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Abstract—Large renewable energy systems (RESs), e.g.,
photovoltaic (PV) and wind turbine (WT) are connected to
grid usually weak, with long lines. This degrades power
system stability and reliability. Additionally, the magnetic
characteristic of conventional power transformer (CPT)
implies a slow dynamic and leads to grid current harmonic
too high when wind speed is low and irradiance is weak.
This paper proposes a parallel connection of a solid-state
transformer-based smart transformer and CPT to not only
reduce the power rating but also to support the voltage
amplitude and improve the grid current quality. The
simulation and experimental results clearly verify the
correctness and feasibility of the proposed strategy.

Index Terms—Renewable energy system, weak grid,
reactive power support, total harmonic distortion (THD),
smart transformer (ST).

| INTRODUCTION

Large photovoltaic (PV) and wind power (WP)-based
renewable power generation systems (RPGSs) have been
greatly developed in recent decades. Generally, large WP and
PV plants are geographically located in rural places, far away
from the main grid. Therefore, the connected transmission grid
is relatively weak, which leads to less power transfer capacity
and low stability [1, 2]. Moreover, the penetration increase of
RPGS degrades the power grid stability and reliability, and
challenges the grid voltage control [3], mostly in case of
RPGSs operation connected to a weak grid [4, 5].

Beside above issues, high total harmonic distortion (THD)
of injected current is also evident for large PV and WP system,
due to the step-up transformer, which has been not widely
discussed in the current literatures. Large PV and WP systems
are integrated into power grid by means of conventional power
transformers (CPT), as shown in Fig. 1. The CPT
electromagnetic characteristic impacts on the power quality in
MV grid [6-10]. When the wind speed is low and the
irradiance is weak, the power produced by the WP and PV is
small. This makes the exciting current component relatively
large with respect to the active current component.
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Therefore, weak grid problem and high current THD are
two typical issues for large RPGSs. Some strategies have been
proposed to suppress the CPT harmonic during normal
conditions [6, 10] and faulty conditions [9].

On the other hand, in order to increase the RPGSs
penetration and improve voltage stability, reactive power
compensation was required [11, 12]. Due to power rating limit
of converter used to control RPGSs, extra devices are required
to increase grid support capability [13]. Several solutions have
been proposed in industry and academy: HVDC systems [13-
16], reactive power support and voltage regulation devices [13,
17-22]. The HVDC system can avoid issues of weak grid, but
at high costs. In contrast, the extra reactive power support or
voltage regulation device is a cost-effective choice.

The on-load tap-changing transformer (OLTCT) can actively
regulate load voltage, but its controllability is constrained by
the limited number of switches for hour and step change low
dynamic. Thus, the combination of OLTCT and extra reactive
power compensators or energy storage systems has been
proposed to improve the voltage regulation [19, 20].

A hybrid transformer (HT), based on the mixed parallel and
series connection of power converter and CPT, has been
proposed to achieve active and reactive power flow control
and harmonic compensation [25, 26]. However, the series
converter current must be sized as the CPT, and, moreover, the
magnetizing current impact of the CPT still remains [26].

STATCOM is the most common way to support grid voltage
[17, 18]. The STATCOM, usually is connected to medium
voltage grid by a series step-up transformer. However, being
CPT-connected to the grid, has the same problem of large
distorted current in grid when the required injected reactive
current is small. For this reason, the STATCOM cannot
contribute to the grid current quality caused by the CPT
exciting current during low power production of RPGSs.
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Fig. 1 RPGS configuration with ST and CPT connected in parallel

The solid-state transformer (SST) has been applied for
traction purpose by ABB, SIEMENS, ALSTOM, due to the
advantages of low volume and weight [21-24]. The smart
transformer (ST) [27, 28], instead, aims to provide ancillary
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Fig. 2 ST control: (a) classic configuration, (b) ST parallelized with conventional transformer. (The controller changes have been marked in red)

services to the distribution grid [28-32], more than simply
adapting the voltage level from MV to LV grids, like in the
SST case. Compared to the HT, the ST is more flexible to
offer frequency support, voltage control, reactive power
compensation, power flow regulation, power congestion
control. However, if the CPT is entirely replaced by ST, even
though it can solve the harmonic problem, it leads to an
increase of installation costs compared to CPT or HT solutions.

In order to cope with the cost problem, this paper proposes a
parallel connection of the ST and CPT to offer services with a
reduced investment costs. In this case the voltage support and
power quality improvement has been considered as services.

This paper is organized as follows. The ST classic control
and the proposed control is compared in Section II. The
electromagnetic characteristic of the CPT is studied in Section
III. The improved strategy is proposed in Section IV. The
harmonic suppression of the proposed strategy is validated by
experiments in Section V. Section VI concludes this paper.

[I. SMART TRANSFORMER CONCEPT

This section describes briefly the ST classic control and
introduces new control for parallel connection of ST and CPT.

A. Smart Transformer Classic Control

As shown in Fig. 2(a), in the LV grid, the ST controls the
voltage in order to provide balanced and sinusoidal waveforms,
independently from the current demanded by the LV loads.
The ST is able to provide services to the distribution and
transmission grid, performing load and generation control in
the downstream LV grid [33, 34].

The DC/DC stage transforms the voltage from MV to LV
level. In the ST case, the dual active bridge (DAB) has been
adopted. The DAB allows the power flow control from MV to
LV grid to maintain LV DC link voltage at its nominal value.

The MV AC/DC stage, instead, aims to sustain the MV DC
link voltage. The active current set-point depends on the MV

DC link and the reactive current set-point can be modified to
sustain the voltage in the MV grid. Eventually, harmonic
contents can be added both in the active and reactive current
set-points in order to perform harmonic compensation in
specific MV grid buses.

B. Proposed Control for Parallelizing the ST with CPT

The aforementioned control works just in case the ST has a
“grid-forming” role in LV grid. As the ST is connected in
parallel with a CPT, the control changes as described in Fig.
2(b) (marked in red). The LV side does not control anymore
the voltage waveform in LV grid, due to the presence of the
CPT, but it controls the active current in order to keep the LV
DC link at the nominal value. The reactive current is a degree
of freedom for enhancing the voltage control in LV grid. The
DC-DC converter (DAB) controls the power flow in order to
control the MV DC link voltage.

The MV AC/DC stage, instead, can control freely the active
and reactive power injection in the MV grid, controlling the
AC current. This feature, together the reactive power support
in LV grid, gives to the ST high voltage support and harmonic
compensation capability, both in LV and MV grids. The LV
and MV reactive power controller can sustain the voltage
profile and compensate the CPT voltage drop. In case of
installation in PV and wind power plants, the ST can improve
the current profile on the MV side, offering harmonic
compensation services to the MV grid.

[II. CONVENTIONAL TRANSFORMER ELECTROMAGNETIC
CHARACTERISTICS

As shown in Fig. 1, the RPGSs are integrated into the grid
by the CPT, which affects system performance. Thus, the
performances of the CPT are discussed as follows.

A. CPT Performances

For simplicity, the RPGSs, as shown in Fig. 1, can be
assimilated to one converter in series with CPT, and its single-



phase equivalent circuit is shown in Fig. 3, where subscripts
“1” and “2” represent the CPT primary and secondary side
variables, respectively. The converter current i, is directly
controlled, while CPT current 7; is indirectly controlled.
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Fig. 3 Single-phase equivalent schematic

grid

By transforming all variables into the primary side and
aligning into the grid voltage vector, in the synchronous
reference frame, the voltage equation can be expressed as,

3)

Based on the relation between flux and currents, the
primary side current can be obtained as,
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1
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By substituting(1), (2) and (4) into(3), it can be obtained the
time derivative of flux amplitude and angle,
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words, the system will oscillate. In order to overcome this
issue, a mathematical analysis of the electromagnetic
characteristics is needed.

B. Transformer’s Electromagnetic Characteristic
The CPT primary side voltage equation can be expressed as,

(12)

By substituting (16) into (14), the converter connected CPT
output current can be obtained as,
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The first term on the right hand of (17) is a decaying
component, and it will be equal to zero during steady state.

However, if the power grid voltage is perturbed, the CPT




output current includes the decaying component, leading to
current distortion and active/reactive power oscillation.
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Fig. 4 Harmonic content of line current under different connection [19]

C. Magnetizing Current Harmonics

The exciting current harmonics of the CPT have been
discussed in detail in [19, 20]. In order to show the effects of
this problem, the exciting current distortion is shortly studied
as follows.

There are two main causes for the exciting current distortion.

Firstly, the connection type of the primary and secondary side
windings and, secondly, the supply voltage harmonic both
may result in the exciting current distortion. In practice, there
are various types of winding connection and the three-phase
supply always presents some degree of imbalance and
harmonic distortion. With the same supply voltage, the
exciting current harmonics are compared in Fig. 4.

IV IMPROVED CONTROL STRATEGY BASED ON PARALLEL
CONNECTION OF ST AND CPT

As analyzed above, reactive power support and distorted
current compensation need to be solved for large RPGSs. The
parallel connection of ST and CPT is proposed to reduce cost
and improve system performance, as shown in Fig. 1
(highlight in dash line).

A. Reactive Power Compensation
The parallel connection of the ST and CPT and its power
flow are shown in Fig. 5. The main active power P, flows
through the CPT, and compensating active power Pp and Py
flow through the ST. The reactive power can be supplied by
ST from both the LV and MV side, Or and Qw, respectively.
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Fig. 5 Reactive power control for parallel connection of ST and CPT
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During grid voltage drop, the set point of reactive power,
Oref, can be obtained. Then a coefficient & is used to dispatch

the injected reactive power for LV and MV side converter, as
shown in Fig. 5. Due to the step-up transformer, the turn ratio
needs to be considered for calculating the MV LV side
reference current. As the detailed control design is similar to
the conventional STATCOM [35, 36], it is omitted in Fig. 5.

Comparison of the proposed strategy and the conventional
STATCOM for reactive power injection is carried out in
PSCAD. As the simulation model of transformer is ideal, it
cannot clearly show the distorted current components caused
by the magnetizing current, which evidently exists in practice.
Thus, the system-level impact is validated by means of an
IEEE 34-bus model. In the scheme proposed in this paper, the
ST deals with just a fraction of CPT nominal power (i.e., 20%).

In order to make a fair comparison between the proposed
strategy and STATCOM, only reactive power compensation is
analyzed. Both devices are implemented in bus 860: the ST,
sized 200 kVA, is connected in parallel to a IMW CPT; the
STATCOM is connected to the LV side of the CPT with a size
of 400 kVA. This makes fair the comparison between the two
devices. Downstream the transformer a 1MW wind turbine
injects 20 kW. At the time 0.2 s, a reactive power step is
requested. The ST injects 200 kVAr in LV and 200 kVAr in
MYV grids, instead the STATCOM injects 400 kVAr in LV
grid. The results of this power step are shown in Fig. 6. If the
ST is more effective than a STATCOM in terms of voltage
support in MV grid, the behavior in LV grid is different. The
STATCOM, injecting the same amount of reactive power of
ST directly in LV, increases the voltage near 1.05 p.u., and it
results more effective than the ST in controlling the voltage in
LV grid (Fig. 6(a)). However, the ST voltage support is more
effective in MV grid considering the same amount of reactive
power, as shown in Fig. 6(b).
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Fig. 6 Simulation results voltage profiles before and after the reactive

power step: (a) in LV grid in case of ST (red line) and STATCOM (red

dotted line), and (b) in MV grid in case of ST (blue line) and STATCOM

(blue dotted line).
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B. Power Quality Improved Strategy Based on ST

In this part, the proposed strategy focuses on the grid
current harmonics suppression and performance improvement.
The ST control structure diagram is shown in Fig. 7. A vector
current control, based on proportional, integral and resonant
(PIR) controller in the dq reference frame, is adopted. As
RPGS usually works with unity power factor, by neglecting



the control system delay, the RPGS output current can be
simplified expressed as,

Ip = id27rel‘
{iqz =0 (18)
where ixq_reris the maximum power point current.
Based on (4), it can be obtained that,
Iy = _id27ref
- __ Uy (19)
Iy =——""
o,

It depicts that the power factor in primary side of CPT is not
equal to zero, even if the secondary side power factor is zero,
due to the presence of the transformer magnetizing current.

In order to achieve unity power factor in MV side, the ST
reference current is derived as,

{IIMV_d2_ref = 0 (20)

lMV_q2_ref - lql
As analyzed in (16) and (17), during grid voltage
fluctuations, the primary side flux and current have decaying
components, degrading the grid current quality. In order to
suppress this effect, the ST reference current is given as,

= _9 - i,/ o,
lMVﬁre[‘ - L

1)

The ST MV side reference currents are equal to zero, during
steady state, while the reference currents are unequal to zero
during grid voltage variations because of the decaying flux in
(16). The reference current of ST MV side is equal to the sum
of (20) and (21).

Based on the relation between the flux and current, the grid
current, as shown in Fig. 7, can be obtained as,
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By substituting(18), (20), (21) into (22), it can been
obtained that,
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Compared to (17), the proposed strategy can ensure that the
grid current in (23) is linear to the converter output current,
without any effects of the CPT.

As analyzed in Section III C, in practice the CPT
magnetizing current has large harmonic components.
Additional, the power grid also exists harmonic current caused
by nonlinear loads. Therefore, the reference current is
calculated directly by (20) and (21) cannot suppress the
harmonic current properly. In order to overcome the effects of
these un-modelled factors, a corrective approach has to be
proposed.

In the synchronous reference frame, the fundamental
component becomes DC component, but others become AC
components.

(23)

Iy =1y +iy, 24)

where subscript “gh” represent the h-order harmonic current in
MYV grid.
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Fig. 7 Control structure diagram for ST

Based on this characteristic, a low pass filter is adopted to
obtain distorted components, which are used as ST current
reference. In order to suppress AC distorted currents, the
corresponding resonant controller is designed as,

a ks
G.(s)=k,+)

= tw,s+o; 25)
where k, and ky are the proportional and resonant gains,
respectively, wn is the resonant angular frequency, and wen 1S
the damping coefficient.

Based on previous analysis, the control diagram for
harmonic suppression is shown in Fig. 7. By measuring the
power factor in the power grid, the reference current imv g2 ref
can be obtained, allowing to control Bus4 with unity power
factor. In addition, by measuring the current harmonics, the
reference currents imv qi_rer and imv d_rer can be obtained. The
sum of imv _q1_ref and imv g2 rer 1S total g-axis reference current.

V. EXPERIMENTAL RESULTS

In order to validate the effectiveness of the proposed
strategy in power quality improvement, a 5.5kW experimental
setup has been built in laboratory. The setup picture and
structure diagram are shown in Fig. 8. A Chroma
programmable AC source was used as a grid emulator to
generate grid faults. The DC source and the grid side converter
(GSC) were used to simulate the PV or wind turbine DC-link
and the grid-tied converter. A 10kVA delta-wye CPT was
used as an isolation transformer. The setup and the control
parameters are listed in Table I and Table II, respectively. The
system was controlled by dSPACE1006.

A. Steady- and Transient State Performance of CPT

In order to clearly show the effects from the CPT, its
electromagnetic characteristics are tested in lab based on the
10kVA transformer. The measured exciting current of the CPT
under various voltage amplitudes is shown in Fig. 9. The
exciting currents are highly distorted, which increases the grid
current harmonics even during steady state. This problem
becomes evident in case of low CPT active current. Compared
to the kVA power transformer, the MW transformer has larger
exciting current, which results in grid current high distortion.
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system structure diagram
TABLE |
SETUP PARAMETERS
Isolation power transformer

Connection DY11

Rated capacity 10kVA

Rated frequency 50Hz

Turn ratio(ni/ny) 1.732
GSC

Rated power 5.5kVA

Filter inductance L. ¢ 3.3mH

ST AC side converter

Rated power 5.5kVA
Filter inductance Ls ¢ 3.3mH
Grid
Grid rated frequency 50Hz
Grid rated voltage 380V
TABLE Il
EXPERIMENTAL CONTROLLER PARAMETERS
PI controller for GSC
Ky 30
Ki 300
PIR controller for ST AC side converter
Ky 30
Ki 300
Ki 300
Wel 20
w1 314 rad
Ki 2 300
e 150
[2)) 628 rad

Besides the effects during steady state, the electromagnetic
characteristic of the CPT during grid faults is measured, as
shown in Fig. 10. When the three-phase voltage drops from
220V to OV rms, the exciting current decays to zero in more
than 1.0s, (Fig. 10(a)). Similarly, when three-phase voltage

recovers from 60V to 150V rms, the exciting current has a
large ripple and the transient current decays to zero in more
than 1.0s, (Fig. 10(b)). This matches well with the theoretical
analysis. For the MWs CPT, the winding resistance is much
smaller, which leads to longer transient state and larger current
ripple.
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Fig. 9 Experimental results of the CPT exciting current under three-
phase voltage rms is (a) 200V, (b) 140V, (c) 90V, and (d) 60V
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Fig. 10 Experimental results of dynamic Electro-magnetic characteristic
during (a) grid voltage sag, and (b) grid voltage recovery

B. Power Grid Current Quality with Improved Strategy

The effects of the CPT exciting current during steady state
on power grid are shown in Fig. 11 (a), where the GSC works
at unity power factor and the output active current amplitude is
3.0A. As the secondary side current of CPT is controlled by
the GSC, the CPT exciting current is supplied from the
primary side completely. Fig. 11(a) shows that although the
GSC currents are sinusoidal, the CPT primary side current and
grid current are highly distorted, with a THD of 10.24%. This
validates the theoretical analysis that the exciting current
degrades grid current quality. Besides the current, the active
and reactive powers show the same behaviors. Since the
amplitude of exciting current of the 10kVA transformer
adopted in the setup is very small (Fig. 9), it does not have an
evident effect on the power factor in the grid. The
experimental results clearly show how the CPT affects the grid
power quality, although the GSC can effectively control the
currents.

In contrast, the proposed strategy can significantly improve
the grid current quality, as shown in Fig. 11(b). Compared to
Fig. 11(a), the grid current THD is reduced from 10.24% to
5.22%. Additionally, the active and reactive powers of the
power grid are both improved as compared to Fig. 11(a).



These results clearly show that the proposed strategy can  10.32% as shown in Fig. 12(a). In contrast, with the proposed

improve system performances during normal condition. strategy, the grid current quality is improved and the THD is
When grid voltage is unbalanced, the impacts of the CPT on  531%, as shown in Fig. 12(b). Fig. 11 and Fig. 12 both

power grid currents are shown in Fig. 12, where three-phase  validate that the proposed strategy can significantly improve

voltage effective values are 70V, 110V and 110V. Without the  grid current quality.

ST, the grid currents are seriously distorted with a THD of
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Fig. 11 Experimental results of power grid performances affected by the CPT nonlinear electromagnetic characteristic, (a) without ST (grid current
THD=10.24%) and (b) W|th ST (grld current THD=5.22%)
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Fig. 12 Experimental results during unbalanced grid condition (a) without ST (grid current THD=10.32%) and (b) with ST (grid current THD=5.31%)
C. Power Grid Performances Improved with the Besides the power quality improvement during steady state,
Improved Strategy During Grid Faults the proposed strategy can improve the grid performance

during grid faults as well. Compared to the performances



during grid voltage drop, the CPT has serious effects on the
current during grid voltage recovery (Fig. 10). Therefore, the
following experimental results are only based on grid voltage
recovery. The results during three- and single-phase voltage
recovery are shown in Fig. 13 and Fig. 14, respectively.

When three-phase grid voltage recovers after faults, the
CPT electromagnetic transient characteristic leads to large
current ripple at the instant of voltage recovery, as shown in
Fig. 13. The large ripple can be suppressed by the transformer
flux compensation strategy [9]. Fig. 13 shows that the CPT
electromagnetic characteristic leads to transient current in
transformer primary side after grid voltage recovery, although
transformer secondary side current does not include the
transient current, due to the control of the GSC. This matches
well with the theoretical analysis. As the transient current
flows into the grid directly, the grid current has the same
transient state component, which degrades grid performance,
as shown in Fig. 13(a), where the grid active and reactive
powers and currents have large ripples as well. In contrast, the
proposed strategy can compensate the transient state current
and improve grid current quality as shown in Fig. 13(b). The
grid currents are symmetrical and sinusoidal and the grid
active power and reactive power become smooth.

System performances during unbalanced grid faults are shown

in Fig. 14. Before grld Voltage recovery, three-phase voltage

effective values are 60V, 150V and 150V, respectively, and
then phase-a voltage recovers to 150V. Without the ST, grid
currents have large ripples after grid voltage recovery, which
lead to grid power oscillation, as shown in Fig. 14(a). In
contrast, with the proposed strategy, grid current ripple does
not exist during grid voltage recovery and the grid power is
smooth, as shown in Fig. 14(b).

VI. CONCLUSIONS

Large photovoltaic and wind systems are connected in rural
areas where the grid is weak with long lines. It leads to low
grid reliability and stability. Additionally, electromagnetic
characteristic of the step-up isolation transformer can
significantly degrade the grid power quality in both transient
and steady state conditions. The proposed parallel connection
of ST and CPT can effectively increase reactive current
injection capability and be more effective in supporting MV
grid voltage, with respect to a STATCOM of comparable size.
The proposed strategy can improve grid current quality during
steady state and grid fault conditions. In addition, the parallel
structure can significantly reduce the ST power rating
requirement. The experimental results, described in this paper,
validate the correctness of the theoretical analysis, and show
the achieved improvements in the grid power quality.

" grid voltages (100V/div)

D R
o uw«mw wauim uw-m»uwt ~¢4+-|HMW-'+|

grid voltages (100V/div)

.m...u...vu|||||||||||||||u|||| A i
it *‘”ﬂ'HHthwH#wH i M mwuuwwwn«+w~

converter curmnts (DA/dIV)

1

||| UTLECI
SULREA H+ MHHHHH&H ‘H ‘H» HH Hh NH-HH HhJFHH HHvH

converter curr.ents (3A/d1v)

AV E LT L |

AT w
HHHHH NH*HH H% BYFREERAAES

1ier4s ’ poyan
T' HHHHH)HHH +H HH-H+

erid curreilts (5A/div)

- grid currclﬁs (5AAdiv)

ST currents (5A/div)

ST curren:is (SAf‘div)

1

converter reactiv@: power (kVar/div)
e

converter reactive power (kifar/div}-,_*

TERT e g g " Ww'l LD ) I AL
R B (R T T TN T SN2 TN T -—1 08— I CAA TN = ———]
converter output active power (kW/div ) ‘converter output acgne pow er (l\“ /dn)
grid reactive pm\er (kVar/dlv) - grid reactive powﬁer (kVar/div)
B 0 SSRAALARAY, #

gnd active power (kW/div)
0.2s/div

grid active power (k

fdiv)

0.2s/div

(a)

®)

Fig. 13 Experimental results during three-phase voltage recovery (a) without, and (b) with ST
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