive power controller for the power imbalance of a cascaded pho-
tovoltaic converter is discussed. Based on the detailed mathematic analysis, the proposed
scheme reasonably distributes the reactive power into every power module, improving not
only the adaptability of the cascaded photovoltaic converter but also reducing the required
reactive power.

This work is focused on the second group of solutions that look to extend the operation
range by controlling the reactive power. The modulation strategy is not the focus, and a
conventional unipolar PWM sinusoidal strategy is considered. The main aims of this work
are: to obtain an average model that allows users to simulate the operation over the long
term; to validate the operation of the MPST in future works when integrated in the smart
grids and running energy management algorithms; to analyze different reactive control
strategies to extend the operation of the MPST and prevent overmodulation, which can
be used in future works when unbalanced operation of the different ports is critical, it
being possible that some of them operate with positive power (they consume power, loads),
others with negative power (they are producing, such as photovoltaic modules) and others
could have either positive or negative power (they are energy storage systems that can be
charged or discharged).

The rest of the paper is organized as follows. In Section 2, the studied architecture is
presented and the general ideal operation of an MPST is proposed. The improved strategy
for extending operation is presented and discussed in Section 3 and validated by simulation
in Section 4, considering different scenarios. Finally, conclusions are given in Section 5.

2. Designing and Modelling the Multi-Port Smart Transformer

The architecture of the MPST schematically shown in Figure 1b is considered in this
paper as the reference for a detailed analysis. The MPST is composed by several basic,
modular, and identical power electronic blocks (PEB) with a nominal power Pprg. PEB
could have different topologies [3] and the full-bridge alternative is selected in this paper
because it allows better harmonic control (as discussed in [10,16,17]). The analysis of the
proposed MPST can be conducted for a single-phase and easily extended to the three-phase
operation, as the topology shown in Figure 1b is star connected.

2.1. Basic Design

Let us first consider an MPST that has one HV port and several LV ports. The number
of modules to be connected in series, g, to conform with the input port connected in series
with the HV grid, is determined according to Equation (1)

Vhv
" 2y )
where Vpy is the nominal phase-to-neutral voltage of the grid and Vpgp is the nominal PEB
input voltage.

We also have to consider that to reach the desired output power port P; at a given out-
put port j, the output of several PEBs has to be connected in parallel. If Ppgp is the nominal
power of a single PEB, the required number of PEBs to be output-parallel-connected, npj, is
given by

npj > i )
"= Preg’

To guarantee that the MPST can be built fulfilling the input and output requirements,

a nominal power should be selected for each PEB, Ppgg, that gives

VpeB
ns >y npj = Pppp > Vi Y. P ®3)
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The final number of PEBs, npgg, is selected to be the maximum of the number of series
blocks given by Equations (1) and (3):

Viy ZE)
n > max| ——,— |, 4
= (VPEB Ppep @
this being determined by voltage or power requirements depending on the application
Vv, P]) and on the PEB (Vpgg, Ppgp)-

2.2. PEB Model Used for Analysis of Input Port in Series Connection

This paper is focused on the analysis of the input port of the MPST that is connected
to the HV grid and composed by the series connection of the input terminal of several PEBs
(npep), as designed in the previous section.

At this point, only the input converter of the PEB is considered, substituting all the
devices connected to the output capacitor of the first stage, as an equivalent resistance
(Figure 1b) that can consume the output power of the given port (P;), as depicted in Figure 4.

Ng

IAC

VAC, total

H]
° n

Figure 4. Simplified model to analyze the input port connection.

If a given port j is composed of only a single PEB, neglecting losses and assuming a
converter efficiency of 100%, the averaged model shown in Figure 5 can be obtained, where
the voltage at the input terminals of the PEB, vpgs;j(t), (VAB1 in the scheme of Figure 5) is
determined by multiplying the modulation waveform by the output capacitor voltage, vpc;.

Modulation waveforms are built from two sinusoidal synchronized waveforms [17],
one in phase with the grid voltage, u,, and the other in quadrature, u;, to provide a given
amplitude modulation index, m,, and a phase displacement, phi (or ).

The output capacitor voltage, vpcj, (vDC in Figure 5) can be estimated from its current,
icj, as determined by the next equations

icj(t) = f#ﬁ.t()t) — ipEBo,j(t) = %j)zgv(ﬂ — ipEBo,j(t) -
t
vpc; (t) = Veo + Of icj(t) dt,

where p;;(t) is the instantaneous input power, iy (t) is the HV grid AC current that circulates
through the input terminals of all PEBs connected in series (iAC in Figure 5), ipgp,(t) is
the PEB output DC current (iDC in Figure 5) that flows by the equivalent resistance R;
(Req in Figure 4) and Vg is the capacitor initial voltage at t = 0 established by the pre-
charging system.
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Figure 5. Model of a single PEB: (a) averaged model of PEB assuming null losses and efficiency of

100%, (b) PEB hierarchical view with input ports and output ports and given output power profile.

The final masked averaged model is shown in Figure 5b, where it can be seen that
there are four main inputs: synchronization signals, modulation signals, the HV grid AC
current and PEB output DC current; and two outputs: the PEB output DC voltage and PEB
input AC voltage. The third input is only for visualization purposes.

It can also be highlighted that it is assumed that the output ports deliver a given power
Poj(t) and the PEB output current is determined by using

_ Poj (t)
vpcj(t)’
The obtained model is still valid when an output port j of the MPST with nominal
power P; is composed of np; PEBs connected in parallel. In this case, a balanced situation
operation is assumed when all the PEBs that compose the port have the same voltage at the
input terminals (Vpg Bij,k) and the same current at the output terminals (Ipg Boj,k)

(6)

iPEBo,j(t)

VpEBijk = VPEBi,j1; IpEBojk = IPEBo,j1; Vk € [2,1pi] @)

and an equivalent PEB (EPEB) can be used with the next parameters

Pij = Pyj = npiPpepij = npjPpEpo;
VEepEBij = 1pjVPEBij1
IepeBij = IPEBIj1 ®)
VEepEBoj = VPEBoj
IEpEBOj = NpjlpPEBO;
Cepep = npjCpep.

3. Control Operation of HV Terminals

In this section, different alternatives to control the input side of the PEB will be
introduced. It should be highlighted that the main problem to be solved is how to share the
total input voltage V4, determined as

Van =Y VpEgij, 9)

when they are operating at a different output power (P;) but with the same input current as
their input terminals are series-connected
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Ipggij = Inv. (10)

This can be mainly carried out by controlling the modulation waveforms as the output
power, generally, determined by

Pj = VPEBijIHV COS(5]' — gD) ma] \/» IHV COS((S gD), (11)

where m,; is the amplitude modulation index and J; is the phase displacements of the
modulation waveforms for PEB j, and ¢ is the phase of the grid current, assuming that the
reference for phases is the grid voltage (as defined in Figure 6).

E
L]

1
A 'Hv = hvaic Vi B

VAnGUPF

c E
___________ P
Dy
D
(a)
E
®
1
]
A 'HvdiC Vv z
: v VanGUPF Wl
: ANBUPF
: ’ Cy_ E4
H oy Tt re---@
I 1 4
'D
@®
(b)
E
L ]
i
A 5 i Vi B
VanGUPF Lwlvg
i VaneErco c E,
o~ @eeeecTE -
1
B F Lol
®
g0°
/—~
®,
(o)

Figure 6. Vectorial representation of possible operation modes for the input side of the MPST: (a) grid
UPF operation, (b) PEB UPF operation, (c) extended operation using reactive power (ERPO).

In this work, it is considered that all PEBs operate with the same phase for the
modulation waveforms, letting

5; = 6; . (12)
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3.1. Normal Operation: Grid Unity Power Factor Operation (GUPF)

In normal operation, a power factor equal to unity is established in the HV terminals
connected to the grid, meaning that the current demanded by the grid is in phase with the
grid voltage (Figure 6a). If we neglect the losses of the converters and the resistance of the
input filter (Ly), assuming a power efficiency of 100%, the power at the HV terminals will
be equal to the sum of the power demanded by the loads connected in any of the output
ports (P;). Under this assumption, Iy, the direct component of the current that is in phase
with the grid voltage is the only current component as the unity power factor is achieved
and the displacement angle between the grid current and the voltage, ¢, is zero.

Ppy = Vuvlgve = L P = Inv = Inva = %}IHVq =0 (13)
dapcupr > ¢ =0

Following the vector diagram depicted in Figure 6a, it can be obtained that

Van = \/VI%IV + (LwIHv)Z

(14)
0= arctan(%)

Considering an efficiency of 100%, the power demanded by the port j of the MPST is
given by

P; = VpegijIny cosé, (15)
and the total power by
Py = VavIgva = Y_ P = (}_ Vpesij) Inv €088 = VauIny cosé, (16)
thus, the required PEB input voltage can be determined as
p; L. VpEgij p;
VpEpij = 7 oos = Pi=wp Vanss (17)

Ipvecoss 1 YL p My P

It is assumed that the output DC voltage of the input side converter of every PEB
(Vpc;) is properly controlled and is the same for all PEBs, and is equal to an established
reference value (V)

Vbcj = Vpcrefs Vi (18)

and Equations (10) and (11), the amplitude modulation index and the modulator wave
phase (that should be used in the PWM sinusoidal strategy used for controlling the H-bridge
topology used in the synchronous rectifier at the PEB input side [14]) are given by

P V2VpEgij _ V2V, B
aj VDcref Vbcres 1P

(19)
o= arctan(‘%" ij)
HV

3.2. Extended Operation with PEB Unity Power Factor Operation (BUPF)

In another potential operation, named in this paper as an extended operation, a power
factor equal to unity is established in all PEBs (Figure 6b), this being the voltage and current
at the input terminals of each PEB in phase. In this case the current at the HV terminals is no
longer in phase with the HV voltage, and direct and quadrature grid current components
are not zero. If losses are neglected as previously supposed, a power efficiency of 100% is
achieved and power at the HV terminals will be equal to the sum of the power demanded
by the loads connected in the output ports (P)), achieving

YP
Pyy = Vuvlgva = Y _P; = Ipva = m?IHVq #0 (20)
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In this case the current, as it is not in phase with the HV voltage, is given by

I p;
Iy = 224 = b (21)
cosp  Vhgycose

and the voltage that should be produced by all the PEBs connected in series, following the
vectorial diagram shown in Figure 6b, is given by

Vo = Van = \ VVav - (Loliy)? @)
=¢

This vectorial diagram can also determine that

sing =

Lwlyy  Lw < 1P

1 Lw
in @- = —sin2 :—E P; . 2
VHVcosgo> = sin¢-cos ¢ = 7 sin2¢ 2 j (23)

Vay Vi

Following a similar analysis of that in the previous section, the amplitude modulation
index and modulator wave phase (to be used in the PWM sinusoidal strategy in the input
converter of PEB) can be obtained as

V2VpEgij _ V2V B
VDcref Vbcrer L P

mu]' =
(24)
d=¢= éarcsin(ZL‘*’ ZP)

Theoretically, V,;, in the BUPF is lower than in the GUPF (comparing vector modules
in Figure 6a,b), having, for the same output powers Pj, a wider or extended operation as
the saturation region (m,; > 1) is reached in more unbalanced or extreme conditions. In
practical cases, as the input filter impedances are usually small, it results that

Hw ZP -0 = arcsm(sz zp) Lo zp
(25)
dpupr = ¢ = % Lo ZP ~ 5GUPF,

with both operations’ strategies producing similar results.

3.3. Extended Operation Using Reactive Power (ERPO)

If powers P; in the ports are very different, the amplitude modulation indexes m,;
given by (20) will also be very different, and the maximum value of m,; will easily have
values greater than 1, being the corresponding PEB operating in the overmodulation zone.
In these conditions, a variation is proposed with the main aim of extending the PWM
sinusoidal lineal operation in the PEBs.

Following Equation (20), a scale factor can be determined by

\/EVAn Pj _ \/EVAn
VDCref ZP] VDCref ZP]

SF = max(m,j) = max( ax(P;) (26)

and applied to this equation to prevent the overmodulation region and to ensure that the
maximum m,; will be equal to 1, and obtaining

1ﬁVAnPj _ P]

il = 27
SF Vocrs TF  max(P,) )

Ti’luj =

The voltage at the input terminals of the MPST will be given by

MaiVpcref ) Pi VbDcref Vbcref
Vi = Y Vopgi = ¥ —L-2<ref ) P (28
An = Y_, VpEBij 2( 7 Y P) V2 \fmax 2 )

max ( ;
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and the phase angle of the modulation waveforms can be obtained from Figure 6c and

Equation (17) as
0 = arcsin| ———— | = arcsin —_— 29
< VAn VAn VH 1% ( )

Once J is known, the quadrature grid current component can be determined as

VHV — VAn cosd

IHVq = IHVsenrp = Lo (30)
and current displacement phase, ¢, can be obtained from Equations (17) and (30)
IHVq ) VHV(VHV - VAn COSs 5)
= arctan| —— | = arctan 31
’ (i LoLF, ey

Combining Equations (27)—(29) to summarize the analysis performed in this section,
the main equations to be used to control the system with this operation strategy are

__ b
m”] - max(Pj) (32)
- - (Lolgvg\ _ . V2Lw , )
o= arcsm<7VAn ) = arcsm(VDCrerHV max (P])

4. Analysis of Operation

In this section, the analysis of an MPST when using the different operation modes
described in the previous section is made. The studied MPST has four ports, each of
them conformed by a single PEB and the analysis is conducted by a simulation using the
average models described in Section 2. It should be highlighted that the control block
includes a proportional-integral controller to control the quadrature current component, to
compensate for the parasitic effects not considered in the theoretical analysis conducted in
Section 3; mainly, the series resistance of the filter inductor.

The overall high-level scheme in MATLAB/Simulink is shown in Figure 7, being struc-
tured in four main simulation blocks: grid and synchronization, PEB models, and control
and visualization blocks. The main parameters and magnitudes used in the simulation are
detailed in Table 2. To highlight the limits of the operation achieved under the different
modes, four cases are considered, changing the HV grid voltage (Vyy) and a changing
output power sequence is considered in port 1.

Table 2. Parameters used for the simulation.

Parameter Value
Case A 1250 V
Grid voltage phase-phase RMS Case B1300 V
Case C 1400 V

DC voltage in PEB output terminals 400V

PEB output capacitor 1.5 mF

Inductance 10 mH

Filter Inductor
Resistance 030

Given sequence

Output power PEB #1 (1300, 1100, 2000, 450, 1300) W
Output power PEB #2 1000 W
Output power PEB #3 1400 W

Output power PEB #4 1800 W
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Figure 7. Overall high-level scheme in MATLAB/Simulink of the simulated MPST composed of four
PEBs: (a) grid model and series connection of PEB HV terminals, (b) PEB models, (c) control strategy
block and (d) visualization block.

4.1. Operation with GUPF

If the first operation mode is applied, aiming to achieve a grid unity power factor, two
simulations are conducted, considering cases A and B, to show the limits of this operation
mode and to compare with the alternatives proposed to extend the operation possibilities.

The results for the case A (when grid voltage is 1250 V) show that the operation strategy
works in a right way controlling the output DC voltage in the PEBs to follow the established
reference of 400 V (Figure 8a) and supplying the current to the loads corresponding to
the given output power (Figure 8b). In Figure 8c grid voltage and current voltage are
shown being possible to see how the grid current amplitude is adjusted according to the
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output power conditions. Figure 8d validates that only the direct current component is
changing according to the output power, and that the quadrature components is cero in
steady conditions as established in this operation mode, achieving the desired GUPF goal.

In Figure 8e it can be seen that all the amplitude modulation index are bello 1, and
all PEB are operating in the PWM sinusoidal lineal zone. Finally, Figure 8f shows the
modulation waves phase that changes also depending on the output power.
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Figure 8. Simulation results when using normal operation (GUPF) strategy for case A: (a) PEB output
DC voltage, (b) PEB output DC current, (c) grid voltage and current, (d) grid d—-q current components,
(e) PEB amplitude modulation index and (f) PEB modulation waveform phase.
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In this operation mode, if case B is considered (and grid voltage is 1300 V), the MPST
is operating in the right mode until the power in port #1 (PEB #1) changes to 450 W (time
between 12 s and 16 s). This low output power value produces an amplitude modulation
index of PEB #4 that should be greater than 1 and activates the control to prevent the
operation in the overmodulation zone. During this interval (12-16 s) the MPST is not
controlled properly and the DC voltage is not following the reference value (Figure 9a),
causing the rest of the modules to also be out of control (Figure 9).

4.2. Operation with BUPF

The results of the MPST when using the BUPF operation are summarized in Figure 10.
In this operation mode, only case B is considered (grid voltage is 1300 V), and, as in previous
case, the MPST operates correctly until the power in port #1 (PEB #1) changes to 450 W
(time between 12 s and 16 s). This low output power has the same effect on the DC voltage
as the previous operation mode, so that, during this interval (12-16 s), the MPST is not
controlled properly and the DC voltage is not following the reference value (Figure 10a),
causing the rest of the values to also be out of control (Figure 10).

4.3. Operation with ERCO

Figure 11 shows the results when using operation ERCO in case B conditions (grid
voltage equal to 1300). The MPST operates properly in all simulation times, even in the
period between 12 s and 16 s when previous operation strategies failed to control the system.
It can be seen (Figure 11e) that during this interval, the maximum amplitude modulation
index (m,4) is fixed to 1 by controlling the quadrature current component (Figure 11d) that
obtains a value close to 10A. For the rest of the simulation time, no reactive power control is
needed, as the amplitude modulation indexes are lower than 1, and the quadrature current
components are zero.

In conclusion, the change from operating as a GUPF to BUPF has no practical effect
on the control of the MPST as the impedance of the filter inductors produces a low drop
voltage compared with the grid voltage, and the modulation waveform phase is very small,
being that GUPF and BUPF are similar strategies, as obtained from Equation (25). The
results could be different as a filter inductor is intentionally selected to have a significant
impedance at grid frequency.

It can be highlighted how, during the ERCO mode, the ripple in the capacitor voltage
of the PEB for which the amplitude modulation index is fixed to 1, is significantly higher
than in the rest of the operation time (Figure 11a).

To highlight even more the extended operation achieved with the ERCO strategy, case
C (grid voltage equal to 1400 V) was simulated and the main results are shown in Figure 12.
MPST is still operating properly, establishing the maximum amplitude modulation index
(as in the previous case for PEB#4) during the interval from 12 to 16 s, being able to
maintain the DC output voltage at the given reference value (400 V) and maintain the
required output powers.

In this case it is notable that the performance of the system is not optimal, highlighting
the big capacitor voltage ripple (at double the grid frequency) in PEB#4, which is also
transmitted to the output current. It is also highlights the high value that the quadrature
current component should have to keep the MPST under control.



Energies 2022, 15, 3778 15 of 20

VGrid/40
iAC

oL i i
1 = -
0 1 1 1 1 1 1 1 1 1 ]
0 2 4 6 8 10 12 14 16 18 20 I L L L L L I I L
2 4 6 8 10 12 14 16 18 20
(©) (d)
15 T T T T T T T 0.1 T T T T T T T T
mat phi1
ma2 0.08 - phi2|
ma3 phi3
mad 0.06 ph4 | |
0.04 - b
1+ i
0.02 - 4
0 - .
-0.02 [ m
-0.04 [ B
-0.06 - q
-0.08 - 1
0 I I I L I I I I I 01 L L L I L L L L L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
(e) (f)

Figure 9. Simulation results when using normal operation (GUPF) strategy for case B: (a) PEB output
DC voltage, (b) PEB output DC current, (c) grid voltage and current, (d) grid d—q current components,
(e) PEB amplitude modulation index and (f) PEB modulation waveform phase.
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Figure 10. Simulation results when using extended operation (BUPF) strategy for case B: (a) PEB

output DC voltage, (b) PEB output DC current, (c) grid voltage and current, (d) grid d—q current

components, (e) PEB amplitude modulation index and (f) PEB modulation waveform phase.
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Figure 11. Simulation results when using extended by reactive power operation (ERPO) strategy

for case B: (a) PEB output DC voltage, (b) PEB output DC current, (c) grid voltage and current,

(d) grid d—q current components, (e) PEB amplitude modulation index and (f) PEB modulation

waveform phase.



Energies 2022, 15, 3778

18 of 20

600 T T T T T T
vDC1
vDC2
vDC3| |
500 VDA
400
300 - 1
200 - b
100 - B
0 1 I I I I I
0 2 4 10 12 14 16 18 20
(b)
6 T T 50 T T T T T T
5 40 - B
A
30 B
4
- . - 20 b
3
10 | 1
&
2 o | |‘R/‘—
! -10 8
0 | 1 | 1 | 1 | 20 I | | 1 1 1 I I |
0 2 4 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
(©) (d)
15 T T T T T T T 0.1 T T T T T T T T T
mal phit
ma2 0.08 - phi2 |
ma3 phi3
mad 0.06 - pha | |
0.04 - !
R  N—e—e—
0.02 - 1
0 - 4
-0.02 Z\ u——(\/'_—k—
05 r-¥—'——l________ B
-0.04 - i
-0.06 - 4
-0.08 7
0 1 I 1 1 1 | | 01 | | | | | . . . |
0 2 4 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
(e) ()

Figure 12. Simulation results when using extended operation (ERCO) strategy for case C: (a) PEB
output DC voltage, (b) PEB output DC current, (c) grid voltage and current, (d) grid d—q current
components, (e) PEB amplitude modulation index and (f) PEB modulation waveform phase.

5. Conclusions

This work has discussed the concept and basic design of the MPST, obtaining an
average model of the input-PEB stages that allows the analysis of their operation when
connected in series to an HV grid.
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The main contributions of this work are the average models and the analysis of
the proposed modular architecture for the MPST, where the different input converters
are connected in series to the HV grid and are associated to different output ports. The
proposed MPST has also been tested with a given power profile for the different output
ports to validate the transient behavior and the right matching of the given reference
DC voltage.

This work studied, by simulation, the operation of these input side converters when
they are working at different powers, as the devices or resources connected to their corre-
sponding output ports are consuming different powers.

In this situation, the converters are operating with different amplitude modulation
indexes, and, if the difference between the working powers of the converters is high enough,
the converters working at a higher power can enter into the PWM overmodulation zone.

Different operation strategies to control the series-connected PEBs were introduced
and analyzed, paying attention to the cases when they operate at different powers. The
results showed how if a reactive power control strategy is implemented, the right operation
of the MPST can be extended, preventing PWM overmodulation and the systems becoming
out of control.

The ERCO strategy demonstrated its possibility to extend the operation zone of the
MPST but at the cost of increasing the DC voltage ripple and requiring higher current RMS
values that could produce significant losses in filter inductors.

Future work will analyze the operation of PEBs with different modulation wave phases
to optimize the MPST’s performance and how to control the DC voltage ripple when the
MPST is operating with the ERCO strategy.

The proposed ERCO should be optimized in future work as not all the PEBs operating
with the same DPF, so they can extend the operation to more severe cases when the
unbalanced operation of the different ports is higher; it being possible that some of them
operate with positive power (they consume power, loads), others with negative power
(they are producing, such as photovoltaic modules) and others could have either positive
or negative power (they are energy storage systems that can be charged or discharged).
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