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ABSTRACT As the core equipment of smart grid, solid-state transformer (SST) needs to have good power
quality regulation capability under grid side faults and load side faults. To ensure that the high-voltage
side converter works at unity power factor and smooth DC voltage. At the same time, the three-phase
output voltages need to have high steady-state accuracy and strong anti-interference capability. In this paper,
an improvedmodel predictive control schemewas proposed. First, a theoretical modeling analysis of the high
and low voltage side of a solid-state transformer was performed. Then, power and voltage prediction models
are developed for the high-voltage side converter and low-voltage side converter of the SST, respectively.
Three voltage vectors are selected for prediction by the cost function, and the equivalent voltage vector in
the two-phase stationary coordinate system is synthesized and modulated to control the converter. Finally,
simulation was conducted to compare and analyze various operating conditions of SST under different
control schemes. The control effect of solid-state transformer under improved model predictive control is
better than traditional finite control set model predictive control and proportional integral control, which can
better regulate power quality.

INDEX TERMS Solid-state transformer, model predictive control, three-vector, two-phase stationary
coordinate system.

I. INTRODUCTION
Solid state transformer (SST), as a new type of intelligent
power conversion equipment, is the core of microgrid control.
The flexible control and easy expansion characteristics of
SST allow it to be used as the basic control unit of microgrid
to realize energy management and plug-and-play [1], [2], [3].

SST can be divided into two categories by topology: with
DC bus and without DC bus. The control of the converter
with the high and low voltage sides of the DC link SST is
more flexible. Compared with the non-DC bus SST, the SST
with DC bus has the following advantages:1) it can achieve
unity power factor operation; 2) it can realize bidirectional
energy flow [4]; and 3) it have a certain suppression of voltage
and current harmonics. Considering the limitation of the rated
voltage of the equipment, the SST in the medium and high
voltage fields mostly adopt the modular cascade topology or
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multilevel converters [5], [6]. The modular cascade topology
in [6] has the limitation of voltage and power imbalance
between modules, which can be controlled by the voltage
and power equalization strategy, but it will greatly increase
the complexity of the control system. Silicon Carbide (SiC)-
based power electronics proposed in [7], [8], and [9] make
the topology of high-voltage, large-capacity SST simpler.

The SST comprises a voltage-source rectifier, an isolated
DC/DC converter and a voltage-source inverter. Among them,
the DC/DC converter allows bidirectional transmission of
electric energy and adopts a phase-shift control strategy [10].
The conventional control method of rectifiers and inverters
is voltage-oriented control strategy [11], [12]. ln this case,
the decoupled dq axis components are controlled by the
proportional integral (PI) controllers, which provide zero
steady-state error. Nonetheless, the PI controllers suffer from
integral saturation and difficult parameter adjustment, raising
the complexity of the design [13]. Model predictive control,
on the other hand, is characterized by easy consideration
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of nonlinearities and constraints, fast response, etc [14].
Among them, finite control set model predictive control
(FCS-MPC) considers the finiteness of control input values
generated by power valve switching actions in power elec-
tronics. It transforms the control problem into an optimization
problem by building a system cost function. This control
method is widely used, such as magnet synchronous motor
drives [15], HVDC transmission [16], and converters con-
trol [17], [18]. In [19], model predictive control is used for
AC/AC type matrix SST using a virtual DC loop. In [20],
the multi-objective model predictive control of multi-level
three-phase cascade SST is studied, which has reference
significance for the model predictive control of AC/DC/AC
type SST.

FCS-MPC selects the voltage vector that minimizes the
cost function as the optimal voltage vector. However, since
the selectable voltage vectors are limited to eight, the direc-
tion and amplitude of the voltage vectors from the con-
verter are fixed. The algorithm has high current pulsation
and variable switching frequency, which will make the fil-
ter design more difficult and result in poor system perfor-
mance [21], [22], [23]. In addition, in order to maintain a
good control effect, the system needs a higher sampling fre-
quency. In [24], and [25], combined with optimal voltage vec-
tor selection and modulation, single-vector and dual-vector
model predictive control for grid-connected converters were
proposed, respectively. Among them, dual vector predictive
control applies non-zero vector and zero vector in each con-
trol cycle. However, these two kinds of control cannot theo-
retically eliminate the steady-state error, thereby improving
the control accuracy [26].

The Three-Vector Model Predictive Control (TV-MPC)
proposed in this paper uses the grid side power and
the output-side voltage as the predictive model for the
high-voltage side converter and low-voltage side converter,
respectively. The two active-vectors that make the cost func-
tion the smallest and the second-smallest respectively are
found and their corresponding action times are calculated.
Finally, the two active vectors and the zero vector and their
corresponding times are synthesized to obtain the switching
state. The TV-MPC control uses three vectors in one control
cycle, and considers the combination of various switching
states. Compared with FCS-MPC, it can suppress harmonics
and disturbances more effectively. It reduces the switching
frequency and keeps it fixed. The effectiveness of the pro-
posed strategy is verified under five conditions: steady-state
operation, grid side voltages unbalance, grid side voltages
contain harmonics, three-phase short circuit on the load side,
and loads suddenly change.

II. MATHEMATICAL MODEL OF SST
A. RECTIFIER STAGE
The topology structure and control block diagram of SST are
shown in Fig. 1, where Rs is the source grid resistance, Ls
is the source grid inductance, Udc1 is the HVDC bus voltage,

Udc2 is the LVDC bus voltage, C1 is the HVDC bus capacitor,
C2 is the LVDC bus capacitor. The LC filter with resistance
Rf , inductance Lf and capacitance Cf is located at the output
side of SST. Similarly, If is the filter currents,Uo is the output
voltages, Io is the output currents, and Zload is the three-phase
loads.

According to the KCL and KVL, the mathematical model
of the SST rectifier stage can be obtained:

Ls
dIg
dt

+ RsIg = Ug − U in (1)

where Ug =
[
Uga Ugb Ugc

]T is the vector of grid side volt-
ages, Ig =

[
Iga Igb Igc

]T is the vector of grid side currents,
U in =

[
Uina Uinb Uinc

]T is the vector of the high-voltage side
converter input voltage.

The model is established in the three-phase stationary
frame. In order to simplify the design of the control system,
coordinate transformation is used to convert the systemmodel
in the three-phase stationary reference frame to the d-q refer-
ence frame. After the transformation, themathematical model
of the rectifier stage can be expressed as:{

Ls
dIgd
dt = −RsIgd + ωLsIgq + Ugd − Uind

Ls
dIgq
dt = −RsIgq − ωLsIgd + Ugq − Uinq

(2)

where Ugd , Ugq and Igd , Igq and Uind , Uinq are the com-
ponents of Ug, Ig and U in under the d-q reference frame
respectively.

According to the the Euler Forward method in (3):

dI
dt

=
I (k + 1) − I (k)

Ts
(3)

the predicted value of grid side currents at the (k + 1)th time
can be obtained by transforming (3) as shown in (4).

Igd (k + 1) = (1 −
TsRs
Ls

)Igd (k)

+
Ts
Ls
(Ugd (k) − Uind (k) + ωLsIgq(k))

Igq(k + 1) = (1 −
TsRs
Ls

)Igq(k)

+
Ts
Ls
(Ugq(k) − Uinq(k) − ωLsIgd (k))

(4)

Since the sampling period Ts is much smaller than the
period of the grid side voltage, it is considered that the grid
side voltages are the same in the two adjacent sampling
periods, which can be expressed as:{

Ugd (k + 1) = Ugd (k)
Ugq(k + 1) = Ugq(k)

(5)

According to the instantaneous power theory, we can get:
p(k + 1) =

3
2 (Ugd (k + 1)Igd (k + 1)

+Ugq(k + 1)Igq(k + 1))
q(k + 1) =

3
2 (Ugq(k + 1)Igd (k + 1)

−Ugd (k + 1)Igq(k + 1))

(6)

where p(k+1) and q(k+1) are the predicted value of the grid
side power at the (k + 1)th instant time.
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Defining the switching state Sa, Sb, Sc, where Sk (k =

a, b, c) is taken as shown in (7), and Sk1 and Sk2 are the
switching states of the upper and lower bridge arms of the
kth phase of the SST converters, respectively.

Sk =

{
1 Sk1 on, Sk2 off
0 Sk1 off, Sk2 on

(7)

The admissible switching states u are within a finite set
(See Fig. 3)

u ∈ µ = {u0(000), u1(001), . . . , u6(101), u7(111)} (8)

B. INVERTER STAGE
According to KVL, the current equation of the three-phase
filter inductor is obtained:

Lf
dI f
dt

= U i − Uo − Rf I f (9)

where I f =
[
Ifa Ifb Ifc

]T is the vector of currents flowing
through the inductors, U i =

[
Uia Uib Uic

]T is the vector of
the inverter bridge midpoint voltages, Uo =

[
Uoa Uob Uoc

]T
is the vector of output voltages.

According to KCL, the voltage equation of the three-phase
filter capacitor is obtained:

Cf
dUo

dt
= I f − Io (10)

where Io =
[
Ioa Iob Ioc

]T is the vector of the output currents.
Combining (9) and (10), the state equation of the SST

inverter stage can be obtained as:
dI f
dt =

1
Lf
U i −

1
Lf
Uo −

Rf
Lf
I f

dUo
dt =

1
Cf
I f −

1
Cf
Io

(11)

The Clark transformation of the inverter mathematical
model yields the equation of state as:{

ẋ = Ax+ BU iαβ + BiIoαβ

y = Cx
(12)

where x =
[
I f αβ Uoαβ

]T is the state variable matrix, U iαβ is
the input vector, Ioαβ is the system disturbance vector, and y
is the output vector.

A =

[
−
Rf
Lf

−
1
Lf

1
Cf

0

]
is state matrix, B =

[
1
Lf

0
]T
is input

matrix, Bi =

[
0 −

1
Cf

]T
is perturbation matrix, C =

[
0 1

]
is

output matrix.

III. CONTROL METHODS FOR SST
A. VOLTAGE-ORIENTED PI CONTROL
Voltage-Oriented PI Control is a classic control method for
power converters. The control structure is shown in Fig. 2.
The outer loop regulates the dc link voltage to a constant
referenceU∗

dc1. The inner loops control the active and reactive
currents under the d-q reference frame. Decoupling terms are
added to the Pl controller to decouple the d axis and q axis
current dynamics.

B. FCS-MPC CONTROL
FCS-MPC is based on the minimization of a defined cost
function for all eight switching states u by using the pre-
diction model (6). To achieve unity power factor operation,
the reference value of reactive power qref is set to zero. The
reference value of active power pref comes from an outer
DC-link voltage controller. The cost function can be defined
as:

gr = (pref − p(k + 1))2 + (qref − q(k + 1))2 (13)

However, only one of the original eight fundamental vec-
tors (the yellow lines in Fig. 3) is available to minimize the
cost function. As a consequence, FCS-MPC does not fully
make use of the converter control region.

C. THE PROPOSED TV-MPC
To copewith the drawback of FCS-MPC, a TV-MPCwas pro-
posed, instead of only one original fundamental vector in each
period, an equivalent vector was synthesized with two active
vectors and one zero vector. It allows for an extra freedom of
the synthesized vector at an ‘‘arbitrary phase’’ with variable
length. Therefore, the voltage vector range for TV-MPC is
extended to the green area as illustrated in Fig. 3.The main
ideas are as follows:

1) CALCULATING AND SORTING THE COST FUNCTIONS
The six active vectors and two zero vectors are substi-
tuted into (6) to calculate the predicted power values. And
each power value is substituted into (13) in turn to get
the corresponding cost function. Sorting the cost function
obtained from the six active vectors, the smallest and the
second-smallest cost function are selected. The switching
states and vectors are shown in Table 1.

2) ACQUISITION OF THE BEST VECTOR AND THE
SECOND-BEST VECTOR
The best vector and second-best vector can be deduced back-
wards from the smallest cost function and the second-smallest
cost function. As shown in Fig. 3, the power reference cor-
responds to a reference voltage vector of uref . When the
reference voltage vector falls in sector I, then the blue and
red line lengths in the figure represent the relative error of
power tracking under the action of the active voltage vector.
From Fig. 3, the power tracking error generated by u1 and u2
(red lines) are smaller than the power tracking error gener-
ated by the action of other active voltage vectors(blue lines).
Therefore, the best vector and the second-best voltage vector
are adjacent to each other.

3) ACTION TIME OF VOLTAGE VECTORS
In this paper, the action time for each of the vector is calcu-
lated from the cost function computed for each the switching
state. From (13), it can be known that the cost function
represents the power tracking error. Since the action time
for each voltage vector is inversely proportional to the cost

VOLUME 11, 2023 9433



C. Ding et al.: Research on Control Strategy of Solid State Transformer Based on Improved MPC Method

FIGURE 1. SST topology and control block diagram.

FIGURE 2. PI control principle diagram.

function, larger power tracking cost function leads to smaller
action time for each voltage vector [27]. The action time of
the best vector, the second-best vector and zero-vector are
obtained as shown in (14):

tr1 =
gr0gr2

gr0gr1+gr0gr2+gr1gr2
Ts

tr2 =
gr0gr1

gr0gr1+gr0gr2+gr1gr2
Ts

tr0 = Ts − tr1 − tr2

(14)

where gr1, gr2 and gr0 are the smallest cost function, the
second-smallest cost function and the zero-vector cost func-
tion, respectively.

4) SYNTHESIS OF EQUIVALENT VOLTAGE VECTOR
Through the selection of the three voltage vectors and the
calculation of their corresponding action time, the synthesis
of the equivalent voltage vector can be realized, as shown in
(15). {

urα−eq =
tr1
Ts
vα1 +

tr2
Ts
vα2

urβ−eq =
tr1
Ts
vβ1 +

tr2
Ts
vβ2

(15)

Therefore, the equivalent voltage vector is closer to the
voltage reference vector corresponding to the reference

FIGURE 3. Voltage vector range for FCS-MPC,TV-MPC.

TABLE 1. Switching States and voltage vectors.

power, the power tracking error is effectively reduced, and
a better control effect is obtained.

D. INVERTER STAGE TV-MPC
In order to achieve a better control effect of the SST output
voltages under steady-state operation and faults, the output
voltages are predicted and controlled. Since model predictive
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FIGURE 4. Inverter Stage TV-MPC flow chart.

control requires rolling optimization in the time domain, (12)
needs to be discretized. In the case where the sampling period
is small enough, the discrete model, based on a zero-order
holder, can be obtained:{

X(k + 1) = AqX(k) + BpU iαβ (k) + BdpIoαβ (k)
y = CX(k + 1)

(16)

where Aq = eATs is state matrix,Bp =
∫ Ts
0 eAτBdτ is input

matrix, and Bdp =
∫ Ts
0 eAτBidτ is disturbance matrix.

The voltage vector corresponding to each switching state
of the inverter is shown in Table 1, and vj(j = α, β) are the
output voltages of the low-voltage side converter. Substituting
vj into (16) in turn, the predicted voltage at the (k+1)th instant
time corresponding to each voltage vector can be obtained:{

X(k + 1) = AqX(k) + Bpv(k) + BdpIoαβ (k)
y = CX(k + 1)

(17)

The corresponding output voltages performance cost func-
tion under each voltage vector control are shown in (18).

gi =
(
U∗
oα(k + 1) − Uoα(k + 1)

)2

TABLE 2. Parameters of SST at all levels.

+

(
U∗
oβ (k + 1) − Uoβ (k + 1)

)2
+ gci (18)

where U∗
oα(k + 1) and U∗

oβ (k + 1) are the components of the
output reference voltage under theα andβ axes at the (k+1)th
instant time.

gci = (I∗f α(k + 1) − If α(k + 1))2

+ (I∗f β (k + 1) − If β (k + 1))2 (19)

represents the cost function to control the short-circuit cur-
rents when a three-phase short-circuit fault occurs.

The calculation of the action time of the voltage vector
and the synthesis of the equivalent voltage vector are similar
to the TV-MPC control of rectifier stage. The action time of
the voltage vector on the inverter stage and the synthesized
equivalent voltage vector can be obtained as shown in (20)
and (21). 

ti1 =
gi0gi2

gi0gi1+gi0gi2+gi1gi2
Ts

ti2 =
gi0gi1

gi0gi1+gi0gi2+gi1gi2
Ts

ti0 = Ts − ti1 − ti2

(20)

{
uiα−eq =

ti1
Ts
vα1 +

ti2
Ts
vα2

uiβ−eq =
ti1
Ts
vβ1 +

ti2
Ts
vβ2

(21)

The structure diagram of the SST inverter stage TV-MPC
control algorithm is shown in Fig. 4.

IV. SIMULATION ANALYSIS
In this section, the effectiveness of the proposed TV-MPC and
its performance comparison with FCS-MPC control and PI
control are evaluated with simulation. Simulation tests are
carried out by means of Matlab/Simulink using the model
of Fig. 1 with parameters shown in Table 2. The sampling
frequency of the whole control system is 10 kHz.

A. STEADY-STATE OPERATION
The simulation results of TV-MPC, FCS-MPC and PI three
control algorithms are analyzed when SST is in steady state.
Fig. 5 shows the waveform and THD of grid side currents.
The THD under PI method and FCS-MPC are 2.05% and
1.69% respectively. The THD under the proposed TV-MPC
is 0.52%, which has the lowest harmonic content among the
three control methods. Comparing Figs. 6(a), 6(b), and 6(c),
it can be seen that output voltages THD under three control
methods are lower than the national standard by 5%. The
harmonic under TV-MPC is only 0.52%, and the control per-
formance of the output voltages quality has been significantly
improved compared with FCS-MPC 0.95% and PI 1.73%.
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FIGURE 5. Grid side currents in steady state:(a) under the PI control
(b) under the FCS-MPC control (c) under the proposed TV-MPC control.

B. GRID SIDE VOLTAGES UNBALANCE
In the initial working condition, the rectifier stage of the
solid-state transformer is connected to the 10 kV power grid,
and the three-phase voltages are balanced. The A-phase volt-
age of grid side drops to 60% of the original voltage between
0.3 s and 0.4 s, resulting in an unbalance of the grid side
voltages. The control effectiveness of TV-MPC, FCS-MPC
and PI are verified respectively. Figs. 7(a), 7(b), and 7(c),
it can be seen that the voltage comparing fluctuation of the
high-voltage DC bus under PI control(5.3 V) is the largest
and there is a certain steady-state error after returning to
stability. Compared with PI control, the HVDC bus voltage
fluctuation under FCS-MPC control(3 V) is smaller. The
HVDC bus voltage under TV-MPC control has only a small
fluctuation(0.8 V) and can quickly restore the reference volt-
age. By observing the simulation results of the power factor,
the three controls basically meet the requirement that the
grid side power factor of the SST works at unity power
factor. And the power factor fluctuation under TV-MPC
control is obviously smaller than that under FCS-MPC and
PI control. Compared with the power simulation results in
Fig. 7, the fluctuation of active and reactive power caused
by the unbalanced grid side voltages cannot be effectively
suppressed under PI control. The suppression of power fluc-
tuation under FCS-MPC is better than that of PI control, while
under TV-MPC control, the active power has only a small
fluctuation, and the given reactive power can be accurately

FIGURE 6. Output voltages in steady state:(a) under the PI control
(b) under the FCS-MPC control (c) under the proposed TV-MPC control.

tracked, and the control effectiveness is significantly better
than that of FCS-MPC and PI. It can also be seen that the grid
side voltages unbalance of the SST under the three controls
does not affect the output voltages. When the unbalance
occurs, the voltage amplitude is always 311 V, a sine wave
with a frequency of 50 Hz.

C. GRID SIDE VOLTAGES CONTAIN HARMONICS
At the moment of 0.3 s, the grid side voltages con-
tain the positive sequence fifth harmonic and the posi-
tive sequence seventh harmonic. The control effectiveness
of TV-MPC, FCS-MPC and PI are verified respectively.
Comparing Figs. 8(a), 8(b), and 8(c), it can be seen that
the HVDC bus voltage fluctuation under PI control is the
largest and there is an overshoot before returning to sta-
bility. Compared with PI control, the fluctuation of the
HVDC bus voltage under FCS-MPC control is smaller,
the response speed is fast. The HVDC bus voltage under
TV-MPC control fluctuates to a certain extent, and it
can quickly recover to the rated reference voltage after the
fault occurs. The fluctuation of active power and reactive
power caused by harmonics cannot be effectively suppressed
under PI control. The suppression of power fluctuation under
FCS-MPC control is better than that of PI control. While
under the control of TV-MPC, the power has a smaller fluc-
tuation compared to FCS-MPC control. By comparing the
waveform and THD of the output voltages during harmonic
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FIGURE 7. Grid side voltages unbalance: (a) under the PI control (b) under the FCS-MPC control (c) under the proposed
TV-MPC control.

FIGURE 8. Grid side voltages contain harmonics: (a) under the PI control (b) under the FCS-MPC control (c) under the proposed
TV-MPC control.
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FIGURE 9. Three-phase short circuit: (a) under the PI control (b) under the FCS-MPC control (c) under the
proposed TV-MPC control.

injection at the grid side with the output voltages under
steady-state operation (see Fig. 6), it can be seen that all three
control methods have a suppression effect on harmonics.
Among them, the proposed TV-MPC method has the most
obvious suppression effect with the THD of only 0.5%.

D. THREE-PHASE SHORT CIRCUIT
A three-phase short-circuit fault occurred at the load side
between 0.3 s and 0.4 s. Comparing Figs. 9(a), 9(b), and 9(c),
it can be seen that under PI control, the HVDC bus voltage
fluctuation reaches a maximum of 21 V, and there is little to
no suppression of the huge currents generated by three-phase
short-circuit. The HVDC bus voltage fluctuation under the
FCS-MPC control is smaller than PI control, reaching 18 V.
The short-circuit currents are controlled at 0.35 s, reducing
from 1040 A to 460 A. Meanwhile, the HVDC bus volt-
age fluctuation is effectively suppressed and the dynamic
time to the stable value is 25 ms. After the end of the
three-phase short-circuit fault, the output voltages amplitude
restored to the rated value in 15 ms. The HVDC bus voltage
under TV-MPC control only fluctuates by 12 V. The output

TABLE 3. The THD of output voltages and currents.

voltages are controlled only between 0.3 s and 0.35 s. The
short-circuit currents are limited to 730 A, showing a bet-
ter anti-interference performance than the FCS-MPC control
(1040 A). The short-circuit currents are controlled at 0.35 s,
reducing from 730 A to 430 A. Meanwhile, the HVDC bus
voltage fluctuation is effectively suppressed, and the recovery
time to the reference value is only 15 ms. After the end of the
three-phase short-circuit fault, the output voltage amplitude is
restored to the rated value in 10 ms. Comparing the time for
the HVDC bus voltage to return to the reference value after
adding the short-circuit currents control and the time for the
output voltages amplitude to return to the rated value after
the fault ends, it is clear that the TV-MPC control has a faster
dynamic response than the FCS-MPC control.
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TABLE 4. The dynamic time of output voltages and currents.

TABLE 5. Comparison between TV-MPC, FCS-MPC and PI control schemes.

E. LOADS SUDDENLY CHANGE
The initial state of the SST load side is no-load operation.
Putting 50% of load (40 kW) into operation at 0.1 s moment.
Full load (80 kW) operating from 0.2 s to 0.3 s and finally
operating over 20% of full load (96 kW). The THD of output
voltages and currents are shown in Table 3. The output volt-
ages and currents dynamic time of loads suddenly change are
shown in Table 4.

V. CONCLUSION
Finite set model predictive control (FCS-MPC) shows com-
petitive features in power converters control. However, its
single vector action at each control interval limits its control
performance. This paper has proposed a three-vector model
predictive control (TV-MPC) with enhanced control perfor-
mance. The traditional FCS-MPC control is improved by
increasing the number of voltage vectors acting in one control
interval to synthesize an equivalent vector. Simulation and
comparison verification (See Table 3, Table 4 and Table 5)
for five different operating conditions of SST at the grid side
and load side lead to the following conclusions

1) At steady state, the output voltages of the SST has
lower harmonic content under proposed TV-MPC compared
to conventional FCS-MPC control and PI control. There is

a large improvement in the regulation of the output voltages
waveform quality.

2) The improved model predictive control can have
better suppression effect on the fluctuation of SST
high-voltage side converter power factor and DC bus volt-
age when faults occur on the grid side and load side.
It has fast dynamic response and strong anti-interference
property.

The improved model predictive control improves the con-
trol performance of the SST control systemwhile meeting the
SST control requirements. The regulation of power quality is
achieved.
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