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Abstract 
 

The work presented in this paper concerned with the analysis, design and software implementation of the Solid State Transformer as an 

alternative to the conventional power transformer. The proposed transformer aims to perform the same task as the conventional one with 

additional facilities and advantages. Three stages are considered to configure the Solid State Transformer. The first stage which is known 

as input stage and implemented using Vienna rectifier which converts the AC voltage of the main supply to a DC voltage. The second stage 

(isolation stage) step down the DC voltage to a lower level DC voltage. This stage consists of a single – phase five-level diode clamped 

inverter, 1 KHz step – down transformer and fully controlled bridge rectifier. The output stage (third stage) is a three-phase three-level 

diode clamped inverter which converts the low level DC voltage to a three-phase, 50 Hz AC voltage. Model Predictive Current Control 

has been employed for driving transformer’s stages. The gating signal is produced directly when the given cost function is minimized, 

therefore there is no need of any modulator. Behavior of the proposed structure is achieved by simulation which shows high quality power 

conversion with low Total Harmonic Distortion. 
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1. Introduction 

Power transformer plays important role in the electric power sys-

tems. It is enables these systems to transfer the generated electrical 

power for long distance with high efficiency [1-4]. In order to 

achieve low transmission losses, power transformers providing 

voltage boosting at the generation side of the power system. How-

ever, at the distribution side, another power transformer acts to step-

ping down the voltages to the values used by industrial, commer-

cial, and residential applications [4]. Although it is important part 

in the power systems, power transformer has some drawbacks like 

bulky size, heavy weight, sensitive to the load variations, unable to 

compensate power factor, etc. [1-3], [5-7]. Power transformers 

dominate 25% of the overall size of the power system and more 

than 30% of the overall weight. The size of the power transformer 

is determined by the value of the saturation flux density of the ma-

terial implements the transformer core. As the maximum opera-

tional flux density is inversely proportional with the operating fre-

quency, then increasing this frequency will lead to reducing the size 

of the transformer. With continuous advancement of power elec-

tronics devices and circuits, a considerable possibility to develop 

promising technique that performs the function of the power trans-

former and overcomes the transformer drawbacks became at hand. 

The technique that has attracted researcher’s attention as an alter-

native to the conventional transformer is the Solid State Trans-

former (SST) or Power Electronics Transformer (PET) [2]. In addi-

tion to performing the same task as traditional transformer, employ-

ing SST opens up a new horizon in the utilization of electrical 

power systems [5]. The proposed structure of the SST allows of 

adopting high operating frequency which leads to valuable reduc-

tion in the weight and size of this new transformer [8-11]. SST en-

ables a perfect isolation of induced harmonics from passing through 

power system [1]. It is also performing power conversion between 

different formats with any desired frequencies [12], keeps instanta-

neous voltage regulation [13], reactive power compensation, and 

potential current limitation [10]. SST can be considered as the back-

bone of the future intelligent power systems [13]. The major task of 

the SST is to perform the voltage stepping up/down based on me-

dium – to – high frequency isolation, therefore to achieve a consid-

erable reduction in its size and weight. In order to realize this task, 

the 50/60 Hz ac voltage is transformed to a high frequency by 

means of rectifier / inverter set. Then this high frequency ac voltage 

is either stepped up or down using high frequency transformer. Fi-

nally, the output of the high frequency transformer is shaped back 

into 50/60 Hz through another rectifier / inverter set [4]. The pres-

ence of the rectifiers and inverters in the composition of these trans-

formers provides the possibility to achieve voltage and current reg-

ulation, power flow control, fault current limitation. Also the con-

figuration of the SST provides a scope to supply different voltage 

forms (ac and dc) at the load side which enables the new era in the 

power systems. Penetration of the SST into distribution power sys-

tems needs its structure to employ power devices which have the 

ability to work reliably in high voltages and frequencies environ-

ment [4]. Recently, the researcher’s efforts concerned with adopt-

ing either multi – modules for the SST structure [1] [5-7] [11] [15-

19], or using multilevel configuration [2] [12]. Employing the high 

voltage semiconductor devices based on wide – bandgap substances 

like 4H – SiC, leads to the appearance of the third version of the 

SST configuration [9] [13] [20-21]. Various control methods are 

presented for controlling the power converters, and Fig. (1) sum-

marize the most familiar ones [22]. 
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Fig. 1: Control Methods of the Converters. 

 

From these control pattern, predictive scheme seems to be a most 

interesting method for controlling power converters [22-27]. The 

main feature of the Model Predictive Control (MPC) is the utiliza-

tion of the system model to predict the future response of the con-

trolled variable [22]. The conventional control techniques adopted 

in power electronics drives are based on providing a suitable control 

signal to the modulator using Proportional – Integral (PI) controller 

[27]. With the presence of the control signal from the PI controller, 

the modulator tends to direct the switching states of the converter. 

Alternatively, MPC combines the two driving stages into a single 

computational stage that manipulates the discrete and finite switch-

ing states of the converter [28]. 

2. Basic SST structure 

Between several structures have been proposed for the SSTs, the 

three – stages structure is the most assessed one [29-32]. Fig.2 

shows the three stages SST topology configuration proposed for 

distribution system, the three stages are namely the input stage, iso-

lation stage and output stage [31]. 
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Fig. 2: A Three – Stages SST Topology for Distribution System. 

 

From Fig.2, the input stage in the SST structure acts as a rectifier, 

which converts the three phase ac voltage to the dc voltage. In the 

distribution system, the rectifier will be interface with the high or 

medium ac voltage levels [32]. Therefore, there is a necessity to 

employ a structure that has a capability of handling these voltage 

levels and keeps acceptable power quality. Vienna rectifier is one 

of the most widely considered structure in the recent years [33]. The 

conventional Vienna structure consists of one active switch per 

phase; it possesses an advantages over the classical rectifiers struc-

tures from power quality and high voltage level points of view. In 

order to reduce the voltage stress on the components of Vienna rec-

tifier, a proposed structure which is shown in Fig.3 is considered as 

the input stage of the SST. 

 
Fig. 3: Proposed One Leg Vienna Structure (Input Stage of the SST). 

 

In this topology, the phase voltage 𝑣𝑠𝑎 at the (ac) side of the recti-

fier depends on the polarity of the line current 𝑖𝑠𝑎 and the switches 

state 𝑠𝑎 [33]. When the switches are on the ON state (𝑠𝑎 = 1), the 

center point of the DC side will be connected to the phase voltage 

𝑣𝑠𝑎. However, when the switches are on the OFF state (𝑠𝑎 = 0), the 

phase voltage 𝑣𝑠𝑎will be connected to the positive or negative DC 

bus according to the polarity of the line current 𝑖𝑠𝑎 [33]. 

The second stage in the SST structure is the isolation stage which 

is shown in Fig.4 and configured as a DC – DC converter. In this 

stage, the high voltage DC input is converted to the single phase 

AC medium voltage high frequency using Diode Clamped Multi-

level Converter (DCMC). A single phase high frequency trans-

former will transform the medium voltage into low voltage level, 

and the output of the transformer then rectified to a low level DC 

voltage using fully controlled bridge rectifier. For the five level di-

ode clamped inverter, the steps to configure the five level voltages 

are shown in table 1. 

 

 
Fig. 4: Isolation Stage of the SST. 

 
Table 1: The Switching States of Five Level Diode Clamped Inverter 

vo S1 S2 S3 S4 S’
1 S’

2 S’
3 S’

4 

Vdc 1 1 1 1 0 0 0 0 
Vdc /2 0 1 1 1 1 0 0 0 

0 0 0 1 1 1 1 0 0 

-Vdc/2 0 0 0 1 1 1 1 0 
-Vdc 0 0 0 0 1 1 1 1 

 

The third stage in the SST structure is the output stage which is 

responsible of converting the low level DC voltage from the high 

frequency transformer into low level low frequency 3 – phase AC 

voltage using another DCMC as shown in Fig.5. 
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Fig. 5: Output Stage of the SST. 

 

For the three level diode clamped inverter, the steps to configure 

the three level voltages are shown in table 2. 

 
Table 2: The Switching States of Three-Level Diode Clamped Inverter 

Van Vbn Vcn Sa1 Sa2 Sb1 Sb2 Sc1 Sc2 

Vdc 0 0 1 1 0 0 0 0 
Vdc Vdc/2 0 1 1 0 1 0 0 

Vdc Vdc 0 1 1 1 1 0 0 

Vdc/2 Vdc 0 0 1 1 1 0 0 
0 Vdc 0 0 0 1 1 0 0 

0 Vdc Vdc/2 0 0 1 1 0 1 

0 Vdc Vdc 0 0 1 1 1 1 
0 Vdc/2 Vdc 0 0 0 1 1 1 

0 0 Vdc 0 0 0 0 1 1 

Vdc/2 0 Vdc 0 1 0 0 1 1 
Vdc 0 Vdc 1 1 0 0 1 1 

Vdc 0 Vdc/2 1 1 0 0 0 1 

3. Control strategy 

The control strategy considered in this paper will be the Model Pre-

dictive Current Control (MPCC), which has the general scheme 

shown in Fig.6. The main feature of the MPCC is the utilize of the 

system model for predicting the subsequent response of the con-

trolled variables X (k+1). This information is employed to optimize 

the next actuation, according to the minimization of a predefined 

cost function [23]. In the case of converter, the prediction is per-

formed for each possible switching states. The switching state that 

minimizes the cost function is applied to the converter in the next 

sampling interval. The cost function to be minimized is the error 

between the reference currents and the predicted values in the or-

thogonal coordinates form as given below: 

 

𝑔𝑐𝑜𝑠𝑡 = |𝑖𝛼
∗ (𝑘 + 1) − 𝑖𝛼

𝑝(𝑘 + 1)| +  |𝑖𝛽
∗ (𝑘 + 1) − 𝑖𝛽

𝑝
(𝑘 + 1)|               (1) 

 

Where 𝑖𝑥
∗
 is the reference current and 𝑖𝑥

𝑝
 is the predicted value. 
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Fig. 6: Generalized MPCC Scheme. 

 

The predictive model block determines the future values of the cur-

rents in the orthogonal form (IP
Α, IP

Β) for each switching state of the 

converter. These predictions will be compared with the reference 

currents to determine the best switching state to be applied to the 

converter in the next sampling interval. In comparison with the con-

ventional control strategies, MPCC is more simple in its structure 

but needs more calculation steps.  

a) MPCC for Input Stage: 

Consider the circuit shown in Fig.7, KVL for each phase can be 

written as: 

 

 
Fig. 7: Vienna Rectifier. 

 

𝑣𝑠𝑎 = 𝐿𝑠
𝑑𝑖𝑠𝑎

𝑑𝑡
+ 𝑅𝑠𝑖𝑠𝑎 + 𝑣𝑎𝑁 − 𝑣𝑛𝑁                                             (2) 

 

𝑣𝑠𝑏 = 𝐿𝑠
𝑑𝑖𝑠𝑏

𝑑𝑡
+ 𝑅𝑠𝑖𝑠𝑏 + 𝑣𝑏𝑁 − 𝑣𝑛𝑁                                              (3) 

 

𝑣𝑠𝑐 = 𝐿𝑠
𝑑𝑖𝑠𝑐

𝑑𝑡
+ 𝑅𝑠𝑖𝑠𝑐 + 𝑣𝑐𝑁 − 𝑣𝑛𝑁                                               (4) 

 

The space vector of the grid voltage can be described as follows: 

 

𝑉𝑠 =
2

3
(𝑣𝑠𝑎 + 𝑎𝑣𝑠𝑏 + 𝑎2𝑣𝑠𝑐)                                                        (5) 

 

Substitute (2 – 4) in 5 yield:  

 

𝑉𝑠 = 𝐿𝑠
𝑑𝑖𝑠

𝑑𝑡
+ 𝑅𝑠𝑖𝑠 + 𝑉𝑎𝑓𝑒                                                              (6) 

 

Where: 

 

𝑎 = 𝑒𝑗2𝜋/3. 

 

And  

 

𝒊𝒔 =
2

3
(𝑖𝑠𝑎 + 𝑎𝑖𝑠𝑏 + 𝑎2𝑖𝑠𝑐)                                                          (7) 

 
2

3
(𝑣𝑛𝑁 + 𝑎𝑣𝑛𝑁 + 𝑎2𝑣𝑛𝑁) = 0                                                      (8) 

 

𝑉𝑎𝑓𝑒 =
2

3
(𝑣𝑎𝑁 + 𝑎𝑣𝑏𝑁 + 𝑎2𝑣𝑐𝑁)                                                 (9) 

 

=
2

3
𝑉𝑑𝑐(𝑠𝑎 + 𝑎𝑠𝑏 + 𝑎2𝑠𝑐)  

 

Where 𝑠𝑎, 𝑠𝑏 , 𝑎𝑛𝑑 𝑠𝑐are the switching states of the rectifier. 

Equation (6) can be discretized using forward Euler method which 

yields: 

 

𝑖𝑠(𝑘 + 1) = (1 −
𝑅𝑠𝑇𝑠

𝐿𝑠
) 𝑖𝑠(𝑘) +

𝑇𝑠

𝐿𝑠
[𝑉𝑠(𝑘) − 𝑉𝑎𝑓𝑒]                     (10) 

 

Where 𝑖𝑠(𝑘 + 1) = 𝑖𝑠𝛼(𝑘 + 1) + 𝑗𝑖𝑠𝛽(𝑘 + 1) is the prediction of 

the line current vector and 𝑇𝑠is the sampling interval. Fig. (8) shows 

the predictive current control of the input stage. The cost function 

to be minimized is defined as follows: 

 

𝑔𝑟𝑒𝑐𝑡. = |𝑖𝑠𝛼
∗ (𝑘) − 𝑖𝑠𝛼(𝑘 + 1)| +  |𝑖𝑠𝛽

∗ (𝑘) − 𝑖𝑠𝛽(𝑘 + 1)|        (11) 
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Fig. 8: MPCC Scheme of the Input Stage. 

 

b) MPCC for Isolation Stage 

This section presents a MPCC of the isolation stage which is shown 

in Fig.9. At the inverter side, the prediction is performed for cur-

rents and the cost function is defined as: 

 

𝑔𝑖𝑛𝑣ℎ𝑓 = |𝑖𝛼
∗ (𝑘 + 1) − 𝑖𝛼

𝑝(𝑘 + 1)| + |𝑖𝛽
∗ (𝑘 + 1) − 𝑖𝛽

𝑝
(𝑘 + 1)|            (10) 

 

While at the rectifier side the active and reactive power are directly 

controlled when the following cost function is minimized: 

 

𝑔𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟 = |𝑃𝑖𝑛
∗ − 𝑃𝑖𝑛(𝑘 + 1)| + |𝑄𝑖𝑛

∗ − 𝑄𝑖𝑛(𝑘 + 1)|             (11) 

 

Where, 𝑃𝑖𝑛
∗  and 𝑄𝑖𝑛

∗  are the desired active and reactive power re-

spectively, 𝑃𝑖𝑛(𝑘 + 1) and 𝑄𝑖𝑛(𝑘 + 1) are the predicted active and 

reactive power respectively. As a unity power factor is required the 

desired reactive power 𝑄
𝑖𝑛
∗

 is set equal to zero. The predicted active 

and reactive power can be calculated as follows 

 

𝑃𝑖𝑛(𝑘 + 1) = 𝑅𝑒{𝑣𝑠(𝑘 + 1)𝑖�̅�(𝑘 + 1)} = 𝑣𝑠𝛼𝑖𝑠𝛼 + 𝑣𝑠𝛽𝑖𝑠𝛽       (12) 

 

𝑄𝑖𝑛(𝑘 + 1) = 𝐼𝑚{𝑣𝑠(𝑘 + 1)𝑖�̅�(𝑘 + 1)} = 𝑣𝑠𝛽𝑖𝑠𝛼 − 𝑣𝑠𝛼𝑖𝑠𝛽      (13) 

 

Where, 𝑖�̅�(𝑘 + 1) is the complex conjugate of𝑖𝑠(𝑘 + 1). 
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Fig. 9: MPCC Scheme for the Isolation Stage. 

 

c) MPCC for the output stage: 

The MPCC scheme of the output stage is shown in Fig. (10). 
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Fig. 10: MPCC for the Output Stage. 

 

The prediction process of the load currents and capacitor voltages 

is accomplished for the switching state depicted in table II by means 

of the following equations: 

 

�̂�(𝑘 − 1) = 𝑣(𝑘 − 1) −
𝐿

𝑇𝑠
𝑖(𝑘) − (𝑅 −

𝐿

𝑇𝑠
) 𝑖(𝑘 − 1)                 (14) 

 

𝑖𝑃(𝑘 + 1) = (1 −
𝑅𝑇𝑠

𝐿
) 𝑖(𝑘) +

𝑇𝑠

𝐿
(𝑣(𝑘) − �̂�(𝑘))                        (15) 

 

𝑣𝑐1
𝑃 (𝑘 + 1) = 𝑣𝑐1(𝑘) +

1

𝑐
𝑖𝑐1(𝑘)𝑇𝑠                                             (16) 

 

𝑣𝑐2
𝑃 (𝑘 + 1) = 𝑣𝑐2(𝑘) +

1

𝑐
𝑖𝑐2(𝑘)𝑇𝑠                                             (17) 

 

After acquiring the predictions, the cost function is assessed as fol-

lows 

 

𝑔𝑖𝑛𝑣𝑙𝑓 = |𝑖𝛼
∗ − 𝑖𝛼

𝑃| + |𝑖𝛽
∗ − 𝑖𝛽

𝑃| + |𝑣𝑐1
𝑃 − 𝑣𝑐2

𝑃 |                             (18) 

 

The switching state that minimizes the 𝑔
𝑖𝑛𝑣𝑙𝑓

 is selected to be ap-

plied in the next period. 

4. Simulation results 

To confirm the expected behavior of the proposed SST, the de-

signed structure has been simulated using Matlab – Simulink soft-

ware package. The simulated configuration of the SST is that shown 

in Fig. 11, which is consist of the three stages have been designed 

previously.  
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Fig. 11: Simulated Configuration of the SST. 

 

Table 3 shows the designed parameters for each stage in the SST. 
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Table 3: Design Parameters of SST 

Input Stage Isolation Stage Output Stage 

Supply voltage: 
11KV(L-L rms, 50 Hz) 

Input voltage: 
2.6 KV DC 

Input voltage : 650 V 
DC 

Output voltage: 2.6 KV 

DC 

Output voltage : 

650 V DC 

Output voltage : 400 V 

(L-L, rms, 50 Hz) 
Rs: 5 Ω, Ls: 2 mH, C1, 

C2 : 5000µF. 

C1, C2, C3, C4, C 

: 5000µF. 
C1, C2: 5000 µF 

Kp: 10, Ki: 0.01 
Trans. turn ratio: 
2 : 1 

Load rating: 10 KW, 
15 KVAR inductive 

 

For the purpose of prediction, the MPCC receives the following 

measured quantities: 

• Instantaneous values of the three –phase supply voltages and 

currents (vs &is) a,b,c form the main supply. 

• High level DC voltage from the output of the input stage. 

• Instantaneous value of the current from the primary side of 

the High – Frequency Transformer (HFT). 

• Instantaneous values of the current and voltage from the sec-

ondary side of the HFT. 

• Low level DC voltage from the output of the isolation stage 

and Vc1 and Vc2 from the input of the output stage. 

• Instantaneous values of the three – phase load voltages and 

currents (vl &il) a,b,c from the output of the output stage. 

According to the aforementioned calculations equations (2-18), the 

MPCC generates 3 – gating signals to the input stage, 6 – gating 

signals to the isolation stage and 6 – gating signals to the output 

stage. 

Simulation results of the input stage of the SST is shown in Fig. 

(12). The input voltage from the main supply is three phase 11 KV 

line – to – line. The input stage converted this AC voltage to DC 

voltage of magnitude 2600 V. A unity power factor between the 

phase voltage Van and the line current isa can be shown in the same 

figure, also a minimum Total Harmonic Distortion (THD) of the 

line current is achieved as shown in Fig. (13). 

 

 
Fig. 12: Simulation Results of the Input Stage. 

 

 
Fig. 13: Total Harmonic Distortion of the Supply Current. 

The behavior of the isolation stage is shown in Fig. (14), high level 

DC voltage produced from the input stage is converted to a high - 

level high - frequency (1 KHz) AC voltage using five level diode 

clamped converter. High frequency step down transformer is em-

ployed to transform the high – level high – frequency AC voltage 

to the low – level high – frequency AC voltage. Subsequently, a 

fully controlled bridge rectifier converts the AC voltage to low level 

DC voltage. 

 

 
Fig. 14: Behavior of the Isolation Stage. 

 

Simulation results of the output stage are shown in Fig. (15), the 

low level DC voltage is converted into low level 3-phase 3- level 

50 Hz AC voltage using 3 – level clamped diode inverter. The 3 –

phase voltages are filtered by using inductances to produce pure 

sine wave signal. It can be notice that a unity power factor between 

the phase voltage and line current is achieved. Minimization of the 

cost function in eq. (17) produced the voltage balance between the 

input capacitors of the 3-level diode clamped inverter in the output 

stage as shown in Fig. (16).  

 

 
Fig. 15: Behavior of the Output Stage. 
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Fig. 16: Capacitors Voltages of the Output Stage. 

5. Conclusion 

In this paper, three stages solid-state transformer has been designed 

and implemented using Matlab/Simulink software package. Model 

Predictive Current Control (MPCC) is employed for driving the 

three stages of the SST. MPCC don’t need any type of modulator 

and the gating signals are produced directly when the given cost 

function is minimized. The proposed structure of the SST performs 

the same task as the conventional transformer. It was shown that the 

designed SST provides the desired enhancement of the power factor 

(both in supply and load sides) and the Total Harmonic Distortion 

(THD). It is also providing a power of different formats with any 

desired frequency. Therefore, SST can be considered as a promising 

alternative of the conventional transformer. 
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