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ABSTRACT 
  This paper introduces a comprehensive control scheme for 

the integration of renewable energy sources (solar PV) into 

the distribution grid by grid-forming solid-state transformers 

(SST). The proposed method combines nonlinear robust 

control of the SST with inertia emulation from the virtual 

synchronous generator (VSG) for high-performance active-

power-frequency and reactive-power-voltage regulation. 

The isolated dc/dc dual-active-bridge in the SST is 

controlled using active disturbance rejection control (ADRC), 

while the inverter stage is controlled by VSG-droop-based 

model predictive control.  The superior robustness and 

disturbance-rejection capabilities, along with fast dynamic 

response to both load changes and variations in solar 

irradiance, are demonstrated with simulation results.  
 

1. Introduction 
 The integration of renewable energy sources facilitates 

the decarbonization of the electrical power grid. In particular, 

the output of solar PV farms can be integrated to the 

distribution grid through the high-efficiency solid-state 

transformer (SST)[1]. The SST can transform the medium 

voltage dc (MVdc) from the solar PV farm into low voltage ac 

(LVac) (see Fig. 1).  

Nonetheless, when the SST becomes meshed in the 

conventional grid, its control becomes more challenging as its 

architecture in the grid changes from radial to meshed, 

depending on the flexible needs of the grid. In the radial 

structure, when circuit breaker NOP is open, SST operates as 

a grid-forming (GFM) converter; but when NOP is closed, the 

SST needs to operate in grid-following (GFL) mode in the 

meshed network. Conventional solutions apply linear control 

to the control of the SST stages comprising dual-active-

bridge (DAB) isolated dc/dc stage and ac/dc inverter (Fig. 2) 

output stage [2]. Nonetheless, as several stages are coupled, 

and connected to the grid, the overall control scheme can 

become more complex. Also, intermittent solar PV input 

variations and load disturbances are not effectively 

suppressed. Therefore, this paper presents nonlinear robust 

control of the DAB and inverter stages using active 

disturbance rejection control (ADRC) and the virtual 

synchronous generator (VSG)-model predictive control, 

respectively. Also, the paper proposes a new smooth 

transition control between GFM and GFL modes of operation 

with minimal grid voltage overshoots or distortions.  

 
그림1 태양광 PV를 배전망에 통합하기 위한 반도체 변압기. 

Fig.1 Solid-State Transformer for Solar PV Integration into 

Distribution Grids 

  
                (a)                                      (b) 

그림2 SST 구성. (a) 다중 병렬 컨버터. (b) 단일 종단 간 SST 하위 모듈. 

Fig.2 SST configuration. (a) Multiple strings of converters. (b) Single 

end-to-end SST submodule. 

 

2. Proposed Methodology 
The proposed control scheme is shown in Fig. 3: it applies 

ADRC to the DAB control, and VSG-MPC (with seamless 

change between GFM and GFL modes) to the inverter. 

2.1 DAB Controller 
ADRC improves robust control by decreasing the 

dependence of the controller on the parameters of passive 

elements by the model-free equation: 
𝑑𝑑𝑣𝑣𝑜𝑜
𝑑𝑑𝑑𝑑

= 𝜓𝜓 + 𝛼𝛼𝛼𝛼   (1) 

where 𝛼𝛼  is the control input gain, 𝜓𝜓  is the lumped 

disturbance. 𝜓𝜓 =  − 𝑣𝑣𝑜𝑜
𝑅𝑅𝐿𝐿𝐶𝐶𝑜𝑜

, and 𝛼𝛼 is a unitless scalar with an 

initial value of 𝛼𝛼𝑜𝑜 = 𝑁𝑁𝑡𝑡𝑉𝑉𝑖𝑖𝑖𝑖(1−4𝜙𝜙�  )
𝑓𝑓𝑠𝑠𝐿𝐿𝐶𝐶𝑜𝑜

. 𝜓𝜓 is used to account for all 

system disturbances and unmodeled dynamics. The feedback 

controller requires estimates of 𝑣𝑣𝑜𝑜  and 𝜙𝜙, which are 

represented as  𝑣𝑣𝑜𝑜�   and 𝜙𝜙�, respectively. This can be done with 

the linear extended state observer (LESO). The resulting 

controller is shown in Fig. 4; transfer functions are defined:   

𝐺𝐺𝜓𝜓𝜓𝜓(𝑠𝑠) = 𝜓𝜓� (𝑠𝑠)
𝜙𝜙� (𝑠𝑠)

= − −𝜔𝜔𝑜𝑜
2𝛼𝛼

𝑠𝑠2+2𝜁𝜁𝜔𝜔𝑜𝑜𝑠𝑠+𝜔𝜔𝑜𝑜
2     (2) 

𝐺𝐺𝜓𝜓𝜓𝜓(𝑠𝑠) = 𝜓𝜓� (𝑠𝑠)
𝑣𝑣�𝑜𝑜(𝑠𝑠)

= −𝜔𝜔𝑜𝑜
2𝑠𝑠

𝑠𝑠2+2𝜁𝜁𝜔𝜔𝑜𝑜𝑠𝑠+𝜔𝜔𝑜𝑜
2      (3) 

where 𝜔𝜔𝑜𝑜 is the LESO bandwidth. 
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그림3 제안하는 SST 제어 방식 

Fig.3 Proposed control scheme for the SST 

 
그림4 제안하는 DAB 컨버터의 ADRC 제어 방식 

Fig.4 Proposed ADRC control scheme for the DAB converter. 
 

2.2 Output Inverter Controller 
The SST’s inverter operates in GFM mode when NOP is 

open, and in GFL mode when NOP is closed. The overall 

control scheme is shown in Fig. 5, where the VSG provides 

superior GFM performance.  
2.2.1 Grid-forming (GFM) operation mode 
The objective in grid-forming mode is to ensure high-

quality voltage and current control at the LV AC bus. Here, 

predictive control is achieved by minimizing the cost function  

𝐽𝐽𝑙𝑙 = �𝑣̂𝑣𝑙𝑙𝑙𝑙𝑙𝑙(𝑘𝑘 + 1) − 𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙∗ �2 + ℘�𝚤𝚤𝑙̂𝑙𝑙𝑙𝑙𝑙(𝑘𝑘 + 1) − 𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙∗ �2,  (4) 

where 𝑟𝑟𝛼𝛼𝛼𝛼 = �𝑟𝑟𝛼𝛼 , 𝑟𝑟𝛽𝛽�
𝑇𝑇
, 𝑣𝑣𝑙𝑙∗is the output voltage reference,  ℘ 

is the weighting factor that determines the control priority 

between current and voltage control, and 𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜∗  is the output 

current reference computed from 

𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙∗ = �𝐶𝐶𝑙𝑙𝜔𝜔𝑔𝑔𝑣𝑣𝑙𝑙𝑙𝑙∗ + 𝑖𝑖𝑜𝑜𝑜𝑜� + 𝑗𝑗�𝑖𝑖𝑜𝑜𝑜𝑜 − 𝐶𝐶𝑙𝑙𝜔𝜔𝑔𝑔𝑣𝑣𝑙𝑙𝑙𝑙∗ �.        (5) 
 

2.2.2 Grid-following (GFL) operation mode 
In GFL mode, the grid voltage 𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔 = �𝑣𝑣𝑔𝑔𝑔𝑔 , 𝑣𝑣𝑔𝑔𝑔𝑔�

𝑇𝑇
 provides 

the voltage reference (𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙∗ = 𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔). The conventional power 

control for grid-connected operation would not give a 

seamless transition from GFM to GFL. Therefore, the new 

current reference terms are derived from instantaneous 

power expressions: 

�
𝑖𝑖𝑙𝑙𝑙𝑙∗ = 2

3
�
𝑝𝑝𝑙𝑙
∗𝑣𝑣𝑙𝑙𝑙𝑙

∗ +𝑞𝑞𝑙𝑙
∗𝑣𝑣𝑙𝑙𝑙𝑙

∗

𝑣𝑣𝑙𝑙𝑙𝑙
∗ 2+𝑣𝑣𝑙𝑙𝑙𝑙

∗ 2 �

𝑖𝑖𝑙𝑙𝑙𝑙∗ = 2
3
�
𝑝𝑝𝑙𝑙
∗𝑣𝑣𝑙𝑙𝑙𝑙

∗ −𝑞𝑞𝑙𝑙
∗𝑣𝑣𝑙𝑙𝑙𝑙

∗

𝑣𝑣𝑙𝑙𝑙𝑙
∗ 2+𝑣𝑣𝑙𝑙𝑙𝑙

∗ 2 �
   (6) 

where 𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙∗ = 𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔 = �𝑣𝑣𝑔𝑔𝑔𝑔 , 𝑣𝑣𝑔𝑔𝑔𝑔�
𝑇𝑇
; 𝑝𝑝𝑙𝑙∗and 𝑞𝑞𝑙𝑙∗ are the active and 

reactive power references respectively. The same cost 

function (4) is used to optimize the switching vectors selected 

for the power converters. 

 

3. Simulation Verification 
PLECS software simulation results for the system (Fig. 3), 

with controllers in Figs. 4 and 5 are shown in Figs. 6 to 8.  

Since solar PV farms have outputs that vary with the daily 

insolation, the impact of variable input voltage is shown in Fig. 

6. The proposed ADRC controller for the DAB converter has 

two advantages over the conventional linear control. First, are  

 
그림5 제안하는 출력 인버터에 대한 GFM/GFL 제어 방식 

Fig.5 Proposed grid-forming/grid-following control scheme for 

the output inverter stage. 

 

 
그림6 DAB 컨버터 제어에 대한 시뮬레이션 결과. 

Fig.6 Simulation results for DAB converter control. 

 

lower overshoots during input voltage changes. Second, it 

recovers faster from external disturbances: a settling time 

that is 60% smaller than the conventional method. 

In addition, the proposed VSG-MPC results shown in Fig. 

8, demonstrate superior capabilities over the conventional 

controller (Fig. 7). The seamless transition between GFM to 

GFL modes has eliminated current and voltage overshoots. 

Meanwhile, the GFL voltage quality is better than with the 

conventional method. 
  

표 1 시스템 매개변수의 값. 

Table 1 Values of the system parameters 

Parameter 

(DAB) Value Parameter 

(Inverter) Value 

DAB Vin 650 V 
Sampling 

Ts 
25 us 

Vdc 400 V Vnominal 250 V 

Nt 2 Grid volt. 312.5V 

R; L; C 0.25Ω; 70uH; 1mF Grid freq. 50Hz 

PI (kp; ki) 
7.53x103; 

1.37x107; 
 L; C filter 50uH; 1.85mF 
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그림7 기존 GFM/GFL 제어에 대한 시뮬레이션 결과. 

Fig.7 Simulation results for conventional GFM/GFL control. 

 

 
그림8 제안된 GFM/GFL 제어에 대한 시뮬레이션 결과. 

Fig.8 Simulation results for proposed GFM/GFL control. 

 

3. Conclusion 
  In this paper, the grid-forming SST for integrating solar PV 

with the distribution grid has been studied. The results show 

that the proposed control for the SST’s dc/dc isolation stage 

and output inverter stage are capable of better disturbance 

rejection, faster dynamic response, and seamless transition 

between the SST’s grid-forming and grid-following modes 

of operation. Future work will involve verification of the 

solution on a hardware prototype. 
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