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Abstract: Nowadays, the increasing number of nonlinear loads and renewable energy resources pose
new challenges for the standard electrical grid. Conventional solutions cannot handle most of them.
The weakest component in the whole system is a conventional distribution (converting medium
to low AC voltage) transformer. It should not operate with unbalanced, heavily distorted voltage
and cannot control power flow or compensate current harmonics. One of the promising solutions to
replace the conventional transformer and thus minimize power flow and grid distortions is a power
electronics device called a solid state transformer (SST). Depending on the SST topology, it can have
different functionalities, and, with the proper control algorithm, it is able to compensate any power
imbalances in both low voltage (LV) and medium voltage (MV) grid sides. In the case of a three
energy conversion stage SST, the LV and the MV stages can be treated separately. This paper focuses
on the MV-AC to the MV-DC stage only based on a star-connected cascaded H-bridge converter. In
this paper, a simple control solution for such a converter enabling different current control strategies
to distribute power among the phases in an MV grid in the case of voltage imbalances is proposed.
Simulation and experimental results proved good performance and verified the validity of the
proposed control algorithm.

Keywords: solid state transformer; star connected cascaded H-bridge converter; current control; MV
grid voltage imbalance

1. Introduction

Nowadays, distributed generation systems (DGSs) and renewable energy sources
(RESs) become more and more popular because such systems allow using energy more
efficiently and smartly. However, being decentralized and with inherent variability in
energy profiles, these sources pose many challenges when integrating into the distribution
grid. Apart from the requirement that such a connection must fulfill grid code requirements,
there also is a need to minimize losses and sometimes store energy or transfer it from DGSs
to the grid. Moreover, many non-linear loads connected to the grid, such as switched-
mode power supplies, air conditioners, or fluorescent lighting, might cause disturbances
that conventional distribution medium to low AC voltage (MV/LV) transformers cannot
compensate, which may result in improper work of the whole system [1]. In order to
achieve sufficient system stability, there is a need to connect to the grid some controllable
devices, such as active power filters, static synchronous compensators, or power quality
conditioners. Nevertheless, future electrical grids (smart grid—SG) will require smart hubs
able to combine loads and smart sources (DGSs, RESs, smart homes, electric vehicles, etc.)
as well as energy storage (ES) in one smart electrical system [2,3]. Such a smart hub should
be able to control and minimize power flow and grid distortions, provide easy integration
of RESs and ESs with the electrical grid, reduce the appearance of blackout, and increase
reliability of the network [4].
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All of these problems can be solved by solid state transformers (SST), also called smart
transformers or electronic transformers: power electronics devices that are supposed to
connect MV and LV grids using high frequency transformers (HFT) [5,6]. Its role, however,
is not just to replace a conventional distribution transformer. It also provides many other
functionalities not available for conventional solutions, such as intelligent demand side
management of DGSs response, power quality conditioning, integration of RESs and ESs,
bi-directional communication, full control at two modes of operation: grid and islanded.
The SST idea was proposed by William McMurray in 1968 [7,8] but only gained significant
attention in the last few years due to its potential ability to cooperate with RESs and also
because of the development in microprocessors and semiconductors technology as well
as in power converters control methods. Modern SST is able to provide full energy flow
management. That functionality is especially useful under voltage disturbances such as
unbalance, dips, and sags, as well as with partial loading.

Many SST architectures and topologies were proposed in the literature [5,6,9,10].
Each of them enables different functionalities. However, the most promising in terms of
scalability, maintenance, and fault tolerance seems to be the three-stage power conversion
architecture, which contains a MV-AC to MV-DC conversion stage, a DC-MV to DC-LV
conversion stage (with HFT for galvanic isolation, which is required by many grid codes),
and an LV-DC to LV-AC conversion stage, as shown in Figure 1.
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Figure 1. Block scheme of the SST consisting of three stages of power conversion with HFT.

This configuration introduces a new layer of functionality and assures additional
freedom regarding its control scheme. The most prominent advantages are [4-6,9,10]:

e anintermediate DC stage allowing integration with DC grids (on both MV and LV
sides) without additional AC/DC conversion stages;

e  precise control of power flow with high dynamics and four-quadrant operation (active
and reactive power in either direction), resulting in low transmission losses;

e ability to independently compensate both reactive power and current higher harmon-
ics on either side of the SST;
very high volumetric power density (kW/dm?), resulting in reduced use of materials;
per-phase current control with possibility for the stand-alone mode of operation;
ride-through operation under various voltage disturbances with the inherent decou-
pling feature between two sides due to DC stage;
post-fault operation in case of internal or grid-related failure;
fast dynamic response and/or reconfiguration in response to events in the distribution
system due to operator-level communication layer;

e  LV-side voltage control with the ability to compensate non-linear loads.

In the case of three-conversion-stage SST, the LV and the MV stages can be treated
separately. This paper focused on the MV-AC to the MV-DC stage. Considering the MV
side, the SST’s most important functionalities are:

ability to isolate disturbances between both sides;

precise current/power control, especially in case of voltage imbalances or other distor-
tions;

adjustable power factor;

post-fault operation capability;
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e  ability to compensate higher harmonics of current.

The paper presents a simple control solution for MV-AC to MV-DC stages based
on a cascaded H-bridge (CHB) converter enabling different current control strategies to
distribute power among the phases in an MV grid in case of voltage imbalances depend-
ing on what is needed from the MV grid perspective such as constant MV grid active
power, symmetrical line currents, or the faulted phase being unloaded. Although there are
methods to control the star-connected CHB converter presented in the literature [11-15],
such current control strategies with additional input parallel output parallel dual active
bridge converters (IPOP DAB) reference current calculations were not reported. In such
scenarios, the IPOP DAB (interfacing MV-AC to MV-DC and LV-DC to LV-AC conversion
stages) works as an active load with non-equal current distribution for the SMs of the
star-connected CHB converter. This paper is organized as follows. In Section 2, the main
topologies of MV-AC to MV-DC converters suitable for SST are briefly described with the
justification of the choice of a CBH converter. In Section 3, a control algorithm used for
MV-AC to MV-DC stage is explained. Section 4 describes three control modes that can
be applied during line voltage imbalances in the MV grid. Then, Sections 5 and 6 show
simulation and experimental results. Eventually, Section 7 contains conclusions.

2. Converter Topologies for the MV-AC to MV-DC Stage of the SST

A converter that connects SST with MV grid should be realized using multilevel
topology. A high number of voltage levels brings many advantages to the system, such
as post-fault operation ability, the possibility to reduce passive elements, lower voltage
stress on single power electronics elements, lower switching frequency, and lower total
harmonics current distortion [16,17]. Although many multilevel topologies exist, two based
on the series connection of power electronics submodules (SMs) (half-H-bridges or full-H-
bridges) [18], namely modular multilevel converters (MMC) and cascaded H-bridge (CHB)
converters [19,20], are well-suited for SST’s MV-AC to MV-DC (Figure 2). Both topologies
offer low losses and scalability; the number of voltage levels can be easily extended by
adding more SMs.
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Figure 2. Modular multilevel converter and cascaded H-bridge converter topologies.
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The main topological difference is that MMC does have a common MV-DC link, while
CHB does not. The lack of this link is also the main disadvantage of the CHB converter in
SST application over the MMC, as it allows for MV-DC applications such as electric vehicle
(EV) charging stations. Thus, MMC outperforms its alternatives at high voltages utilization.

Two CHB converter configurations are possible: star or delta. The star configuration
is cheaper because of the lower number of SM cells for the same DC-link MV and semicon-
ductors voltage class values while providing almost the same efficiency at light and heavy
loads as MMC [20]. The sizeable capacitive energy storage of the MMC also affects the cost
of these units significantly. On the other hand, the delta configuration performs better at the
distorted grid [11]. Unfortunately, for both CHB configurations under unbalanced loads or
grid disturbances, the issue of energy balancing arises both in-phase and interphase. If the
DC voltages are not equal, the system may become unstable or even collapse. To solve the
interphase balancing issue in the star configuration and to balance the energy between the
converter’s arms, a zero-sequence voltage can be injected into each phase, while, in the
delta configuration, the same function is performed by adding a zero-sequence current [11].
However, the same problem arises for the MMC—voltage unbalance between SM voltages
can lead to the DC current injection into the grid [21].

Taking into account that the post-fault operation ability is one of the most important
SST functionalities from the MV grid side point of view, despite slightly lower efficiency
and the lack of a common MV-DC link, the star-connected CHB converter was chosen for
further analysis. It has fewer SM cells than MMC and delta-connected CHB converters,
which reduces the possibility of failure. Secondly, with a proper DC-MV to DC-LV converter
topology, it can achieve a higher freedom degree of a post fault operation. Especially a
three-phase topology of a dual active bridge (DAB) converter with input parallel output
parallel (IPOP) connection to the SMs—as shown in Figure 3—is most suitable [22,23].
If a failure in one SM cell occurs, or even if the whole DAB fails, the failed SM can be
bypassed. Other cells in the star-connected CHB converter must increase the output voltage
to compensate the lack of one SM cell. However, the SST can still operate, ensuring the
supply of end-user. The quality of the output voltage slightly decreases due to a lower
number of operating modules, but this disadvantage is negligible in further SST operation.
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Figure 3. MV-AC to MV-DC stage of SST based on a star-connected CHB converter with IPOP DAB.

Although there are methods to control star-connected CHB converters presented in
the literature [11-15], current control strategies for distributing power among the phases in
an MV grid in the case of voltage imbalances with additional IPOP DAB reference current
calculations were not reported. There is a possibility to apply different line current or
power control strategies depending on what is needed from the MV grid point of view,
such as constant MV grid active power, symmetrical line currents, or the faulted phase
being unloaded. In such scenarios, the IPOP DAB works as an active load with non-equal
current distribution for the SMs of the star-connected CHB converter.
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3. Control Algorithm of a Star Connected Cascaded H-Bridge Converter

For clarity, this paper considered an MV-AC to an MV-DC stage of SST based on
a star-connected CHB converter in which each leg consisted of three SMs, as shown in
Figure 4. The proposed control algorithm for MV-AC to MV-DC stage contains two main
control loops realized in the stationary frame. Its structure is shown in Figure 5.
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Figure 4. Considered MV-AC to MV-DC stage of SST based on a star-connected CHB converter.
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Figure 5. Scheme of chosen topology for ST’s MV-AC/MV-DC and MV-DC/LV-DC converters.

In each converter leg independently, an outer loop regulates the whole converter leg
DC-link voltage Upc ,, where x denotes the CHB converter’s leg. Measured SM DC-link
voltages, Upc vk, where k denotes the number of a SM cell, are filtered by a second-order
notch filter to remove the second harmonic signal. These are then summed to obtain the
whole converter leg DC-link voltage:

Upc,x = Upc,x1 + Upc,x2 + Upcxz 1)

which is then subtracted from reference leg DC voltage U, , to obtain controller input
error. The controller is proportional-integral (PI) type. ’

In each leg the inner line current i 4¢ , control loop is based on a proportional resonant
(PR) controller that is able to eliminate not only steady-state amplitude but also phase error.
To obtain a sinusoidal reference signal for the PR controller, the voltage controller output
signal is multiplied by a cosinusoidal signal that is in phase with the line AC voltage.
Synchronization with the grid is fulfilled by the frequency-locked loop based on a double
second-order generalized integrator (DSOGI-FLL) [24].

Separate converter leg DC voltages Upc , control may cause a situation where the
whole system regulation, in the case of load or MV grid imbalance or due to semiconductor
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elements nonlinearities, produces a zero sequence reference current, which, in the case of a
three-wired system, can result in instability. In such a system, phase currents are coupled,
and their sum is always zero:

iac,a+iace +iacc =0 )

That is why each leg current cannot be controlled separately [11]. Phase decoupling
is accomplished by calculating a zero sequence reference current ij, where iy are phase
reference currents 7y set by DC voltage UJ,- , control loop:

Ly —|—lB +1C

. ®

iy =

and subtracting it from phase reference currents iy to obtain current PR controllers reference
signals i .:

facy = ix —io )

Further, current PR controller input error signal is calculated by subtracting measured
line AC currents isc x from reference signals i - .. Each current output regulator signal is
divided by the converter corresponding leg DC-link voltage Upc ».

DC-link voltage balancing between the H-bridges in one leg is realized by an algorithm
implemented in the modulation scheme. It is based on checking, in each switching period,
which capacitors in a leg should be charged or discharged (depending on the current flow
direction) to maintain all DC voltages Upc k at the same level.

MV-AC to MV-DC Stage Dynamics Improvement

In order to improve the system dynamics, an active (based on the control signals)
power feedforward (PFF) from LV side to MV side is implemented. It is based on the
assumption that when neglecting losses, active power needed to be transferred from or to
an MV-AC grid can be equated to LV DC-link power. The amount of active power needed
for MV-AC/MV-DC converter P4c pv can be calculated as:

Pacmv = Y, Pacx = Ppcv = Upc,vIpc,v 5)
x=A,B,C

In the case of a star-connected CHB, it is possible to distribute the power unevenly
between the phases, which is especially useful during faults and imbalances. That means
that also PFF can be calculated separately for each MV converter leg. Single-phase active
power taken from the grid, assuming that currents and voltages are sinusoidal and in-phase
(power factor is equal one), can be calculated based on amplitudes of the MV grid line
current and voltage:

PAC,x _ IAC,x,max;lAC,x,max (6)

However, in the proposed CHB control algorithm, the controlled signals are DC
voltages and AC currents rather than powers.Thus the most convenient way to implement
PFF to the control structure is to apply it in the form of a current signal. The easiest
solution is to add it to the output DC voltage Upc,, controller signal before multiplying it
by synchronized with the MV grid sinusoidal signal. Thus, the final equation to calculate
leg PFF current can be written as:

2’Pref,x

uAC,x,mux

@)

ixPFF =

where Py, s depends on control mode. and its calculation is described in Section 4. The
whole control structure with PFF is shown in Figure 6.
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Figure 6. Scheme of chosen topology for ST’s MV-AC/MV-DC and MV-DC/LV-DC converters.

4. Power Distribution Strategies among the Phases in MV Grid

When MV grid line voltages are symmetrical, desired grid currents are symmetrical
as well. However, in case of any MV line voltage imbalance, there is a possibility to apply
some different line current or power control strategies depending on what is needed from
the MV grid point of view. During any fault, the operator may need to obtain constant
MYV grid active power, symmetrical line currents, or have the faulted phase unloaded. The
SST with proper control can provide these functionalities in opposition to conventional
distribution transformers.

There are some known strategies to control the converter currents and powers during
grid faults, such as separate control loops for currents in dq reference frame (in both positive
and negative sequences) or model-based predictive control [24]. However, most of them
are quite complicated in use. In application to star-connected CHB converter-based SSTs,
there exists an alternative approach, which retains the control of MV-AC to MV-DC stages
without any modifications. Instead, the proposed technique is based on the reference
currents for MV-DC to LV-DC IPOP DAB converters non-equal distribution depending on
the chosen control mode. That operation does not change the total SST power but changes
its flow inside the transformer, exactly between single star-connected CHB and MV-DC
to LV-DC IPOP DAB H-bridges. The block scheme with functions of each stage of the
SST’s control, emphasizing the MV-AC/MV-DC part, is shown in respect to the considered
MV-AC to MV-DC stage of the SST in Figure 7. To simplify the theoretical analysis, line
voltage distortions (such as higher harmonics) as well as the voltage distortions at the
converter’s output (caused by dead times and semiconductors’ voltage drops) are omitted,
as they affect both AC and DC power calculations.

I * MYV grid currents
iAC,MV control

9
UDC,.\-/tAVH * MYV DC voltage

Upc,my control

I

I
Ugc,x X%VVI ¢ DC voltages Upcu I
| balancing |

iA(?,x % . Refe{ence currents I

ipc,y calcutation for
| 1POPDABs |
| U —
MV-AC/MV-DC
control

Figure 7. Main functions of each stage of SST’s control.

4.1. Constant Active Power

In a constant MV grid active power mode, the same amount of active power should
be taken from each phase; thus, in case of a voltage sag in any phase, its current amplitude



Energies 2021, 14, 4607

8of 17

can rise to maintain constant power. The control algorithm is able to provide sinusoidal
grid currents i4c ., but with different amplitudes in each phase. In this mode, only low
voltage side DC power is needed for calculations of reference power for each H-bridge,
because DC power is divided equally between the MV grid phases. Reference phase active
power calculation is realized by:

Ppc,rv
Pref,x = 3 8)

In the proposed system, currents are controlled directly rather than powers, thus
following the Equation (5) reference for the current to be transferred from or to each CHB
H-bridge (depending on the power flow direction) can be calculated easily as:

Pre fx %
Upc xk

)

. _
IpCxk =

In each of the three proposed control modes, reference phase power P, . is calculated
in a different way, but reference DC current for every H-bridge is computed identically.

4.2. Symmetrical Grid Currents

In symmetrical currents mode, reference power calculation is based on the fact that in
each phase the current amplitude should be the same. Thus AC power can be calculated as a
three-phase power to obtain current amplitude. Then, using grid voltage direct component
computed as U 4c x,uax in PFE, each phase reference power can be calculated.

Grid currents amplitude which will be equal in each phase as well as three-phase
power are calculated as:

i,x = IAC,mux cost (10)
i/; = IAC,mux sinf (11)
3 . .
Pas = 5 (uaia + ugig) 12
3 .
Paf = 5 (#alacmax €05 0 + upIac max sinf) ~

However, it is necessary to use positive components of voltages in a5 reference frame

u;, ug rather than u,, u p, to obtain balanced sinusoidal currents in the grid.

2 1
I = “pag- 14
ACmax = 3P3f uy-cosf+ uzg- sin @ (14
Next, the reference phase active power is calculated:
_ IAC,max uAC,x,max (15)

P — .
ref,x \/§ \/E

and then reference DC current for every H-bridge i}, ., is computed as in Equation (9).

4.3. Constant Reactive Power Mode—Phase Unloading

Unloading the phase in which a voltage sag occurs can be called constant reactive
power mode or phase unloading mode. It would be useful when there exist strict require-
ments for managing reactive power during voltage sags in the grid. This strategy provides
MYV grid constant reactive power while keeping line currents sinusoidal. Reference phase
active power calculation is based on the squared grid voltage direct components U4c x max
to distribute the power in a way to unload the phase in which there is a voltage sag;:

2
uAC,x,mux

Pref,x = 'PDC,LV (16)

2 2 2
uAC,A,max + uAC,B,max + uAC,C,mux
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and then reference DC current for every H-bridge i}, ., is calculated as in Equation (9).

In some cases, it might be possible or necessary to totally unload the faulted phase.
In such an occurrence, unloading could be realized by dividing the needed active power
equally by the two remaining phases. However, it does not seem to be useful in practical
situations, and it was not investigated in this paper.

5. Simulation Results

A simulation model to prove the performance of the proposed control was created in
PLECS software with the algorithm written in C language. Each leg of an MV-AC to an
MV-DC stage of an SST based on a star-connected CHB converter in respect to Figure 4
consists of three SM. DC-MV to DC-LV converters were replaced (according to Equation
(9) in respect to the chosen power distribution strategy) by controlled current sources to
simplify the simulation. The simulation model is shown in Figure 8. Simulation parameters
are collected in Table 1. The semiconductor devices are modeled with ideal switches.

iy — 7
Lic,A ,

MI iAC,Bl ipcpi i Ipccr
£ & £ 8 AC’Cl &} 8| _
==) 5‘ ==) a ==)§
] R ] S | S
£ £~ £ 5| = £
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e )8 - )§
£ 53| 5 |~ 5
E@ Ipcps il)_c,gj
&) 8| & 8k £} &}
N3 1)\ 18
e e
£ £} £ 5 £ 5| =

Figure 8. Simulation model.

Table 1. Simulation model parameters.

Parameter Value
Grid inductance L=6mH
Grid resistance R =3mQO
Single H-bridge sampling frequency fs =20kHz
Carrier signal frequency fsc = 60 kHz
System nominal active power P, = 450 kW
Single H-bridge capacitance Ceei} =4 mF
Single H-bridge nominal voltage Ugecel1,n = 8100 V
Number of cells in phase n=3
Grid nominal voltage Ugyig = 15 kV line-to-line RMS

The behavior of the system is investigated in steady-state during nominal system
conditions and while changing the direction of energy flow to also check if it is possible
to transfer it in both directions—from MV grid and to MV grid. The second set of tests
cover three proposed control modes during single-phase MV line voltage phase-to-ground
voltage sag to 0.5 of nominal voltage.

Figure 9 shows simulation results for the steady-state of the system operating at
nominal parameters with the energy flow from MV grid to LV grid. It can be seen that line
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currents are sinusoidal and in phase with line voltages. DC voltages in nine H-bridges are
balanced, and their voltage fluctuation does not exceed 0.6% of the whole voltage. The MV
grid active power is constant.

x le4 U grid MV
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Figure 9. Steady-state operation at nominal power Pyc py = 450 kW. From the top: grid line
voltages u ¢ x, grid line currents i 4c , DC voltages Upc vk, grid active power Pac pmy-

In Figure 10, results for energy flow direction change are shown. Changes in active
power change from nominal 450 kW transferred from MV-AC grid to DC currents sources
to 450 kW in the opposite direction using the system without and with PFF are simulated. In
both cases, grid currents are sinusoidal, and DC voltages are balanced. After implementing
PFF (on the right), DC voltage transient is much shorter, and line currents peak transient
values and grid active power oscillation are reduced.
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Figure 10. Change in the direction of energy flow:without PFF (on the left) and with PFF (on the right). From the top: grid
line voltages u ac,y, grid line currents i oc,x, DC voltages Upc xt, grid active power Pac pmv -
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In Figure 11, single phase-to-ground voltage sag to 0.5 nominal line voltage simulation
results are shown in the case of three different proposed control modes. It can be seen that,
in all three modes, grid currents are sinusoidal and nine DC-link voltages are balanced.
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Figure 11. Steady-state operation during 50% phase-to-ground voltage sag: (a) constant active power mode of operation, (b)
symmetrical currents mode of operation, (c) faulted phase unloading mode of operation. From the top: grid line voltages
uAC,x, grid line currents i 5 , DC voltages Upc 1, grid active power Psc vy, grid reactive power Q oc mv -
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In constant active power mode, in Figure 11a, amplitude of the faulted phase current
is higher than in the other two and is in phase with the phase voltage, and because of the
fact that i, + i, +i. = 0, the other two line currents are not in phase with the voltages, thus
reactive power is not zero. The oscillations of DC voltages are in each phase the same,
which confirms that, in all three converter legs, the power is equal, and in the grid the
active power is constant. This situation would be suitable, for example, in cases when there
are many constant power devices connected to the grid.

In symmetrical currents mode, in Figure 11b, there are oscillations of grid active and
reactive powers to maintain the symmetrical currents. DC voltage oscillations in the faulted
leg are larger than in the other two legs. This mode would be useful in cases when there
are many constant current devices connected to the grid.

In phase unloading mode, in Figure 11c, it can be seen that grid reactive power is zero.
DC voltage oscillations in a faulted leg are smaller than in the other two legs, which results
from less power in the faulted leg. This situation would be suitable in cases when the grid
operator needs to support the grid after a fault to fulfill the grid code.

6. Experimental Verification

View of the designed single SM (consisting of two H-bridge modules, one for a CHB
converter and the second for an IPOP DAB) of a AC-MV to a DC-LV converter is presented
in Figure 12b. The SM is based on a modular structure in which each leg is a separated
power electronics building block, as shown in Figure 12a. The power circuit is built on
CREE C3M0065090] SiC transistors. In order to provide gate signals, ACPL-352] intelligent
gate drive optocouplers are used. Each leg of the MV-AC to the MV-DC stage of SST based
on a star-connected CHB converter in respect to Figures 4 and 8 consist of three such a SMs.
The simplified experimental model is shown in Figure 13. Experimental setup parameters
are shown in Table 2.

b) microprocessor ~ ADC ocnverters

re

fiber optics
measurement

—~ /

b heatsink
\ fan driver

~

drivers

|
|
|
|
|
|
|
T
|
|
|
|
I
|

DC-link

Figure 12. Experimental setup: (a) view of designed power and driver boards of a single SM of a CHB converter, (b) view
of designed single SM of a AC-MV to DC-MV converter with H-bridge of an IPOP DAB.
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Figure 13. Simplified experimental model.
Table 2. Experimental setup parameters.
Converter Parameters
Parameter Value
Grid inductance L=2mH
Control sampling frequency fs =10kHz
Single H-bridge switching frequency fse =100 kHz
System nominal active power P, =10 kW
Single H-bridge capacitance Ceeyt = 1 mF
Single H-bridge nominal voltage Uk = 100/3V
Number of cells in phase n=3
Grid nominal voltage Ugyig = 50v/3 Viine-to-lines RMS
Load Parameters
Parameter Value
Equal load Ry =350
Unequal load Rap =700

Rap — Re3 =350

Taking into account that a star connected CHB converter consists of nine SMs, each
using its own microprocessor to provide measurements and generate PWM signals, a dis-
tributed control system ensuring real-time communication among all SST blocks (including
IPOP DAB LV side converters as well as DC-LV to AC-LV grid side converters) is needed.
From available industrial distributed control systems, the EtherCAT was most suitable.
The design of EtherCAT communication structure for the entire SST system is shown in
Figure 14, where the central control unit as well as MV-AC to LV-DC and LV-DC to LV-AC
control units are the Beckhoff C6015 Industrial PCs. These computers are connected via
ethernet with converters control units based on Texas Instruments TMS320F28379D micro-
controller and Beckhoff ET1100 EtherCAT slave unit. One core of each TMS320F28379D
microcontroller is responsible for communication via ET1100 EtherCAT slave unit with
other TMS320F28379D microcontrollers and the Beckhoff C6015 control units, while the
second core is responsible for measurements and PWM signals generation. For the pur-
poses of this paper, only the MV-AC to the LV-DC control unit without IPOP DAB LV side
converters was used. In this configuration, the control algorithm described in Sections 3
and 4 was implemented in MV-AC to LV-DC Beckhoff C6015 control units. The Beckhoff
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C6015 control unit collects the measured values of currents and voltages of individual
converters and, after performing the calculations, sends the set value of the PWM signal to
each TMS320F28379D microcontroller. Taking into account that the switching frequency
for a single H-Bridge was 100 kHz, the sampling frequency had to be lowered because of
the limit for the communication period (when TwinCAT software was used) being 50 ps.
In this case, the control sampling frequency was set to 10 kHz.

Beckhoff C6015Ultra compact Central control unit
Industrial PC (TWinCAT

TMS320F28379D (TI) MV-AC to LV-DC it LV-DC to LV-AC
+ ET1100 Beckhoff control unit control unit

Figure 14. Design of EtherCAT communication structure for whole smart transformer.

As the DC-link voltage balancing between the H-bridges in one leg was realized
by an algorithm implemented in a modulation scheme in the Beckhoff C6015 control
unit, and the DC-link voltage values between modules were refreshed every 10 switching
periods, a modification of a PWM signal calculation was required to generate given out-
put voltage. The DC voltages Upc 4 changed (depending on the current flow direction)
between each switching period, and if the same duty cycle was applied in all 10 switch-
ing periods, the output voltage was generated with increasing error. To eliminate that
in each TMS320F28379D microcontroller, the duty cycle was recalculated in relation to
instantaneous voltages Upc -

Figure 15 shows experimental results for steady-states of the system operating under
symmetrical and unbalanced grid voltages (single phase-to-ground voltage sag to 0.5 nom-
inal line voltage) as well as equal and non-equal SM loads (load for a one SM is two times
smaller than for the others).

The proposed control algorithm is based on the assumption that it is possible to control
the load currents of each submodule. In the simulation, the DC-MV to the DC-LV converters
were substituted by controlled current sources to simplify the simulation. However, in
experiment, it would be necessary to use either the power electronics converters in the
IPOD DAB configuration or the aforementioned controlled current sources to unify the
conditions between simulation and experiment. Taking into account that the operation of
the proposed control algorithm was verified using a passive load, the phase unloading
mode was not possible to present. Load parameters are shown in Table 2. In case of
symmetrical grid voltages as well as equal SM loads, the converter operates as it does in
constant current mode. It can be seen that grid currents are sinusoidal and balanced with
nine DC-link voltages. In the case of unbalanced grid voltages as well as non-equal SM
loads, the converter operates as it does in constant active power mode; the amplitude of
the faulted phase current is higher than in the other two and is in phase with the phase
voltage. Despite the lack of unified conditions between simulation and experiment, the
presented results prove the validity of the proposed control algorithm.
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Figure 15. Steady-state operation under: (a,b) symmetrical grid voltages, (c,d) unbalanced grid voltages, (a,c) equal SM
loads, (b,d) non equal SM loads. From the top: grid line voltages 1 4c x, grid line currents i 4c , DC voltages Upc -

7. Conclusions

In this paper, a new method to distribute power among the phases in the MV grid in
the case of voltage imbalances with additional IPOP DAB reference current calculations
was proposed for use in a solid-state transformer. Suitable MV-AC to MV-DC converter
topology (star-connected CHB) and its control algorithm were described. Their behavior
was verified in simulation and experimental studies. The results showed that, during
both balanced and unbalanced conditions in the MV grid, the proposed method is able to
provide different control modes that can be useful while connecting the SST to the MV grid,
such as constant active power, symmetrical line currents, and faulted phase unloading.
Each of these modes can be useful for the grid operator depending on the chosen priorities.
The constant active power mode would be suitable in cases when there are many constant
power devices connected to the grid. The symmetrical currents mode would be useful
in cases when there are many constant current devices connected to the grid. Finally, the
phase unloading mode would be suitable in cases when the grid operator needs to support
the grid after a fault to fulfill the grid code.
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Furthermore, the method is under ongoing development, which can be split into three
directions. First, in terms of scalability, the control algorithm can be improved in order
to cover MV-AC to MV-DC stages consisting of an arbitrary number of SM per phase.
Another extension of the method includes SM fault handling and post-fault operation. It
requires anticipating and designing suitable scenarios as well as implementing a separate
procedure for converter reconfiguration and derating. Finally, from the perspective of a
grid operator, it is also important to take into account line voltage distortions (such as
higher harmonics) as well as the converter’s output voltage distortions (caused by dead
times and semiconductors’ voltage drops) that affect both AC and DC power calculations.
Thus, a proper power calculation as well as reference DC current calculations for every
H-Bridge must be incorporated into every power distribution scheme.
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