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Abstract - This paper describes the power flow of a grid-connected PV system utilizing a solid-state transformer (SST). The
SST system comprises a DC-AC converter, an isolated high-frequency step-up transformer, a bridge rectifier, and a Voltage
Source Inverter (VSI). The DC-AC converter transforms the PV panel output voltage into a 5-kHz three-level square wave,
where its pulse width regulates the PV load lines to generate power. The VSI delivers the PV power to the single-phase grid
employing a grid current controller and a DC bus voltage controller. Computer simulation results verify the system’s
effectiveness in controlling the power flow from PV panel through SST to the load and the grid while maintaining the grid
current to be sinusoidal with a unity power factor, regardless of the presence of sunlight.

Keywords - Solid State Transformer, Grid-Connected PV, Voltage Source Inverter (VSI), Three-level Square Wave.

1. Introduction

Photovoltaic (PV) panels are cma()nly installed in both
off-grid and on-grid configurations. In off-grid installation,
electrical energy from the PV panel is only supplied to
electrical loads and batteries as energy storage. Off-grid
installation 1s suitable for remote areas. In some cases, the
off-grid PV system works as a backup power source during
power outages. Ina)nlralsl, in on-grid installation, electrical
energy that come from the PV panel can be delivered to the
grid as well as to electrical loads. The on-grid PV system does
not need batteries or additional energy storage, making them
cost-efficient and easy to maintain. The grid acts as a virtual
storage system that allows sending or receiving electric
power when needed. For the on-grid PV system, a grid-tie
inverter (GTI) is generally required. The inverter converts a
DC quantity into an AC quantity and can be synchronized to
the grid [1][2].

The on-grid PV system has to be compatible with the
grid. A potential issue with GTI arises because of the
mismatch voltage between PV panel output voltage and grid
voltage. The voltage difference can be adjusted with a
transformer on the AC side [3] or a boost converter on the
DC side [4]. In addition, The PV panel usually needs galvanic
1solation from the grid for safety and signal integrity reasons.
The isolation can also be handled using a transformer.
Typically, the existing transformer works at the standard grid
frequency (50/60) Hz and has a large weight and size.

Nowadays, solid-state transformers (SST) have been
developed and used for many applications generally in
distribution networks that connect the grid to the AC loads.
SST is an AC-AC converter that combines a high-frequency
transformer and power electronics converters [5][6][7]. The
high-frequency transformer has a smaller weight and size
than the conventional transformer (50/60 Hz). SST usually
substitutes the conventional transformer [8][9], where the
medium voltage (20 kV) is stepped down to the low voltage
(220/380 V) to meet customer equipment specifications.
Several SST configurations are shown in Figure 1.

1
l

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

Therefore, it is necessary to replace GTI with SST. SST
will be used to connect the grid to the DC source, the PV
panel. SST also transmits the PV power to the grid. Several
researches have been conducted on the application of SST for
the on-grid PV system. In [10], an additional bidirectional
buck-boost converter is used to get the PV power. Another
system [11] employs the SST topology featuring multilevel
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H-bridge for LV inverters and MV rectifiers and inverters.
This paper presents an innovative SST configuration suitable
for the on-grid PV system. Instead of adding circuits and
controllers, an innovative approach involves simplifying the
SST configuration for ease of operation and expansion.

It is necessary to examine the power flow across PV
panel, load and grid via SST in order to ensure this system
works effectively. This analysis includes active and reactive
power, comprising average and oscillating components. The
analysis covers power flow at various loads and PV panel
conditions, regardless of the presence of sunlight.

2. On-Grid PV Configuration

The chosen configuration for SST, as shown in Figure 1,
1s 1(d). It has three stages. Because the PV panel generates
DC electricity, the AC-DC converter in the initial stage is
removed. The PV panel is directly attached to the second
stage, a DC-DC converter and this stage is named as Stage A.
Stage A caw,ls of three parts, i.e., a DC-AC converter, an
isolated high-frequency transformer, and an AC-DC
converter. Then, the Stage A output is connected to a DC-AC
converter, denoted as Stage B, which is a Voltage Source
Inverter (VSI). The VSI interfaces the Stage A output to the
power grid. Hence, a series circuit of Stage A and Stage B
delivers electrical power from PV panel to power grid and
load. Figure 2 illustrates the implementation of the on-grid
PV system using SST.

STAGEA

A T
b .3
e S B

Fig. 2 Diagram of the grid-connected PV system

2.1. Solid State Transformer (SST)

The first component of Stage A is the DC-AC converter,
which generates the high-frequency AC voltage from the PV
panel’s DC output voltage since the transformer works at a
high frequency. The converter consists of four transistors
configured as an H-bridge. Switching of four transistors is
controlled by using a microcontroller (DC-AC Controller).
The switching operation can also drive the PV panel to
generate maximum power. A Simple concept algorithm used
for this controller is shown in Figure 3. The microcontroller
controls the switching time of the right and left legs of the H-
bridge to produce square waves with a duty ratio of 50%. The

(5]

square wave generated by each leg is phase-shifted by the
displacement angle (o). As a result, the output voltage of the
bridge will be a three-level AC square wave (Figure 4) with
a pulse width of 180° — . The angle o determines the root
mean square (rms) value of the square wave voltage as given
in Equation 1. The PV panel output detects the rms value
which in turn dictates the load lines (operating points) of the
PV panel. Figure 5 shows the load lines of the PV panel.
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Displacement angle (o)

Generate a 50% duty
cycle of PWM signal

Output PWM signal to pin A
and its complement to pin An
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(Count delay time based on o value for generating|
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Output phase-shifted PWM signal to
pin B and its complement to pin Bn

Caleulate present power value using sensing
walue from voltage and current sensor
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Fig. 3 Simple algorithm for controlling switching time
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Fig. 4 Three-level square wave with a displacement angle «
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The isolated high-frequency transformer as the second
part of Stage A works at a frequency of 5 kHz. It is a two-
winding step-up transformer, with the primary winding being
supplied by the DC-AC converter, and the secondary winding
directed to the AC-DC converter. Its winding ratio is adjusted
to match the PV panel output voltage level (= 35 V) to the
VSI input voltage level (DC Bus voltage = 350 V). The
transformer also provides galvanic isolation between the PV
panel and the grid.

Inare Manmum Power Pomt

Pape = Viuep « Tuee

.

Module Currant (4)

Increasing Resistance

Vs Vac

Module Voltage (V) —»

Fig. 5 Load lines of the PV panel [12]

The last part is an uncontrolled rectifier, which employs
four diodes as an H-bridge. The rectifier converts a high-
frequency AC voltage from the secondary side of the
transformer to the DC bus voltage (V,,) of Stage B. The diode
bridge also prevents power reversal from the grid to the PV
panel. The power flow becomes unidirectional from the PV
panels to the grid as well as the load. A power capacitor is
installed at the DC bus as an energy storage to reduce the
voltage ripple.

22. The Grid-connected Voltage Source Inverter

In Stage B, the Voltage Source Inverter (VSI) uses four
transistors as an H-bridge, with an inductor L. at the AC
side, and connects the output of Stage A to the single-phase
power grid. Different from the previous DC-AC converter in
Stage A, in the VSI, the diagonally opposite transistors from
the two legs are switched as switch pairs to produce a bipolar
pulse width modulation (PWM) square wave.

The VSI has a current controller and a voltage controller
[1][2]. The current controller has a current sensor on the grid
side and senses the grid current. The output signal of the
sensor is compared to the sinusoidal reference current (i.).
The result is a high-frequency PWM ﬂ;mll to switch the
transistors. By locating current sensor on the grid side, the
grid current controller can drive the grid current to be the
same as the sinusoidal reference current (i.y). This reference
current is synchronized to the grid voltage and given by:

2

I (1) = k Vg (1)

where Vg 1s the fundamental component of the grid
voltage and & is the PI controller output. Consequently, the
VSI automatically produces the current (i) according to:

ign'd (I) = finy (I) + lload (I) (3)

The objective of the voltage controller is to maintain a
constant DC bus voltage at its designated reference value. A
voltage sensor is positioned at the DC bus to sense its voltage.
The sensor output signal is compared to the DC bus la:rence
voltage. The reference value should be greater than the
amplitude of the grid voltage wave. Then, the error is
controlled by a simple PI controller and produces a gain k.
This gain k nermines the amplitude of i, as written in
Equation 2. This is an effective way of determining the
required amplitude of grid active current since y active
power mismatch among the grid, the load, and the VSI would
result in the necessary C()rnectins and regulate the DC bus
voltage. The response speed of the voltage controller is
considerably slower than that of the grid current controller,
leading to the decoupling of the grid current controller and
the voltage controller. Figure 6 reveals that the PI controller
functions correctly. The DC bus voltage (V,) is kept constant
at350 V.

<00

350

250

200

166
Time (s}

Fig. 6 DC Bus Voltage (V.)

3. Power Flow
3.1. The PV Power

The power that is generated by the PV panel depends on
the solar irradiance levels. Increased irradiance corresponds
to higher PV output power. Moreover, at a specific irradiance
level, the output power of the PV panel depends on its load
lines illustrated in Figure 5. As discussed earlier, changing
the displacement angle (o) leads to changes in the rms value
of the square wave voltage. The rms value determines the
load lines (operating points) of the PV panel. Hence, the PV
panel output notices varying voltages which then affects its
output power. The maximum power occurs when the voltage
equals Vipp.

32. The SST Power

For ideal converter conditions, the input power is equal
to the output power. The converter transmits the received
power to its output. In actual conditions, the significant losses
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in the converter occur in the form of switching losses, the
amount of which depends on the switching frequency.
Similarly, for ideal transformer conditions, the input power
equals the output power. In actual conditions, there are core
loss and copper loss. In SST, there is no energy conversion.
The converter and transformer only transmit electric power
from the PV panel. As discussed earlier, the power flow is
unidirectional to the grid due to diodes in the rectifier.

3.3. The Grid Power
For a single-phase power grid, v(t) = V sin owt, and i(r) =
I'sin (owf — ). The instantaneous power will be [13][14]:

p(t) = v(t) i(t) = VIcosep (1 — cos2wt) (4)
— VI sing sin2wt

p(t) = P (1 — cos2wt) — Q sin2wt (5)

The instantaneous power p(r) has two components. The
first component oscillates at twice the line frequency and has
an average value of P = VI cosp, denoted as active power.
The second component also oscillates at twice the line
frequency with an amplitude equal to Q = VI sing, named
reactive power. It has zero average value. The active power
(P) can also be calculated as follows:

T

f v(t) i(t) dt (6)

0

_ 1
P=z

Due to the grid current controller, iy iy (1) = Lo Sin wt.
The grid current is sinusoidal and has same phase with the
grid voltage according to Equation 2. Since ¢ =0, then Q=0
and p(1) in Equation 5 becomes:

Paria(t) = P (1 — cos2wt) (7)

The load current iy (1) = e sin (et — p). According to
Equation 3, the output current of the VSI (i) 1s given by:

liny(t) = liny (cose sinwt — sing coswt) (8)

It can be seen that the VSI current consists of two
components which are active current and reactive cenl.
The two currents are orthogonal and correspond to active
power and reactive power respectively. The amount of active
power is determined by IB PV output power. Hence, the grid
current control regulates the power flow of the grid, the VSI,
and the load.

4. Simulation Results and Discussions

The circuit in Figure 2 is simulated using PSIM
simulator to prove the concept and to analyze the power iav.
The circuit proceeds under steady-state conditions. The
parameters used for the simulation are seen in Table 1.

Table 1. Cirenit Parameters

Parameters Value

Verms 220V

Zyrid 0.02 Q, 0.3 mH
Liny 0250, 1.51 mH
DC-bus Capacitor 6600 uF
Transformer ratio 1: 13

PV Vi 356V

PV Ly 28.1 A

4.1. The PV Output Power

To analyze the PV output power, the simulation focuses
on the performance of the displacement angle control
strategy. The circuit in Figure 2 is tested under irradiance of
1000 W/m?>,

Figure 7 shows the output voltage and current of the PV
panel at maximum power. [, = 2802 A, V,, =3568 V, P,
(max) = 999,8 W. The values of [, and V,, are matched with
the parameters specified in Table I for the PV panel. To
achieve the PV maximum power, the displacement angle (o)
must be 29°. Figure 8 shows the output voltage of the DC-AC
converter presenting a 5-kHz three-level square wave with a
pulse width of 151°. Vi = 32.74 V. This voltage is fed to the
transformer’s primary winding. The transformer’s secondary
voltage increases to 350 V (rms) due to its winding ratio, with
the amplitude held equal to the DC bus voltage.

] 1882 1884 1588 1688 17
Tima (s)

Fig. 7 PV output voltage and current for o = 29°
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Fig. 8 Transformer primary (top) and secondary (bottom) voltages
for a=29"
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If the displacement angle (o) 1s changed to 60", the
pulse width of the square wave becomes 120°. Then, the rms
value of the output voltage of the DC-AC converter, which
1s the same as the transformer's primary voltage (Figure 10)
changes to 31.14 V. As aresult, the PV output voltage and
current also change (Figure 9). [,y =2531 A. V. =37.92 V.
Py, = 9594 W. This change indicates a decline in the PV
output power compared to its maximum value.

25 PR AR A AAAAS AR AASAAAVAAAAARS

1884
Time (s}

16886 1688 17

Fig. 9 PV output voltage and current for o= 60°
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Fig. 10 Transformer primary voltage for u= 60°

For a similar case, Figure 11 displays the PV output
voltage and current with an angle of 10°. The pulse width of
the square wa equals 170°. [, =2841 A, V,,=35.12V P,
=997.76 W. It can be seen that the PV output power is also
less than its maximum value. This is because the rms value
of the output voltage of the DC-AC converter, which is the
same as the transformer’s primary voltage (Figure 12) for o
=10° becomes 34.29 V.

v W
40
Y Y Y
3
2%
2
168 1682 1684 16886 1868 17

Time (=)

Fig. 11 PV output voltage and current for o = 10°

tn

VTpr

i

-0

16995 17

e pps e
Fig. 12 Transformer primary voltage for a= 10"
Table 2. Displacement Angle Effects
10° | 3429 2841 35.12 997.76
200 | 32.74 2802 35.68 999 81
60" | 31.14 2531 37.92 95941

The PV output power, the output voltage of the DC-AC
converter, and the displacement angle (o) discussed before
are summarized in Table 2. The controller will adjust the
converter switching time according to the angle. The angle as
well as the pulse width of the square wave determines the rms
value of the DC-AC converter output voltage. Increasing the
angle leads to a decrease in the rms value of the voltage
supplied to the high-frequency transformer and the PV output
current, but increases the PV output voltage. However, PV
output power will go up and down like a curve, with a
maximum power point at o = 29°. Hence, the output power
(load lines) of the PV panel corresponds to the displacement
angle (o). Moreover, the transformer operates at variable
voltage, which results in delivering variable power. The
amount of power passing through Stages A and B dependson
the available power from the PV panel.

42. The VSI and The Grid Power

To evaluate the p@er flow among the grid, the VSI, and
the linear (RL) load, the PV panel is operated at maximum
power (P, =999.81 W). The displacement angle () equals
29°. The VSI output power (Piny) comes from the PV output
power passing through Stages A and B in series.

In the first case, the inverter (VSI) output power, in terms
of active power, is greater than the load power. Figure 13
displays the grid voltage (top) and the currents of the grid, the
VSI, and the load (bottom). Their rms values: [, = 1.79 A,
Iy =4.62 A, 1,00 =2.91 A. Due to the grid current controller,
Figure 13 also shows that the grid current waveform is forced
to be the same as the sinusoidal reference current (i..s). The
grid current has the same zero crossing points as the grid
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voltage. Moreover, the VSI automatically produces a reactive
current, as per Equation 8, to compensate for the reactive
current of the load.

Figure 14 illustrates the grid power, the VSI power, and
the load power. They oscillate at a frequency of 100 Hz.
Based on Equations 5 and 6, their average values (active
power): Puig = -390.21 W, P, = 977.66 W, and Ppwm =
58745 W. The grid power follows Equation 7 but flows in
the reverse direction.

l{Load) 1w [grid)

Tirne (%)

Fig. 13 The grid voltage (top) and the currents of the grid, the VSI, and
the load (bottom) for Py > Plaa

Tirme (8]

Fig. 14 The VSI power, the load power (top), and the grid power

(bottom) for Piw > Puar

o
2
4
£
£l

1_ref
3
2 i
1
; \/\/\/W\
Bl
-3

18 162 164 166 168 17

Time (2]

Fig. 15 The PI controller output signal (top) and iy (bottom)
for P> Proad

Since Py > Pioaa, the excess active power from the VSI
1s delivered to the grid. It is shown that the grid current is out
of phase with the grid voltage resulting in negative active
power. The direction of the grid current as well as the active
power is from the VSI to the grid.

Figure 15 shows the PI controller output signal (top) and
ires(bottom). The sinusoidal reference current (i) is obtained
from Equation 2. The PI controller output (k) dictates its
amplitude. The average value of k is negative (—2.51). As a
result, the phase difference between the grid voltage and the
grid current is 180°.

In the second case, the inverter (VSI) output power, in
terms of active power, is less than the load power. Figure 16
displays the grid voltage (top) and the currents of the grid, the
VSI, and the load (bottom). Their rms values: [, = 3.79 A,
Iy =495 A, 100 = 8.53 A.Figure 16 also shows that the grid
current is sinusoidal with a unity power factor due to the grid
current control. The correlation of the grid current, the VSI
current, and the load current agrees with Equation 3. The
direction of the grid current is from the grid to the load.

Figure 17 demonstrates the grid power, the VSI power,
and the load power for the second case. Their frequency is
100 Hz. From Equations 5 and 6, their average values (active
power): Puiq = 82436 W, Pi, = 97749 W, and P =
1801.85 W.

ILead] i) grie)

Fig. 16 The grid voltage (top) and the currents of the grid, the VSI, and
the load (bottom) for P, < Puaw

Fig. 17 The VSI power, the load power (top), and the grid power
(bottom) for P, < Pras

Since Pinv < Pioad, the VSI output active power is not
sufficient for the load p(ma consumption. Then, the power
deficit to supply the load is drawn from the grid. The grid
power is positive and conforms with Equation 7. Figure 17
also shows that the VSI power comprises both alcta and
reactive components. The active power comes from the PV
power and is supplied to the load. The reactive power
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corresponds to the presence of a reactive current component,
as per Equation 8. The reactive power is used to compensate
for the load reactive power.

Figure 18 shows the PI controller output signal (top) and
irer (bottom). The average value of & has changed to 5.37.
Hence, any mismatch in the system power flow will regulate
the DC bus voltage and change the value of & which adjusts
the grid current amplitude. Because the value of & is positive,
there is no phase difference between the grid voltage and the
grid current.

bhdene

Tiers 15

Fig. 18 The PI controller output signal (top) and i.s (bottom)
for P < Pros

The SST system still can function at night when the
irradiance is very low. Figure 19 reveals the PV output
voltage and current. There is no significant current flowing
out from the PV panel. As a result, no electric power is
delivered via the series of Stage A and Stage B to the load
and the grid. The grid fully supplies the load active power.

169 1602 1684 1696 1608 17
Time (s)

Fig. 19 PV output voltage and current for very low irradiance

However, the VSI still generates current. Figure 20
displays the grid voltage (top) and the currents of the grid, the
VSI, and the load (b()tt(). Their rms values: loria = 2.72 A,
I =112 A, L1poa = 291 A. The grid current is similar to the
load current. Referring to Equation 8, when the active current
is close to zero, then the VSI only generates the reactive
current to compensate for the load reactive current. The phase
angle between the grid voltage and the VSI current is around
90°. Figure 21 shows the grid power, the VSI power, and the
load power. The average value of the VSI power is close to
zero because there is no PV power.

Figure 22 shows the PI controller output signal (top) and
ires (bottom). For very low irradiance, the average value of k
has ctalged to 3.81. The value of k is positive, so that no
phase difference between the grid voltage and current.

SVAVAVAVAY,

HLoad) Hinw} Iigrid)

182 184 188 168 17
Time (s)
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Fig. 20 The grid voltage (top) and the currents of the grid, the VSI, and
the load (bottom) for very low irradiance

18 1682 184 166 168 17
Tiem (8)

Fig. 21 The VSI power, the load power (top), and the grid power
(bottom) for very low irradiance

b fsews

Fig. 18 The PI controller output signal (top) and i, (bottom)
for very low irradiance

Table 3. Power Flow

Peria (W) Py (W) Pioad (W)
Piny > -390.22 977.66 58745
Pioaa
Piny < 824.37 97749 1801.85
Pioad
Pn=0 588.98 -1.26 587.72
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The grid active power, The VSI output active power, and
the load active power discussed above are summarized in
Table III. Table III also shows that there is no electric power
from the grid flowing back to the VSI for both P;,, < Pyuq and
Py = 0. This is due to the diode rectifier in Stage A that
prevents power reversal from the grid to the PV panel.

5. Conclusion

This paper explains the power flow of a single-phase
grid-connected PV system using a modified solid-state
transformer (SST), which connects the PV panel to the grid.
SST consists of a DC-DC converter (Stage A) and a VSI
(Stage B). The DC-DC converter consists of a DC-AC
converter, a two-winding isolated high-frequency
transformer, and an uncontrolled rectifier.

To send solar energy to the load and grid, there are two
control strategies. The first control strategy uses the pulse
width of the three-level square wave to determine the Pﬂ()ald
lines (operating points). The square wave is supplied to the

primary winding of the high-frequency transformer. The
transformer operates at variable voltage, which results in
delivering variable power. 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 VSI, and the load. 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 via a series circuit of Stages A and B,
while the grid current is sinusoidal and in phase with the grid
voltage, regardless of the presence of sunlight or not.
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