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Abstract: Wind power is presently one of the most rapidly increasing renewable energy sources. As a result of the wind power
being an uncontrollable resource, various problems regarding power quality and protection issues generate. The solid- state
transformer (SST) has been found to be useful in integration of different distributed energy sources as well as wind power in the
distribution grid with multiple functionalities. A wind-solar hybrid system using solid state transformer (SST) for reactive power
compensation to achieve power quality as per IEC standards. The proposed hybrid system using SST can effectively suppress the
voltage fluctuation. This work proposes a new modelling approach of a combined Photovoltaic and Wind power system. This
paper proposes a configuration that combines the doubly fed induction generator (DFIG) based wind turbine and SST operation
in the presence of MATLAB/SIMULINK Software.

KeyWords: Doubly Fed Induction Generator, Fault Ride Through, Hybrid Renewable Energy System, PV System, Solid State
Transformer, Wind Energy.

I. INTRODUCTION

With the random increment of power demand, the amount of renewable energy integration into the conventional grid is increasing
day by day. The interest in renewable sources of energy has increase, considerably. They represent a potential solution to mitigate
environmental issues and reduce the dependence on traditional sources of energy for electrical generation [1-4]. The need of
technology for adapting these non-traditional types of energy into the system has motivated the development of new generation
power electronics converters. The future homes will make use of power converters to integrate all the available sources of electrical
energy, including renewables as wind turbine (WT) and PV. Photovoltaic’s (PV)is a method of generating electrical power by
converting solar radiation into direct current electricity using semiconductors that exhibit the photovoltaic effect. Photovoltaic
power generation employs solar panels composed of a number of solar cells containing a photovoltaic material. Photovoltaic are
best known as a method for generating electric power by using solar cells to convert energy from the sun into a flow of electrons [5].
Wind Energy Conversion Systems (WECS) constitute a mainstream power technology that is largely under exploited. The main
differences in WECS technology are in electrical design and control [6]. At present, typically two types of WECS for large wind
turbines exists. The first one is a variable speed WECS that allows variable speed operation over a large, but still
restricted, range. This type of WECS mainly uses a Doubly Fed Induction Generator (DFIG) with the stator
windings  connected directly to the three phase constant — frequency grid and the rotor windings connected to a partial
scale back to back converter. A multi stage gear box is necessary in this drive [7-9]. This type of WECS offer high
controllability, smoother grid connection, maximum power extraction and reactive power compensation using back to back
power converters of rating near to 25-30% of the generator capacity.

SST are composed of mainly power electronics based components can also be referred to as a type of power device. These devices
are extremely effective in regulating the magnitude of voltage, current or frequency according to the application wise requirements
[10]. Solid State Transformer functionalities protects the load from power supply disturbances, Voltage Harmonics and sag
compensations Outage compensation, Protects power systems from the load disturbances, Load transients and harmonic regulations,
Unity input power factor under reactive load, Sinusoidal input current for nonlinear loads, Protection against output short circuit,
Operates on distributed voltage level, Integrates energy storage, Medium frequency isolation [11]. As seen in Fig. 1, SST can act as
an interface between the grid and generation sources. In this paper, a new configuration is proposed that combines the operation of
Photovoltaic and DFIG based WECS and SST [12][13]. This configuration acts as an interface between the wind turbine and grid
while eliminating the GSC of DFIG. Moreover, it is essential to have fault ride through (FRT) incorporated in DFIG system to meet
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the grid code requirements. In the proposed work, the developed configuration allows DFIG to ride through faults seamlessly. The
total system operation is implemented on MATLAB/SIMULINK platform.
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Fig.1 Expected SST integrated grid

Il. PROPOSED SYSTEM CONFIGURATION AND MODELING

A. Motivation for DFIG

It has been reported that a DFIG based wind turbine is the lightest amongst the current wind systems which also explains its
wide commercial use. Moreover, in the proposed configuration, the GSC present in traditional DFIG systems is removed making the
machine setup further lighter. On the other hand, SST being used in an AC/AC system is expected to be 25% smaller in volume
than traditional low frequency transformer. Thus, the use of SST to interface a DFIG based wind system can be expected
to provide further reduction in weight and volume when compared to other wind systems with the fundamental frequency
transformer.

B. DFIG Configuration

The widely used DFIG based WECS configuration is shown in Fig.2(a). The stator terminals of the machine are connected directly
to the grid while the rotor terminals are connected via back to back converters. The RSC allows for variable speed operation of the
machine by injecting or drawing active power from the rotor. The GSC maintains the DC link by transferring the active power from
the rotor to the grid or vice versa. The step up transformer T1, is the interface between the DFIG system and grid.

m Grid

STEVISKY |
i

GSC Line
Vit filker

Fig.2 (a) Regular DFIG configuration

Three stage SST configuration is shown in Fig.2 (b), where it connects the grid to a distribution load. Conv-1 is a fully controlled
three-phase converter connected to the high voltage grid (11-33 kV). It draws real power from the grid and maintains the high
voltage DC bus (vidc). This high voltage DC is converted to high frequency AC voltage by a half bridge converter (HB-1) which
is then stepped down using a smaller sized high frequency transformer. This transformer provides the galvanic isolation between
the grid and load. A second half bridge converter (HB-2) converts the low voltage AC to low voltage DC voltage (viac). This DC
bus supports conv-2 which maintains the three-phase/single phase supply voltage to the load by producing a controlled three
phase voltage. The configuration thus performs the function of a regular transformer allowing for bi-directional power flow
using a series of power electronics devices.

Fig.2 (b) SST structure
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As mentioned earlier, the use of SST in WECS has been explored by Xu et al. SST was used in an SCIG based WECS
replacing the step-up transformer between the turbine and grid. It was shown that SST can improve the voltage profile at the
terminals of the SCIG. While the focus of [10] was on SCIG, possible configuration for DFIG systems was also showcased

that is represented in Fig.3.2 (c). The step-up transformer T1 in Fig.2 (a) is directly replaced by the SST in Fig.2 (c).
DFIG 1o

Fig.2 (c) Configuration suggested

C. Proposed System Description

The general DFIG based WECS representation is shown in Fig.3 (a) whereas the proposed system configuration is shown in Fig.3
(b). In the proposed configuration, the fundamental frequency transformer is replaced by the SST. The proper control of SST
converter that is close to the stator of DFIG, addressed as machine interfacing converter (MIC), can aid the machine in its operation.
Thus, it is proposed to eliminate the GSC in the DFIG system configuration by incorporating itsrole in SST. Note that this
new arrangement modifies the overall operation and control of standard GSC-RSC based DFIG system. In principle, the
machine terminal voltages can be maintained constant in spite of any voltage variations in the grid using MIC.

The direction of power flow in the proposed configuration occurs from the low voltage machine terminals to the grid. The
MIC is responsible for: (i) maintaining the required voltages at the stator terminals and (ii) transferring the real power
from the stator terminals (Ps) to the low voltage DC bus (viac). This low voltage DC bus is regulated by the high frequency
stage converters (HB1 and HB2) and not by the DFIG. In other words, MIC acts as a stiff grid at the stator terminals.
Interestingly, the low voltage DC bus (magnitude) is very close to the one controlled by GSC in the regular DFIG configuration
[Viger in Fig.2 (a)]. This allows the RSC in the proposed configuration to be connected directly to vigc of SST. The vigc has two
functions, namely, (i) to transfer active power from the stator terminals to the grid and (ii) to transfer active power (P,) to/from the
RSC during sub-synchronous or super-synchronous operation.

o
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Fig.3. (a) Regular DFIG configuration and (b) Proposed SST based DFIG configuration

The power transfer through the high frequency stage, from the low voltage DC bus to the high voltage DC bus (Vhdc), is controlled
by introducing a phase shift between the two high frequency AC voltages with the objective of regulating the DC bus voltage (Vigc)-
The grid interfacing converter (GIC) connects SST to the grid and maintains the DC link (vnqc) by exchanging active power with the
grid.

To provide an effective FRT in the proposed configuration, a DC chopper is incorporated at  Vigc bus. During the grid fault
conditions, the power being generated by the wind turbine is evacuated through the high frequency stage into the DC chopper.
Further, the high frequency stage continues to maintain the low voltage DC bus (vndc), allowing the voltages at the machine
terminals to be constant. The presence of GIC further helps to achieve the recent grid code requirements of reactive current injection
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without requiring any additional control or device. Furthermore, the GIC can provide reactive power support to the grid during low
wind generation periods.

D. DFIG Modeling

The DFIG is modeled using the d-q synchronous reference frame rotating at synchronous speed. The machine flux equations can be

written in the d-q reference frame as,
Asa = Ligisqg + L (isq + ird)\
/Isq = Llsisq + Lm(isq + irq) }
/Ircl = Llrircl + Lm (isd + ircl)
/Irq = Llrirq + Lm (isq + irq)

@

The voltage equations for the stator and rotor are given as,
dAgq \
I

Vsa = Tsisd - w/lsq + dt
i dA
VUsq = Tslsq — w/lsd + d_}s:q
Wi 2)
dt
dirq
Vrq dt
The d and g axes quantities are represented by the respective subscripts d and g. rs and r, represent the stator and rotor resistances.
Lis, Lir and Lim represent the stator, rotor and mutual inductances referred to stator. w represents the electrical supply frequency

and oy represents the rotor frequency. Using (1)-(2), the torque equation for the machine can be obtained as,

Vra = rsircl - (w_wr)/qu +

= irclq (w_wr)/lrd +

AsdLy .
T = —SL—SquT (3)
It can be understood from the above equation that on aligning the stator flux with the d-axis, the torque in the machine
can be controlled by varying iq. This is the basis on which the rotor side converter is controlled. It can also be shown that by

varying igr, reactive power output from the stator can be controlled. Further details on the DFIG modeling can be obtained from.

1. CONTROL OF THE PROPOSED SYSTEM
To ensure smooth operation of the proposed configuration, the control objectives and algorithms for the RSC, MIC and the GIC are
discussed below and shown in Fig.4.

Fig.4. Control diagram of proposed configuration.

A. RSC Control

The rotor side control ensures the variable speed operation of DFIG by enabling the generator to work in super synchronous or sub
synchronous modes. In super synchronous mode, the total power generated is partially evacuated through the RSC. Under sub
synchronous modes, the RSC injects active power into the rotor. The RSC in the proposed converter is controlled using a
decoupled synchronous frame reference. The -axis of the reference frame is aligned with the machine stator voltage. On doing this,
as per (3), the torque produced by the machine can be directly controlled by controlling the d-axis rotor current iq. Moreover, the
reactive power produced atthe stator terminal can also be controlled by controlling the d-axis rotor currentig. The control
schematic for the same is shown in Fig.4. A suitable MPPT curve is used to track the optimal rotor speed and is compared with the
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measured rotor speed. The error is processed by a Pl controller to produce the reference torque (7,°) for the machine. Using (3.3), the
rotor d-axis reference current (ig,.) is calculated. This current is compared with the actual rotor g-axis current (iqr) and the error
is processed by a PI controller to generate the g-axis reference voltage (vg,)In the proposed configuration, the stator terminals are
completely decoupled from the grid through the SST. The GIC supplies any reactive power requirement from the grid and the
machine only generates active power. This eliminates the need for control over d-axis the rotor current and voltage. Thus, the d-
axis rotor voltage reference for RSC (v;,.) is maintained as zero. The d-q axis reference voltages are then converted to three phase
and used to generate the gate pulses for the RSC. Further details regarding the control system can be obtained.

B. MIC Control

The MIC is the first stage of the SST connecting the low voltage machine output to the high frequency stage. This
converter is controlled to maintain 1 p.u. voltage (0.575 kV) at 50 Hz at the stator terminals of the machine.

The control is achieved by generating a reference voltage and comparing the d-axis component of the reference (v;;) with
the voltage at the output of the converter (vsq). The power generated at the stator terminals of the machine is thus absorbed by
the low voltage DC bus connected to MIC operating at 1.15 kV.

C. High Frequency Stage Control

The high frequency stage transforms the low voltage DC bus voltage (1.15 kV) into high voltage DC (50 kV). The DC voltages are
converted into high frequency AC voltages by the two half bridge converters. Power is transferred by introducing a phase shift
between the AC voltages of the two converters linked together by a high frequency transformer. The equation that governs the

transfer of power is given as,

2nwlLym

Where ¢ is the phase shift between the AC voltages and Ly is the leakage inductance of the high frequency transformer. The
complete derivation of the power transfer equation and further details can be obtained. The control objective of high frequency
stage, in the proposed configuration, is to maintain the low voltage DC bus voltage (viic) at a constant level. In order to achieve this,
the reference voltage is v;;.compared with the measured value and the resulting error is processed by a PI controller which
produces the required phase shift ¢ that transfers the active power from the low voltage DC bus to the high voltage DC bus.
The schematic for control is shown in Fig.4 (c).

D. GIC control

While the control of other converters remains the same in fault and normal conditions, GIC is controlled differently during fault
conditions. The control and operation of GIC is discussed in two modes. Fault detection switches are used that are triggered when a
fault is detected. The positions of the switches and their operation are summarized in a table in Fig.4 (d).

1) Normal Mode : Under normal mode of operation, the objective of the GIC is to ensure that the active power produced by the
wind system is delivered to the grid. Additionally, it is suggested in this paper that the GIC provide reactive support as
per user defined power factor to the grid when the wind generation is lower than rated value. Fig.4 (d) shows the
overall control of GIC. The control of the converter is designed based on the d-q reference frame. The d-axis current (igq)
controls the flow of active power and the DC bus voltage while the g-axis current (igq) controls the reactive power flow. The
g-axis reference grid current (iz,)is generated based on the user defined power factor requirement which is used to

calculate the reference reactive power (Q*) which is compared with the measured reactive power (Qmeans)and passed
through a Pl controller . Reference reactive power Q*can be calculated from the power factor as

Q* = (%)2 - Przleas (5)

The d-axis reference current is generated by passing the error between the measured DC bus voltage and its reference through a PI
controller. An outer loop voltage controller then generates the d-axis reference voltagev,,. Similarly, the g-axis reference voltage
V441 Obtained from a PI controller on the g-axis current.
2) Fault Mode : The objective of the GIC under fault conditions is to supply the reactive currents as per the grid codes. The
fault in the system is identified by monitoring the positive sequence grid voltage which is effective in both symmetrical
and unsymmetrical fault conditions.
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Upon identifying the fault, the fault switches (FS1 to FS3) shown in Fig.4 (d) are activated. Under fault conditions, preference is
given to reactive current injection and the control of DC bus by the GIC is deactivated by FS3. The reactive current reference
enabled by FS2 for the GIC is generated as per the grid codes shown in Fig.3.5 and is calculated as,

AN 1 . A,
M (32)*35 y1=5,>05
T Tl = A ©)
n 1lp.u L'fO.5>V—">O

WhereAv, is the difference between the pre-fault voltage and the current grid voltage and v,is the rated nominal voltage. Ai Is the
difference between the pre-fault reactive current and the reactive current during fault and i,is the rated current value. In the case

considered in this paper i,is 1 p.u. And there is no pre-fault reactive current, thus, ?is equal to the reactive current to be injected
n

i.e. iy, Recent grid codes in some countries have even more aggressive reactive current requirements sometimes requiring
the wind farm to supply up to 1.2 p.u. reactive currents. The g-axis reference current is then compared with the measured one.
The error is processed by a Pl controller to generate the g-axis reference voltage (vg,). When the fault is less severe and the
voltage dip is less than 1 p.u. the grid codes do not impose any restriction on injecting active power into the grid. Hence, after
prioritizing reactive current injection, the remaining capacity of the GIC is used to continue to inject any active power possible by
switching FS1. The reference for the d-axis current is generated as follows based on the maximum allowable rating of the GIC, igmax
and is expressed as

iga =\ igmax — igp (7)
Upon identification of fault, in order to prevent the DC bus voltage from rising, a DC chopper is employed (FS3 at position 2). The
measured error between the high voltage DC bus reference(v;,,.) and the measured value (vngc) is passed through a hysteresis relay
that produces the switching signal for DC chopper circuit. Which is designed to allow for a two percent variation in bus voltage.
_(ON if vige = Vpac > 1KV
st= {OFF if Vige = Vhae < 1KV ®)

V. HYBRID RENEWABLE ENERGY SYSTEMS
Hybrid energy system is including several (two or more) energy sources with appropriate energy conversion technology connected
together to feed power to local load/grid. Figure 4.1 gives the general pictorial representation of Hybrid energy system. Since, it is
coming under distributed generation system; there is no unified standard or structure. It receives benefits in terms of reduced line
and transformer losses, reduced environmental impacts, relived transmission and distribution congestion, increased system
reliability, improved power quality, peak shaving, and increased overall efficiency.

4 PV Modules
(i) I/

Load

]

Wind Turbine  Battery Bank

Fig.5 Hybrid Renewable Energy System
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V. MATLAB/SIMULINK RESULTS

Fig 6 MATLAMY/Simulink circuit diagram for Regular DFIG configuration

(a) Pgen active power injected by the system

(b) Rotor Speed

(c) Vgabc Grid voltages
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(f) Isabc stator currents

(9) Qg reactive power injected by the system
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(h) Vhdc high voltage DC bus voltage

(i) Vldc low voltage DC bus voltage

(i) Inner loop controlled d-q axis grid currents

Fig 7.Simulation waveforms for Normal operation of proposed configuration showing dynamics of P and Q injection

= -

Fig.8 Matlab/Simulink circuit for Proposed SST based DFIG configuration
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(e) Stator currents

(f) Low voltage DC bus

(h) Inner loop controlled d-q axis grid currents,
Fig.9. Simulation waveforms for Performance of the proposed configuration under three-phase symmetrical LLL-G fault
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(a) Rotor Speed

ﬂr{w [\; {*\“/VI*N'[{*{‘}”\' “m'm[‘r\“”“\f/'\ﬂ ﬂ} {

fl/ L)
i Ju,/‘lf -

I, ftt
‘, “": ‘“:“"JJ‘IJU"\IIL‘IJUU‘JI% v-"I‘J Ivlv.‘J y U, 'v; "““%‘ ".V“J“‘ i |

I
1|

i f‘ahﬁ'i‘"ﬂ AN H_‘\.‘--.‘ ml‘ ‘,/\{\, [iTARAARTRRM A f
M» M r,l\‘ il

R

'UV‘JJ vU"' "J.u"“: N il

(d) Grid currents Igabc

©IJRASET (UGC Approved Journal): All Rights are Reserved



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor:6.887
Volume 5 Issue VIII, August 2017- Available at www.ijraset.com

(e) Isabc Stator currents

(f) VIdc Low voltage DC bus

(g) High voltage DC bus

(h) Inner loop controlled d-q axis grid currents
Fig.10. Simulation waveform for Performance of the proposed configuration under three-phase unsymmetrical L-G fault
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Fig.12. Simulation waveforms for Operation of regular DFIG without FRT

=

Fig.13. Matlab/simulation circuit for operation of proposed configuration under fault
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(d) Grid currents

[ I (A‘h' ﬂ‘f\‘ ’ﬁl qlﬂlﬂﬂ'n' {ﬂ/‘\l\ ﬂh\ /\w‘ﬁ‘. /‘fl“l‘l |
SA I\lll\ ! }."‘.‘I . 1”\‘\
"‘\‘ } ’|I\|‘|’\\| r.ffﬁllf'i !U [ A
u‘”“’f/f

L

M w"w-‘u,‘ l“(
| wa \w,Ju VUV JJ vm"u‘

AR AREARAAN ”M.‘N AN
f'i(\’{“ﬂ' N |\ B [\ i A ﬂ f

it Al | | !
| / | “ |)i 5“! ";‘ t wﬂ \I\ :{! !H\ 3\1" J I / ‘ || ‘l\ ‘ l‘ | “l
I

i ‘\ ‘\J ‘| HII(
VTV H
| AR ERARKEE

d I rj NlJIJr i\}u u}“\/' W wl EJ lle

| Fitf
‘f‘

(f) Stator currents

(9) Low voltage DC

(h) High voltage DC bus
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Fig.14. Simulation waveforms for operation of proposed configuration under fault

Fig.16. Simulation waveform for PV Voltage and Output voltage

VI. CONCLUSION
In this paper, a new system configuration that combines DFIG and SST operation has been proposed. This configuration replaces
the regular fundamental frequency transformer with advanced power electronics based SST. The proposed system is extended with
PV and wind based hybrid renewable system for effective operation which observes that SST controls the active power to/from the
rotor side converter (RSC), thus, eliminating the grid side converter (GSC) and meets the recent grid code requirements of wind
turbine operation under fault conditions. Additionally, it has the ability to supply reactive power to the grid when the wind
generation is not up to its rated value.
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