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Abstract—This paper explains a single-phase on-grid PV 

system employing a solid-state transformer (SST) which consists 

of a DC-AC converter, a high-frequency transformer, a simple 

rectifier, and a Voltage Source Inverter (VSI). The DC-AC 

converter converts the PV panel output voltage to a high-

frequency three-level square wave required by the transformer 

operation. The pulse width of the square wave determines the 

PV operating points. The high-frequency transformer provides 

voltage level matching and galvanic isolation between the PV 

panels and the grid. While a simple rectifier produces a DC bus 

voltage for the VSI. The VSI has a grid current controller and a 

DC bus voltage controller to regulate the electrical power flow 

of the grid, the load, and the PV panel. Computer simulation 

results prove that the PV power can be delivered to the load and 

the grid through SST, while the grid current is kept sinusoidal 

and in phase with the grid voltage. 

Keywords—Solid State Transformer, On-Grid PV, Converter, 

Voltage Source Inverter 

I. INTRODUCTION  

Solar panels have been used as an alternative energy 
source. Installation of solar panels can generally be on-grid 
and off-grid. Off-grid installation can become independent 
power sources. Electrical energy from the solar (PV) panel is 
only fed to electrical loads as well as batteries as an energy 
storage. Off-grid installation is ideal for remote areas. In some 
cases, the off-grid PV system can serve as a backup power 
supply in the event of a grid failure. Meanwhile, on-grid 
installation means being connected to the grid. Excess 
electrical energy from the PV panel after being consumed by 
electrical loads can be delivered to the grid. Thus, it does not 
need batteries or other energy storage. The grid behaves as a 
virtual storage system that allows sending or receiving 
electricity when needed. The installation and maintenance 
costs are reduced. For the on-grid PV system, a device usually 
called a grid-tie inverter is required. The inverter converts DC 
into AC and can be synchronized to the grid [1][2].  

The on-grid PV system must be compatible with the 
electrical grid. On the other hand, the voltage of the PV panel 
and the grid is different. In addition, The PV panel needs to 
have galvanic separation (isolation) from the electrical 
network for safety and signal integrity reasons. Adjusting the 
voltage difference can be done with a transformer on the AC 

side [3] or a boost converter on the DC side [4]. Meanwhile, 
the isolation can be resolved using a transformer. The 
transformer works to increase or decrease the voltage and 
current levels through electromagnetic induction coupling. 
Generally, the existing transformer operates at a grid 
frequency (50/60 Hz). For the power distribution transformer, 
it has a large volume and weight. Moreover, the transformer 
cannot be directly attached to the PV panel that works with 
DC voltage. The DC-AC converter is needed as an interface 
between the DC output voltage of the PV panel and the AC 
grid voltage.  

The development and application of a solid-state 
transformer (SST) are growing. The SST integrates power 
electronics converters and a high-frequency transformer 
[5][6][7] to form an AC-AC converter like a conventional 
transformer. Fig. 1 shows several SST configurations. The 
high-frequency transformer has a smaller volume and weight 
than the conventional transformer. The use of SST generally 
replaces the existing transformer (conventional, f = 50/60 Hz) 
in power distribution networks [8][9], where the medium 
voltage of 20 kV is stepped down to a low voltage of 220/380 
V to supply electricity to customers. 

 

Fig. 1. Configuration of SST a) single stage, b) and c) two stages, d) three 
stages [6] 

Looking at the SST configurations, they may be used as an 
innovative solution to overcome the on-grid installation 
problems mentioned above. However, SST is commonly used 
in distribution networks and connects the electrical network to 
the load. Meanwhile, in the on-grid PV system, SST will be 
used to connect the electrical network to the PV panel, which 
is a source. Moreover, the PV panel generates DC electricity. 
Therefore, the problem is how to develop SST so that it can 
function as a coupling between the grid and the PV panel. SST 
has to provide grid compatibility to the PV panel while 
maintaining the power quality of the grid. This paper proposes 
the proper SST configuration so that it is suitable for on-grid 
PV systems to deliver the PV power to the grid and the load.  
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Several researches have been done on the application of 
SST for the on-grid PV system. In [10], the system adds a 
bidirectional buck-boost converter to obtain the PV power. 
Another system, the SST topology uses a multilevel H-bridge 
for LV inverters, and MV rectifiers and inverters [11].  

This paper focuses on an attempt to modify SST into a DC-
AC converter for on-grid PV applications. Section II describes 
the operation principle and analysis of the SST configuration 
which consists of a DC-DC converter and a Voltage Source 
Inverter (VSI), as well as their controllers. To verify the 
concept, computer simulation using PSIM has been carried 
out and presented in Section III. The results focus on the area 
of the PV output side and the grid side. The conclusions are 
written in Section IV. 

II. ON-GRID PHOTOVOLTAIC CONFIGURATION 

From Fig. 1, the selected Solid State Transformer (SST) 
configuration is 1(d) and has three stages. Since PV panels 
produce DC electricity, SST has to be modified to interface 
the DC output voltage of the PV panel to the AC grid voltage. 
From the three-stage configuration, the AC-DC converter at 
the first stage is eliminated. As a result, the PV panel output 
can be directly attached to the second stage of the three-stage 
configuration. The second stage is named Stage A. This stage 
is a DC-DC converter consisting of three parts, which are a 
DC-AC converter, an isolated high-frequency transformer, 
and an AC-DC converter. The high-frequency transformer is 
inserted into the DC-DC converter to provide voltage 
matching and galvanic isolation. Furthermore, the Stage A 
output is connected to a DC-AC converter, which is named 
Stage B. This converter is a Voltage Source Inverter (VSI). 
The VSI connects the Stage A output to the power grid. Hence, 
circuits in Stage A and Stage B deliver the electrical power 
from the PV panel to the grid and the load. Fig. 2 shows the 
implementation of the grid-connected PV system using SST. 

 
Fig. 2.  Diagram of the on-grid PV system 

A. Modified Solid State Transformer 

The first part of Stage A is the DC-AC converter. The 
converter is used to convert the DC quantity from the PV panel 
output into the high-frequency AC quantity required by the 
high-frequency transformer operation. Its switching operation 
is also controlled to force the PV panel to produce maximum 
power. The converter consists of four transistors configured as 
a H-bridge. The left and right legs of the bridge each produce 
square waves with a duty ratio of 0.5. The square wave 
generated by each leg is phase-shifted by the displacement 
angle α. As a result, the output voltage of the bridge will be a 
three-level AC square wave (Fig. 3) with a pulse width of 
(180o – α). The PV maximum power can be achieved by 
adjusting the pulse width since the angle α determines the rms 
value of the square wave voltage as seen in Equation 1. The 

operating point (load lines) of the PV panel is associated with 
the rms value of the square wave voltage.  

 
Fig. 3 Three-level square wave with a displacement angle α. 
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The isolated high-frequency transformer as the second part 
of Stage A is a 5-kHz two-winding step-up transformer. The 
primary side is supplied from the DC-AC converter, and the 
secondary side is fed to the AC-DC converter. The 
transformer tries to match the PV panel output voltage level 
(≈ 35 V) to the VSI input voltage level (DC Bus voltage ≈ 350 
V) by its winding ratio. The transformer also provides 
galvanic isolation between the PV panels and the grid. 

For the last part, the AC-DC converter uses four diodes as 
a bridge and works as an uncontrolled rectifier. So, the number 
of system control circuits is reduced. The bridge receives a 
high-frequency AC voltage from the secondary side of the 
transformer and produces the DC bus voltage (Vo) which is the 
VSI input voltage on Stage B. The advantage of using the 
diode bridge is that it prevents power reversal to the PV panel 
because the power flow becomes unidirectional from the PV 
panels to the grid. There is a power capacitor installed at the 
DC bus as an energy storage to reduce the voltage ripple and 
to filter the AC component of the DC bus current. 

B. Voltage Source Inverter 

In Stage B, there is a grid-connected VSI. The VSI uses 
four transistors as a H-bridge. There is an inductor Linv at the 
AC side of the VSI. It connects the output of Stage A to the 
single-phase power grid. Different from the previous DC-AC 
converter in Stage A, this VSI can be synchronized to the grid 
via a current controller.  

The VSI has a current controller and a voltage controller 
[1][2]. The current controller senses the grid current using a 
current sensor. Then, the output signal of the sensor is 
compared to the sinusoidal reference current (iref), which is in 
phase with the grid voltage. By placing the current sensor on 
the grid side, the grid current is forced to be the same as the 
sinusoidal reference current (iref) which is given by: 

iref = k  vgrid-1    (2) 

where vgrid-1 is the fundamental component of the grid 
voltage, and k is the output of a PI controller. As a result, the 
VSI automatically provides the current (iinv) according to: 

igrid = iinv + iload (3) 

The grid current control will also regulate the flow of 
electrical power from the grid, the load, and the PV panel.  

The voltage controller has a voltage sensor installed at the 
DC bus. The output signal of the sensor is compared to the DC 
bus reference voltage. Then, the error is regulated by a simple 
PI controller. The voltage controller tries to maintain the DC 
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bus voltage constant at its reference value. The DC voltage 
reference value should be greater than the amplitude of the 
grid voltage wave. The voltage controller also defines the 
amplitude of iref by a gain k. This is an effective way of 
determining the required amplitude of grid active current since 
any active power mismatch among the grid, the load, and the 
VSI would result in the necessary corrections and regulate the 
DC bus voltage. The response speed of the voltage controller 
is much slower than that of the current controller. Hence, the 
current controller and the voltage controller are decoupled. 
Fig. 4 shows that the DC bus voltage (Vo) contains ripple but 
is constant at 350 V. Hence, the PI controller works correctly. 

 

Fig. 4. DC Bus Voltage (Vo) 

III. SIMULATION RESULTS 

To verify the concept, the circuit in Fig. 2 is simulated 
using PSIM simulator. The parameters used for the simulation 
are shown in Table I.  

TABLE I. Circuit Parameters 

Parameters Value 

Vg-rms 220 V 

Z grid 0.02 Ω, 0.3 mH 

L inv 0.25 Ω, 1.51 mH 

Cap DC-bus 6600 μF 

Transformer ratio 1: 13 

PV Vmpp 35.6 V 

PV Impp 28.1 A 

A. PV Output Power 

Fig. 5 shows the PV output voltage and current at its 
maximum power. To achieve the maximum power, the 
displacement angle (α) between the DC-AC converter legs 
must be 29o. The PV current, voltage, and power values are 
written in Table II. Fig. 6 demonstrates the voltage output of 
the DC-AC converter, which is a three-level square wave with 
a pulse width of 151o. Vrms = 32.74 V. The frequency of the 
wave is 5 kHz. This voltage is fed to the transformer primary 
winding. The transformer secondary voltage increases to 350 
V (rms) due to its winding ratio. Its amplitude is held equal to 
the DC bus voltage. 

  
Fig. 5. PV output voltage and current for α = 29o. 

   
Fig. 6. Transformer primary (top) and secondary (bottom) voltage for α = 29o. 

 
Fig. 7. PV output voltage and current for α = 60o. 

  
Fig. 8. Transformer primary voltage for α = 60o. 

If the displacement angle is changed to 60o, then the PV 
output power is not maximum. Fig. 7 shows the PV output 
voltage and current. The current, voltage, and power values 
are written in Table II. The PV power is less than its maximum 
output power. The voltage output of the DC-AC converter, 
which is the same as the transformer primary voltage with a 
pulse width of 120o is shown in Fig. 8. Vrms = 31.14 V.  

For a similar case with an angle of 10o, the PV output 
power is also not maximum. Fig. 9 displays the PV output 
voltage and current. The current, voltage, and power values 
are displayed in Table II. The PV power is also less than the 
PV maximum output power. The voltage output of the DC-
AC converter, which is the same as the transformer primary 
voltage for α = 10o is shown in Fig. 10. Vrms = 34.29 V. 

   
Fig. 9 PV output voltage and current for α = 10o. 
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Fig. 10. Transformer primary voltage for α = 10o. 

TABLE II. PV Panel Output 

α Ipv (A) Vpv (V) Ppv (W) 

10o 28.41 35.12 997.76 

29o 28.02 35.68 999,81 

60o 25.31 37.92 959.41 

 

It can be seen that the PV output power corresponds to the 
displacement angle of the DC-AC converter. The controller 
will adjust the converter switching time according to the 
angle. The angle defines the pulse width of the square wave, 
which determines the rms value of the DC-AC converter 
output voltage. Changing the angle will change the rms value 
of the voltage supplied to the high-frequency transformer. The 
transformer operates in variable voltage, which results in 
delivering variable power. The power passing through the 
transformer depends on the power available from the PV 
panel, which is determined by its load lines. Hence, the 
displacement angle is related to the operating point (load lines) 
of the PV panel. 

B. Grid Currents 

The load used in the simulation is linear and inductive (RL 
load). The observation is in steady-state conditions starting 
from t = 1.6s. Fig. 11 shows the grid voltage (top) and the grid, 
the load, and the VSI currents (bottom). In this case, α = 29o, 
and the PV panel works at maximum power. Iinv = 4.62 A, Iload 
= 2.91 A, and Igrid = 1.79 A.  

   
Fig. 11. The grid voltage (top) and the grid, the load, and the VSI currents 
(bottom) for Iinv > Iload 

It can be seen that the inverter current is greater than the 
load current. It means that the PV panel generates more 
power than needed by the load. As a result, the excess power 
from the VSI is delivered to the grid. It is shown that the grid 
current is out of phase with the grid voltage. The direction of 
the grid current is from the VSI to the grid. The correlation of 
the grid current, the load current, and the VSI current agrees 
with Equation 3. 

The grid current waveform is the same as the sinusoidal 
reference current (iref) due to the grid current controller. Zero 
crossings of the grid current are also the same as the grid 

voltage. Using the grid current controller, the VSI provides 
automatically reactive current so that the grid has a unity 
power factor.  

The sinusoidal reference current (iref) is obtained from 
Equation 2. The PI controller output determines the reference 
current amplitude. Fig. 12 shows the PI controller output 
signal (k) (top) obtained from the voltage controller and iref 
(bottom) which is a multiplication of vgrid-1 and k. The average 
value of k = – 2.51. As a result, the phase difference between 
the grid voltage and the grid current is 180o. 

  
Fig. 12. The PI controller output signal and iref for Iinv > Iload. 

   
Fig. 13. The grid voltage (top) and the grid, the load, and the VSI currents 
(bottom) for Iinv < Iload 

On the other hand, the inverter current is less than the load 
current. Iinv = 4.95 A, Iload = 8.53 A, and Igrid = 3.79 A. The PV 
panel output power is not sufficient for the load power 
consumption. Then, the deficit power to supply the load is 
drawn from the grid. Fig. 13 describes the grid current which 
is in phase with the grid voltage with a unity power factor. The 
direction of the grid current is from the grid to the load. The 
grid current cannot flow to the VSI because of the diode bridge 
rectifier. The correlation of the grid current, the load current, 
and the VSI current also agrees with Equation 3. 

Fig. 14 shows the PI controller output signal, k (top) and 
iref (bottom). The average value of k = 5.37. Hence, any 
mismatch in the system power flow will change the value of k 
which adjusts the grid current amplitude. Because the value of 
k is positive, there is no phase difference between the grid 
voltage and the grid current. 

  
Fig. 14. The PI controller output signal and iref for Iinv < Iload. 
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The system can still work at night when the irradiance is 
very low. Fig. 15 shows the output voltage and current of the 
PV panel. There is no current flowing out from the PV panel. 
As a result, there is no electric power delivered through the 
SST and to the load/grid. The grid fully supplies the load 
power. However, the VSI still generates current to compensate 
for the load reactive current because the grid reference current 
(iref) is set to a unity power factor. Fig. 16 shows that the value 
of the grid current is similar to the load current but in phase 
with the grid voltage. 

 

Fig. 15. PV output voltage and current for very low irradiance 

 
Fig. 16. The grid voltage (top) and the grid, the load, and the VSI currents 
(bottom) for very low irradiance. 

IV. CONCLUSIONS 

This paper explains a grid-connected PV system using a 
solid-state transformer (SST), which connects the PV panel to 
the grid. SST has been modified from three stages to two 
stages which is named Stage A and B. The modified SST 
consists of a DC-DC converter and a VSI. The DC-DC 
converter consists of a DC-AC converter, an isolated high-
frequency transformer, and a simple bridge rectifier.  

To send the solar energy to the load and grid, several 
conversion processes are carried out, starting from the DC 
quantity of the PV panel to the high-frequency three-level AC 
square wave for transformer operation. The transformer 
increases the voltage value. Then, the AC wave is converted 
to DC quantity again using a simple rectifier to supply the 
VSI. Finally, the VSI converts the DC quantity to a line 
frequency AC quantity and connects the system to the grid. 

There are two control strategies. The first control strategy 
uses the pulse width of the square wave to determine the PV 
operating points (load lines). For the second control strategy, 
the VSI has a grid current controller and a DC bus voltage 
controller to regulate the flow of electrical power from the 

grid, the load, and the PV panel. All of the control strategies 
are decoupled so they can work independently.  

Computer simulation results using PSIM prove that the 
SST system works very well. The PV power is delivered to 
the load and the grid through SST, while the grid current is 
sinusoidal and in phase with the grid voltage. 

From the study above, this paper brings several 
contributions such as a modification of SST from an AC-AC 
converter to a DC-AC converter. It consists of the DC-DC 
converter and the VSI. The input voltage of the high-
frequency transformer varies due to controlling the pulse 
width of the three-level square wave. The variable voltage 
affects the operating points of the PV panel. The power flow 
is unidirectional PV power and bidirectional grid power. The 
grid current is sinusoidal with a unity power factor. 
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