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Abstract-- The solid-state transformer (SST) is being presented
as a technology that enables the construction of new power systems
due to its many advantages. These benefits include reduced weight
and volume compared to traditional transformers, power factor
compensation, accurate output voltage regulation, harmonic
mitigation, short-circuit current limitation, and voltage dip
immunity, under certain conditions. Unlike other studies that only
demonstrated the effectiveness of Model Predictive Control
(MPC) in individual parts of the SST, this study shows the control
of an entire SST using the MPC strategy. The performance of the
SST during power system transients is evaluated to showcase the
features of the SST by predictive control.

Keywords: DAB Converter, Finite Set — MPC, Inverter, Model
Predictive Control —- MPC, Multi-Level Converter, Rectifier, Solid
State Transformer - SST.

. INTRODUCTION

HE emergence of renewable sources and new loads such as

electric vehicles is changing the paradigm of the
distribution grid. This new scenario, known as the smart grid,
demands precise power control, incorporation of energy storage
systems, easy integration of new sources, and quick response to
transients. To meet these requirements, traditional transformers
are becoming obsolete, and power electronics-based equipment
is replacing them [1].

The solid-state transformer (SST) is a technology that
enables the construction of new power systems. Some
advantages of SST are reduced weight and volume compared to
traditional transformers, power factor compensation, precise
output voltage regulation, harmonic mitigation, short-circuit
current limitation, and voltage dip immunity under certain
limitations. However, SST has disadvantages related to its cost,
reliability, and efficiency [2] [3].

All these benefits are found in the literature, and the
benchmark topology for the SST is the modular multilevel
topology based on input series and output parallel (ISOP)
configuration, as it shares the voltage in series connection and
current in parallel connection [4][5][6].

Moreover, many studies demonstrate the effective
performance of Model Predictive Control (MPC) in each part
of the SST: AC-DC [7][8], DC-DC [9], and DC-AC stages
[10][11]. However, the control of an entire SST employing only
the MPC strategy has not yet been demonstrated, presenting the
interactions among all the SST stages. Furthermore, this study
shows the decoupling between the control stages, showing that
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the MPC computational burden is not directly related to the SST
size. The SST performance is evaluated during both steady and
transient regimes. This study is organized as follows: Section 11
presents the SST mathematical model using the MPC approach,
Section 111 demonstrates the proposed control strategy, Section
1V shows the real-time simulation results, and Section V has the
final considerations.

Il. MPC-SST

In this section, the converter models employed in all the
SSTs are presented. Fig. 1 shows the three-stage SST topology
with M modules adopted in this study.
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Fig. 1.

Topology SST used in this work.

A. AC-DC stage model with delay compensation

Fig. 2 shows the AC-DC stage, or rectifier stage, used in this
study. The rectifier consists of a full-bridge series configuration
that enables the SST to connect directly to the medium-voltage
grid (vyyac)- By interlocking the switches on the same module
leg, a total of 2> different states can be achieved, where M
represents the number of modules in the SST [12].
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Fig. 2. Topology stage AC/DC used in SST: Full bridge series connected.
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Equation (1) is derived by applying Kirchhoff’s Law to the
AC side of the rectifier. In this Equation, [, represents the
inductance of the rectifier’s L filter, and r,, represents the
electrical losses in the inductor.

. T
Umvac = Tuvir + luy ar + vy 1)

On the DC side of the rectifier, the voltage balance in each
capacitor is directly related to its current flow. Thus, when
Vuvoer = * = Vuvoem = Vuvoe » the dynamic Equation of
Vuvoem C€an be obtained using (2).

AVyvpe
. tvem _ @

= lrmvm — [MVm
Where C,q = -+ = C,,, = C, represent the capacitances of
each cell, and I.pyy, and Iy, denote the input and output
currents of the capacitor for each cell.
The predictive model is obtained by applying Euler
discretization to the expressions in (1) and (2), resulting in (3)
and (4), respectively.

Ts .
Lrk+1) =i.(k)+ [ WF — ruy iy (k) — vyyac (k) (3)

T.
Vmvpem (k + 1) = Vyypem (K) + C >
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(S ir (k) = Iyyym (KD} (4)

Where v and SK represent the output voltage and
rectifier module switch states at present values; T istime step;
k and (k + 1) represent the measured and predicted values of
the variables at time k and (k + 1), respectively.

A voltage will be synthesized at time (k + 1) based on the
switching state defined at time k. During the time interval
between k and (k + 1), calculations will be performed to
estimate the voltages for the next cycle, which will occur at time
(k + 2). To predict the voltages at time (k + 2), the voltage at
time (k+1) is calculated, which is «called delay
compensation. This is when the new switch state will be
decided. Thus, all possible voltages that can be synthesized at
time (k + 2) are based on the calculated voltage at time (k +
1). Similarly, the current at time (k + 2) is calculated. The
predictive model is described in (5) and (6).

iNk+2)=i(k+1)+ ZIY;_SV WY = ryyir (k) — vyyac(k)) (5)

Vatvoem (k + 2) = Viypem (k + 1)

T
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Where i¥(k + 2) are the N predicted input current, vY
are the N output voltage possibilities, Viypcm(k +2) are
the N output voltage possibilities, Sp¥ represents the Mth
rectifier module switches states.

B. DC-DC stage model with delay compensation
Fig. 3 shows the DC-DC stage topology used in the SST.

This stage is composed of several power modules that are
connected in parallel on the LVDC grid side and by isolated

sources on the MVDC grid side. Each module is an isolated
Dual Active Bridge (DAB) converter. The active power
transmitted by each module B,, is calculated using (7) [13].
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Bn = Vivpe “ lopm = (7)

Where m represents the m‘" DAB converter, V,, and
Iopm are the average values of the input voltage and output
current of the m'" DAB converter, V,,pc is the LVDC
voltage, L, is the power transfer inductance, n is the
transformer ratio, f;, = 1/T, is the switching frequency, and
&, 1s the phase-shift of the primary and secondary square-
wave voltages of the m!"* DAB converter.

Voltage control — DAB Converter Master
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Fig. 3. DC-DC stage topology used in SST: DAB connected isolated sources
on the MVDC grid side and in parallel on the LVDC grid side.

The direction of power flow is determined by the phase shift
signal &,,, where a positive value indicates power transfer from
MVDC to LVDC, otherwise indicates the reverse flow [13].

The average value of capacitor output voltage is determined
by the relationship between the currents of each capacitor, as
described in (8).

a(V,
Om% = (IOm)TS - (IODm>TS (8)

Where Iypm, iom, and Cy,, represent the input capacitor
current, measured load current, and output capacitance of the
m'" DAB converter, respectively.

The first converter, m = 1, is the master and controls the
voltage on the LVDC bus. The output voltage prediction is
defined by using the Euler method to discretize (8), resulting in

).

I(l)cm — Iy (k)
Cor * fsw

Where iy, (k) and V,,pc(k) are measured at time k, and
1X,, is synthesized current at the output of the converter at time
k, derived from (7).

Delay compensation is performed similarly to that used in
rectifiers. The N possible output voltages at time (k + 2) are
obtained from N output current possibilities 10}, as shown in
(10).

Vivpc(k +1) = Viypc (k) + 9)



Iop1 — ig1 (k)
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Vipe(k +2) = Vippe(k + 1) +

The parallel connection of the DAB converters ensures that
the voltages on the LVDC grid side are equal. Thus, to
guarantee that all converters transmit the same power, it is
necessary to ensure that their output currents are also equal, as
shown in (11).

11)

Iy = Ipz = =Iom

C. DC-AC stage model with delay compensation

Fig. 4 shows a Voltage Source Inverter (VSI) with a LC
filter.
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Fig. 4. Typical topology of an LC-filtered standalone VSI.

The VSI three-phase voltages can be represented by the af
stationary frame by applying the Clarke transform. Thus, the
capacitor voltage Vg, inductor current Iyg, inverter voltage
Vg, and load current Ipqg are:

Veag = Vea +J-Vep = T3z " [Vean + Vepn + Veenl”

Liap = ira +j-ig = Tayz lig + iy +ircl”

(12)
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The dynamic model of a second-order LC filter in
continuous-time is presented in (14).

dVeqg 1
at ¢ (Tag — Toap )
(14)
dlgg 1
T E (Vg — Veap )

Where Ly and C; are filter inductance and capacitance.

The dynamics in Equation (14) indicates that the system
state variables Iz and Vceg exhibit a cross-coupling effect.
The LC filter discrete predictive model that considers the cross-

coupling is presented in [14] and expressed in (15).
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Where the coefficient matrices are calculated by

Ts
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Where T; is the sampling time, Ipqg(k+1) and Veg(k +
1) describe the current and voltage delay compensation at
present values. V,p(k) represents the measured capacitor
voltage, I,45(k) the measured inductor current, Iyqp(k) the
measured output current, and V,z the synthesized voltage at
present values.

Delay compensation is similar to that used in rectifiers. The
predicted capacitor voltage V’g’aﬁ(k+2) is based on the
(k + 1" predicted values in (15), as shown in (17).

Vohp(k +2) = ®pp - Igg(k + 1) + @y - Vegg(k + 1)
7
+o 'Vgp + T - Toeg(k + 1)

Where Vi represents the N output voltage possibilities
from switches states. If dynamics of load current are slow, then
Ipag(k + 1) = Iggg (k).

I1l. PROPOSED MPC CONTROL

The serial and parallel connection of full bridges has been a
strategy found in the literature to allow converters to operate at
high voltages and powers. When multiple converters operate
concurrently in an MPC application, many switching states are
generated, which can cause computational burden. Therefore,
in this study, each converter has independent control, divided
as follows: rectifier control, DAB control, and inverter control.

A. Rectifier Control

The rectifier stage of the SST is typically connected to
medium or high voltage. To connect medium voltage
converters, the most common solution found in the literature is
to connect converters in series. As the voltage increases, more
converters need to be connected in series, resulting in a larger
number of possible combinations of switch states.

To minimize the computational burden caused by many
converters connected in series, several studies were conducted
on sectorization of the multilevel converter. This strategy
consists in dividing the converter into smaller parts, which
significantly reduces the number of possibilities that the control
must evaluate [15][16].

In this study, two converters connected in series allowed the
rectifier to operate at the MVAC bus voltage. The Finite Set
Model Predictive Control (FS-MPC) was used, which applies



one optimal switching state found by minimizing a
performance-dependent cost function and uses a discrete model
to anticipate future system states [17].

This control aims to ensure a constant MVVDC bus voltage
and help regulate the public grid voltage (MVAC bus) by
injecting or consuming reactive power.

The first step is to define the current that the rectifier needs
to synthesize. The current was calculated using the pqg theory
[18]. To calculate the direct axis component i}, and quadrature
component iz of the current that the converter needs to
synthesize, the values of the direct and quadrature voltage
components v, and wvg, desired active power P, and desired
reactive power Q* are required.

The reactive power control helps regulate the voltage of the
public grid by comparing the desired voltage |vyy,4c| With the
measured voltage value. The direct and quadrature voltage
positive sequence components v, and vg of vy, are
dynamically extracted from the grid voltage using a Second
Order Generalized Integrator (SOGI) with a Frequency Locked
Loop (FLL). Due to the single-phase nature of the circuit, the
vg component is fictitious and is obtained by a quarter-cycle
delay of the v, voltage signal [19]. In this case, v, = Vyyac-
After the direct axis and quadrature components are measured
voltage, they are used to calculate the magnitude of |va[;|

using (18).
|vaﬁ| = ’VOZ, + vg

The error between [vjyac| and |vgg| values goes into a
PI controller to generate the required amount of reactive power
Q™ to adjust the voltage on the MVVAC bus.

The MVDC voltage control is performed by comparing the
measured values of Vyypc: and Vyypce With the desired
value Vyypc. The error between these values is used as the
input to the PI controller. The total active power P* required
from the rectifier to regulate each DC-link voltage is
determined from the Pl output signals. Fig. 5 shows the
reference signals of the main control loop. Since the ig
component is fictitious, iy = iy .

The optimal switching state is determined by minimizing the
cost function, which involves comparing the desired values
with the 16 predicted values from the MPC. The cost function
is defined by (19).

(18)

Gr =w, - (iy — i )2 + Wae - Wawper — Vilvper )* +
Wae * Vavpez — Vivpez ) + (19)

Wy (VI\I/},VD61 - anztvvpcz )?

Where w, =1, wy. =1, and w, =2 are the weights
assigned to the input current, output voltage, and DC-link
balance voltages.
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Fig. 5. Reference signals main loop control.

Fig. 6 shows an overview of the predictive control model and
power circuit of the rectifier.
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Fig. 6. MPC Rectifier control overview.

B. DAB Control

In this study, the DAB converter will be powered by the
rectifier. Thus, the main goal of the control system is to control
the LVDC voltage supplying various types of loads.

The adopted strategy is based on the master-slave concept,
where one converter regulates the voltage on the LVDC bus,
while the other converters inject current using the criteria
presented in (11). This study employs six DAB converters (two
per phase). Each DAB converter is controlled separately, thus
each one has its own control system.

The voltage on the LVDC bus is controlled by the first
converter (m = 1) using Model Predictive Control. This
method involves selecting three angles based on the last angle
used in control [20] [21], as shown in Equation (20).

Oset = [(6old - 6Step); So1d s (60111 + 6step)] (20)

Where §,,4 is the phase shift applied at the previous
instant, and &, is dynamically evaluated according to (21)
to increase or decrease the transferred power.

5step = Omin* (1 +ta- Vadp) (21)
Where,
T {lVL*VDC — Vel if Wivpe = Vivpel < Vr (22)
adp Vr; if Vivpe — Vivpel > Vr

Where V,pc is the desired output voltage of the DAB
converter, a is a gain, &,,;, is the lowest phase shift angle,
and Vr is the maximum value for V,g,.

The three possible values of &, are used to calculate the
output voltage. According to the cost function (23), the one that
presents the smallest error compared to the reference value is
chosen [20] [21].



. 2
Gpagy = Q1 (VLVDC — Vivpc(k + 2)) +
(23)

a - (I(I)VDC1(k +1) - 101(k))2

Where «, and «a, are gains adjusted according to the
method presented in [22], and their valuesare a; =1and a, =
1.

Fig. 7 shows an overview of the predictive control model for
the output voltage and power circuit of the DAB, where §,,,
represents the optimal phase shift. The DAB converter switches
are triggered by the SPS Control block, which is based on the
phase shift delivered by the cost function.
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Fig. 7. DAB Converter Control (m=1): Voltage control overview.

The converters m = 2,3, ...,6 are controlled to ensure that
all six DAB converters transfer the same amount of power. The
current of converter m =1, which controls the LVDC’s
voltage, is used as the reference current. The error between this
current and the output current of the m®* converter is fed into
the PI controller to generate a reference power Py, ;. Similar to
the voltage controller, this control method uses three phase-
shifts (20) to predict the three possible power outputs PN for
the next cycle. The cost function (24) defines the optimal phase-
shift to balance the currents between the converters.

2
Gpagi = @1 - (Pr*ef — Ppapy(k + 1)) +
(24)
2
a - (PDAB](k +1) - PDAB](k))

Fig. 8 shows an overview of the predictive control model
output current and power circuit of the DAB.
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Fig. 8. DAB Converter Control (m=2, 3, ... ,6): Current control overview.

C. Inverter Control

The FCS-MPC technique was used in VSI control in many
studies due to its simple implementation and online
optimization [23][24].

This control method aims to generate three-phase voltages at
the LVAC bus. Thus, the voltage in the output capacitor must
follow the reference three-phase voltages vy 4. The delay in
reference tracking in predictive control schemes [25] affects the
control system.

One way to reduce reference tracking delay in predictive
control schemes is to apply extrapolation methods. For
sinusoidal references and large sampling times, LaGrange
extrapolation can generate future references using only present

and past values of the current reference [25]. Equation (25)
shows how to calculate the reference in the stationary af
frame Veg(k +2).

(25)
3 Vig(k —2)

The cost function is presented in (26), and its value is
calculated based on the squared difference between the
reference value and predicted values. The switching set that
results in the lowest value of the cost function will be selected.

G = (V;;,,(k +2) = Vgl + 2))2 (26)

Fig. 9 shows an overview of the predictive control model
used in LC-filter VSI.
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Fig. 9. MPC VSI control overview.
IV. RESULTS

The results were obtained by real-time simulation in OPAL
OP5700 (RCP/HIL Virtex7 FPGA-based Real-Time Simulator)
using the three-phase SST topology (Fig. 1). Each module was
controlled by its respective Model Predictive Control, which
was previously presented. Table 1 presents the most important
parameters used in simulation.

TABLE |
MAIN PARAMETERS
Parameter Symbol Value
MVAC rated Voltage Vmvac 2200V
MVDC rated Voltage Vuvoe 1000V
LVDC rated Voltage Vivbe 500V
LVAC rated Voltage Vivac 220V
Grid frequency f S50Hz
Sample Time T, 50us
Switching Frequency fow 20kHz
SST rated Power P 300kW
. Ly 15mH
RL Filter (AC-DC) Ty 1oma
Capacitor (AC-DC) C, 40mF
Inductor (DC-DC) Lyia.. 6 31.25uH
Capacitor (DC-DC) Co12,.6 15.6mF
_ Ly 500uH
LC Filter (DC-AC)
Cr 670uF

Seven scenarios were analyzed to demonstrate the SST’s
ability to reject grid disturbances. In the first scenario, a linear



load with a power factor of 0.8 (inductive) was connected to the
LVAC grid. Fig. 10(a) shows the results indicating that the
power factor at the MVAC is unity and that the SST can
effectively act as a reactive compensator for the LVAC side. In
the second scenario, a nonlinear load was connected to the
LVAC grid. Fig. 10(b) shows that, regardless of the non-
sinusoidal LVAC current, the current in the MVAC grid
remained sinusoidal. The SST acted as a harmonic compensator
for the MVAC side.

In the third scenario, renewable energy sources are
integrated into the LVDC grid, and a 60 kW power step is
injected into the DC grid. Fig. 11(a) shows the behavior of the
SST in this scenario, in which the voltage in the MVDC bus
experiences a brief transient of approximately 150 ms. In the
fourth scenario, the effect of a power step ranging from 0 kW
to 40 kW is evaluated, simulating, for example, an electric
vehicle fast charging station. Fig. 11(b) shows the behavior of
the SST in this scenario. The transient is determined after
100 ms in the MVDC bus. In both experiments, there are no
changes on the LV side.

Fig. 12(a) and Fig. 12(b) show the response of the SST when
a three-phase and single-phase fault, respectively, causes a
voltage drop of 0.7 pu on the MVAC grid for 300 ms. In
these two scenarios, the voltage drops results in an increase in
MVAC current. However, in both cases, the issue in the MVAC
bus does not affect the LV side.
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£ MVAC MVAC
o Va[pu] 1 Valpul
E la[pu] la[pu]
g &
2 0 0
5%
L7
F
£ 4 1
2
. 0.1 0.2 0.3 0.4 0.1 0.2 0.3 04
MVDC MVDC
g 1.05 1.05
b Voltage [pu] Voltage [pu]
2
E 1 M 1 Wwvw
@]
%
0.95 0.95
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
LVDC LVDC
5 11 1.1
*E Voltage [pu] Voltage [pu]
&
Q
A
=
—
0.9 0.9
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
= LVAC LVAC
‘? 1 Valpu] 1 Valpu]
8 la[pu] la[pu]
N
5 0 0
<l
L7
&
i !
s 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
Time (s) Time (s)
(@) (b
Fig. 11. The SST rejection of grid disturbances. (a) A renewable power

injection on the LVVDC side. (b) The power step change in an EV fast-charging
station on the LVDC side.

MVAC

Voltage and Current (pu)
(=]

038 04

0.42 044 0.46
MVDC
ELOS 1.05
o Voltage [pu] Voltage [pu]
g
2 1 ] )
(o]
g
0.95 0.95
0.2 0.4 0.6 0.38 04 042 044 046
LVDC LvVDC
’é: 1.1 1.1
7 Voltage [pu] Voltage [pu]
&
(o]
a
=
A
0.9 0.9
0.2 0.4 0.6 0.38 04 042 044 046

LVAC

LVAC
Voltage and Current (pu)
(=]

0.38 04 042 044 046

Time (s)

(b)

Fig. 12. The SST rejection of grid disturbances. (a) The voltage sag following
a three-phase fault in the MVVAC grid. (d) The voltage sag following a single-
phase fault in the MVVAC grid.




Finally, the last experiment aims to demonstrate the SST’s
ability to assist in regulating the voltage on the MVVAC bus by
injecting or consuming reactive power. Fig. 13 shows a scenario
in which the voltage on the MVAC bus decreases and then
increases due to factors such as instabilities in the generation
system or high impedances in the power distribution line. Fig.
13(a) shows the behavior of the MVAC bus without reactive
power control, while Fig. 13(b) shows the behavior with
reactive power control. In this scenario, the voltage on the
MVAC bus remains constant, unlike what is shown in Fig.
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Fig. 13. Assistance in adjusting the MVAC grid (a) without compensation (b)
with compensation.

V. CONCLUSIONS

This study demonstrates the effectiveness of using model
predictive control (MPC) to control a complete three-stage SST
structure in a modular way, demonstrating that the
computational effort, in this case, is not related to the size of the
SST. Real-time simulation results showcase its features,
including reactive power compensation and grid disturbance
rejection. The bidirectionality of the SST is also demonstrated
by the application of renewable energy sources to the LVDC
bus. Moreover, grid disturbance rejection is analyzed by the
single-phase and three-phase voltage sag of 0.7 pu on the
MVAC side, showing that the LVDC and LVAC buses
continue to function perfectly.
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