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Abstract— This article proposesa new method ofintegrated wind energy based micro grid (UG) to achieve harmonic mitigation
across its output with constant voltage; nevertheless, particular attention has been provided to the form and function of modular
multilevel converter (MMC) with multi-winding transformer connected to grid. MMC is implemented with an advanced voltage
controller, tuned to control the voltage at its output. The system is examined for constant and variable wind speeds and their result
has been analyzed. The proposed scheme shows its effectiveness by theoretical calculations, verified by simulation and
experimental results.

Keywords: integrated wind energy based micro grid (uG), modular multilevel converter (MMC) and multi-winding
transformer connected to grid.

Introduction—

An electrical distribution technology advances into the 21%t Century, where many new technologies are becoming

evident to change the necessities of energy delivery. These changes are being motivated from both the demand side; where
higher energy availability and efficiency are desired and from the supply side; where the integration of distributed generation
(DG) and peak-saving technologies must be accommodated. Distribution systems consisting of distributed generation and
controllable loads with the ability to operate in both grid-connected and island modes are an important class of the so-called
uGpower system. Micro Grids are designed to separate or island from the main grid and operates alone and serve their
consumers’ power needs when grid problems occur and reconnects to the grid once the problems are solved [6].
A micro grid is a small power system consisting of one or more distributed generation units that can be operated
independently from the large power system. In the coming years the dispersion of DG systems will cause a change of pattern
from main generation of power systems. It is predictable that the main utility grid will be a combination of interconnected
micro grids. However the consumption of energy can be a problem if it was not able to manage the energy by novel kinds of
uninterrupted power supplies. The new innovations in distributed power generation system combined with technological
developments in power electronics leds to new idea of future network technologies such as micro grids[7]. Many types of
distributed generation such as photovoltaic, wind turbines and fuel cells are interfaced to the network through power
electronic converters. These sources are more flexible in their operation and control compared to the conventional power
systems. The micro grid can meet their extraordinary needs such as reducing feeder losses, supporting local voltages,
increased local reliability, Reduced greenhouse gases and pollutant emission, Minimized overall energy consumption,
increased efficiency through the use of voltage sag correction, waste heat or providing uninterrupted power supply[8].The
proposed micro-grid technologies mainly include operation control such as the control problems between various micro-
sources, switching process in micro-grid connection/isolation operating state in islanding[9-10]. The basic schematic of uG is
shown in fig.1.

In this article interconnection of DER’s has been done with Modular Multilevel Converter and its brief introduction
has been given in section.A.
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A. Modular Multi-Level Converter:

The novel power converter topology for Modular Multi level Converter (MMC) has been intensively researched and
developed, for attractive features like high modularity, simple scalability, low expense of filters, robust control, simple in
design and redundancy. This converter is composed by several identical power cells connected in series, each one build up
with standard components, enabling the connection to high voltage poles. Although the MMC and derived topologies offer
several advantages, they also introduce a more complex design of the power circuit and control goals, which have been the
main reasons for the recent and ongoing research. Furthermore, Medium Voltage Converters are an interesting area for the
application of MMCs such as STATCOMs and drives etc.,[1].

Due to several advantages of MMC compared with conventional inverters [1], work was performed on the different
topologies, harmonic control, dynamics of MMCs over the last few years [2-5], but much still remains to be understood and
tested in terms of dynamic performance, controller performance, stability analysis, harmonic mitigation schemes, circulating
current mitigation schemes especially for converters configured with a large number of modules, before this type of converter
can be fully deployed in real time applications.The basic operation of MMC [1] and its internal dynamics [2] have been
reported, but no explicit analytical expressions for the arm currents in terms of state space approach have been presented so
far. State Space approach of MMC for the arm currents, circulating currents for their interaction with the arm voltages are a
vital component for the understanding of the operation of the converter. Explicit expressions are very helpful to forecast the
frequencies, the amplitudes, and the phase angles of the harmonic components present in legs of MMC. However, the
multiple frequency components can vary by varying of the control signals, and different control schemes have been suggested
in literature [4-8]. Due to the uneven voltage distribution in the arms of a phase, circulating currents starts to flow through the
legs of the converter. The circulating currents consist of harmonics resulting in the deterioration of the system performance
[7-9]. In order to control the circulating currents and mitigate the harmonics, in [6], a method was proposed where under the
balanced voltage condition; the negative-sequence component of circulating currents in each arm rotates at double-line
frequency. Therefore, a control method was proposed in each arm by transforming a-c-b sequence with a double line-
frequency into a d-g sequence at the rotational reference frame. However, this method has the disadvantage of not being able
to completely reduce circulating currents under unbalanced voltage conditions, because circulating currents also possess
positive-sequence components and zero-sequence components besides negative-sequence components. In [2], a method was
proposed so as to mitigate circulating currents by calculating the instantaneous power of each arm under unbalanced voltage
conditions. This control technique has the disadvantage of inclusion of a double-line-frequency ripple in ac-side active power
by controlling ac-side negative-sequence currents to zero under unbalanced voltage conditions. A control method was
developed in [3] for circulating currents in a-b-c stationary frame, since circulating currents have positive-, negative-, and
zero-sequence components under unbalanced voltage conditions. But, this method has the disadvantage of generating a phase
delay because of its utilization of a high-pass filter to separate circulating currents; furthermore, it cannot improve the
transient response occurring in the inner unbalanced currents and dc-link currents under unbalanced voltage conditions [7-9].
In [6] model predictive control (MPC) was used to control the circulating currents. However, this method has a disadvantage
in the volume of the calculation required by the processor, which increases with an increase in the level of the MMC.
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B. Multi-winding Transformer:

Fig.1.Basic schematic of micro grid

Multi winding transformer (MWT) is used for variety of applicationsin power electronics industry mainly for galvanic
isolation. In this article MWT is used to interconnect the wind energy generating systems to micro grid. Multi winding
transformer basically consists two 3-phase star windings in primary side and one 3-phase delta winding as secondary side.
One of the star connected primary winding is connected to one of the two wind generators and other is connected to remain
star winding at primary side.From the two wind energy systems, different voltage will be developed in their primary side and
transferred to secondary side by the process of mutual induction. In the transformer all the coils with self-flux is denoted as
B4, Bp, Dc) Byt D1, D1 Dp , D, Dr and mutual flux linkages inductances A coil to all

coils@ g, Dac) Dant, Dagts Dact, Dap, Bag, Bar SimilarlyB, €, A', B!, C',P,Q,R as shown in fig.2.

Across each winding voltage expressed with flux linkages shown in below equations

Va = Nao- (B + @+ Bap + Bac + Baar + Bapt + Bpct + Bap + Bag + Bar) (1)
Vg = Np o= (B + B + Bpa + Boc + Bppt + Byt + Bt + Bop + By + D) )
Ve = Ne 2o (B + Bc + Bea + Bea + Bear + Bept + Beet + B + Beg + Bz 3)
Vo = Nyt 2o (Bn + Bty + Bt + Baic + Byt + Bt + Buict + Byip + 1 + Bz (4)
Vgt = Nyt 2o (B + Byt + Bt + Bgic + Byt + Bpi gt + Bpigs + Bgip + Bpig + D) )
Vet = Nt == (8 + Bty + Beip + Bcic + Bt + Bt + Beigt + Beip + Brig + i) (6)
Vo = Np o (@ + Bp + Bpa + Bpp + Bpc + Bt + Bt + Dot + Bpg + Bpz) 7
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Vo = N (B + Bg + Bou + B + Boc + Bout + Bopt + Boet + Bop + Bor) (8)
Vi = Ng o= (B + Bp + Bpa + Brn + Brc + Bpt + Bppt + Brci + Bpp + Brg) 9)

As well as the transformer voltage and current relation expressed with inductances in the below equation.

Lyg Mup My My, Myt My Myp Mpq My

K‘; Mga Lgp Mpc Mpy Mppr Mper Mge Mpq Mg };
Ve Mca Mep Loc Meg Mgt Mg Mcp MCQ Mcg I,
Vi My, My, My, Lyg Myg Mue Myp Mgy Mg I
Vi = Mpi, Mgy Mg, Mgy Lgigt Mpig Mg, MBIQ Mg, % I (10)
Ver Mg, Moy Mo, Moy Megr Lo M 1p M(;IQ M 1g I
KP Mps Mpy Mpc Moy Mpgr Mpu Lep Mpg Mpg fP
i Vi ] Mos Moz Moc Mou Most Moct Mor Lo Mor -Ii ]
MRA MRB MRC MRAI MRBI MRCI MRP MRQ LRR

1. System Investigated:

The basic proposed system consists of mainly two wind energy generating system which is shown in fig.2.The
output of each generator is connected to the multi-winding transformer primary winding with a capacitor bank. The purpose
of the capacitor bank is to compensate the reactive power obtained from the wind energy systems. Thus obtained output from
the multi winding transformer is connected to the rectifier with necessary filter to eliminate the ripple content. Thus obtained
‘dc’ as acts as input to the inverter.In this article,it has been used MMC due to its excellent characteristics. Thus obtained ‘ac’
is controlled by the proposed voltage controller to maintain constant voltage and is shown in fig.3.In fig.2, it has been
implementedwith various wind speeds. One is with constant incremental wind speed another is with variable speeds as shown
in table.1 and table.2 respectively.
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Fig.4: generator rotor speed and torque with varying wind speeds

Table.1 Wind generator characteristics at constant incremental speed

S.no Mode Time(sec) Wind speed(m/s) | Rotor Torque(N/M)
speed(rpm)

1 At ramp wind speed 0 10 -1 1

2 0.5 15 -2 1.15

3 1 20 -2.5 1.5

4 1.5 25 -3 1.8

5 2 30 -4 1.75

Table.2 Wind generator characteristics at variable speed

s.no Mode Time(sec) Wind speed(m/s) | Rotor Torque(N/M)
speed(rpm)

1 At variable wind speed 0 10 -0.9 1

2 0.5 20 -3.2 1.19

3 1 8 -0.2 1.21

4 1.5 14 -1.5 1.38

5 2 20 -2.5 1.6

Firstly it has been analyzed with the constant incremental wind speed in which,it has been considered with 0.5 Sec time
step as shown in table.1.For incremental speed, torque generated by the system also varies and its graphical representation is
shown in fig.4 top three waveforms.Then it has been analyzed with the variable wind speed in which, it has considered with
0.5 Sec time step as shown in table.2.For variable wind speed,torque generated by the system also varies and its graphical
representation is shown in fig.4 bottom three waveforms.

Table.3 Asynchronous machine ratings

S.NO PARAMETERS VALUES
1 voltage (line-line) 440 volts
2 Frequency 50 Hz
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3 Stator resistance (RS) 0.016 ohm
4 Stator inductance( LIs) 0.06 H
5 Rotor resistance (Rr") 0.015 ohm
6 Rotor inductance (LIr") 0.06 H
7 Mutual inductance( Lm) 35 H

A. Introduction about MMC

The basic circuit topology is shown in fig 3. It is a three phase ‘N’ level MMC having ‘N’ sub modules in upper arm
and ‘N’ sub modules in lower arm. This circuit mainly consists of an inductor having self-inductance L; and L, also called as
arm inductors denoted by ‘L’ and these are present in each leg of the converter. Each module consists of sub-module
switches S; and Sx; with their anti-parallel diodes D1 and Darespectively as shown in fig.3 . Sub-module switches S; and Sx;
consist of a capacitor, connected in parallel and it is denoted as Cy1. The basic switching operations for some operating states
has been shown in [1]. The top sub module switches in ‘R’ phase limb are considered as S1,S,Ss.....Spand the bottom four
switches are considered as Sg+1),S+2),S(n+3). ... .. Son of a single leg;Due to the uneven voltage distribution in the legs of
MMC, circulating currents flows through the legs of MMC. Circulating currents (CC) ‘I, consists of current harmonics
Here, an attempt is made to design their necessary controller to suppress the CC and its effect on MMC.

The instantaneous voltages across the capacitors are denoted as V¢, Ve, Ve, Ve..... VenAlso, the voltage
distribution across the capacitors is considered as unequal for instance. The current flowing through the R phase top limb,
bottom limb, circulating current and R phase currents are represented by ‘It,’, ‘Iir’, ‘Icir” and ‘I;” respectively. In order to find
out voltage for the ‘R’ phase, KVL (Kirchoff’s Voltage Law) is applied to fig.3. Then the voltage across the R phase top limb
‘Vt” and resistance Rip, iS found out, keeping the following parameters in picture - Voltage for bottom limb is V),
resistance is Riow, circulating current is ‘Ieii” with supply voltage, ‘Vac’, ‘Vnt,’ represents the voltage of limb ‘n’, and "N’
represents the number of modules. Initially, it is assumed that the voltage across all sub module capacitors in upper arm and
lower arm are equal and shown in eq.(11) and eq.(12) respectively.

VCl = VCZ = VC3 e = ‘/CTl (11)
Ve = Vemez) = Vemazy o oo = Vezn (12)

Under any switching condition, The sum of capacitors voltage for upper arm (V¢ ) and lower arm (V¢ ) is shown in
eq. (13) and eq.(14) respectively; The voltage across the capacitor may change due to change in input voltage or load. Hence,
it considered the sum of differential capacitor voltage for upper arm (AV¢, ) and lower arm (AV¢ ) is shown in the eq. (15)
and eq.(16) respectively. The average voltage across the each upper arm sub-module and each lower arm sub-module are

shown in eq.(17) and eq.(18).Where V. is the input DC voltage .

ch = VCl + VC2 [ +‘/C7l (13)
VCl = Vc(n+1) + Vc(n+2) e e +chn (14)
AViy = AV + AV ... ... +AV,, (15)
AVC[ = AVc(n+1) + AVC(n+2) ITRTIEE +AVCZn (16)
Vc_u — Vpc+AVeu (17)

N N

M — Vpct+AV¢ (18)

N N

The circulating currents in the arm inductors consist of both DC (i,4.) and AC (i,.) components as shown in eq.(19).
These multiple frequency AC components are called harmonics and those are represented in eg.(19) which is a summation of
all individual components.

Cir

i ] i . .
o = % Flac tlaco Tl o 1 (19)

In order to derive the disturbance voltage across the upper and lower arm sub module capacitors of a leg i.e. AV,
and AV,

cl
represents the current passing through the upper arm and ‘N,,” represents the number of sub modules in upper arm of any leg.

Vou = = (6. Ny it (20)

one should know the actual voltages for upper (V,,) and lower arm (V,;) which are shown in eq.(20).Where ‘i,
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111. Design of voltage controller

Primarily the voltage controller has been designed.Fig.5 shows the basic building block of voltage controller. It
mainly sense the voltage from output terminals of MMC, considering that discrete PLL(Phase locked Loop) in which it does

not contain any input but it will generate the sinusoidal pulses with defined frequency and phase angle for phases. The output

voltage along with PLL has been passed through the park’s transformation (eq.(3.1),(3.2) and (3.3)) technique to

transform form a-b-c form to d-q form for easy calculation.

v, =2y sin(at)+V, sin ot =274V sin at+ 2% (3.1)
d 3_ a b 3 o 3

V, cos(at)+V, cos(cot - 2{) +V, co{a)t + %rﬂ (3.2)

V==V, +V, +V,] (33)

It performs the a-b-c to d-g-0 transformation on a set of three phase angles. It computes the direct axis ‘v,’,

quadratic axis ‘v,’, and zero sequence ‘v,’ quantities in a two axis rotating reference frame as per the above equations (3.1)

to (3.3).Where ‘w’ is the rotating speed of the rotating reference frame in rad/sec.
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Output Voltage from MMC Discrete Virtual PLL

[sin(et Ycos(at )]

Viey ) Vey f \ A y ot
Vv, = iva sin(at)+V, sin[a)t - 2?”} +V, sin[a)t + Zcfﬂ
2 2 2
v, :S{Va codat)+V, co{wt —;j +V, co{a)t +;ﬂ
1
Vo =M+
V, vV, O
Vet Vq(ref=0 A (ref_ftl:\
Ki K K,
N s N
\/(de +V,* +V02)
mny my my
sin(a)t + ¢) sir[ai+¢+2:] sin[wt+¢_%”]
Carrier /I/I—| \ L / v

ITEREATARRRARARN

Gate Pulses to MMC

Fig.5 Block diagram of a voltage controller applied to MMC
The direct axis ‘v,’, quadratic axis ‘v,’, and zero sequence ‘v, quantities in a two axis rotating reference frame is

compared with their individual references as shown in fig.6.The obtained values should pass through the ‘proportional-
integral (PI)’ controller to ensure the steady state error to be zero.

Once the steady state error is ensured, it needs to obtain the required modulation index (m) for the reference wave which is
sinusoidal in this case. The hypotenuse of direct axis and quadratic axis will decides the modulation index (m) of the

sinusoidal signal as shown in figj3.1 Block diagram of a voltage controller applied to MMC

Page | 907 Copyright @ 2021 Authors



Dogo Rangsang Research Journal UGC Care Group | Journal

ISSN : 2347-7180 Vol-08 Issue-14 No. 01 February : 2021
SM1
SM2 Z
// -
SM3 //

sSM4 //
SM5 /
SMn /

R

Variable Modulating Sinusoidal Signal

Fig.6 Variation of modulation index in reference wave of applied

Since, the system output voltage may consist of unwanted frequency components at sudden changes in load, hence it has
been applied a new controller along with ‘PI’ as shown in eq.(3.4).

Siq

e (3.4)

s
(kimc+1)

Hence the voltage controller will be deducted as

(ky +5). <(ic+:l)> (3.5)

kjoc

Implementing the above deducted controller in fig(5) it can be redrawn as fig.(7).Where w, is the resonant
frequency of the controller. In the above analysis, voltage controller has been designed by considering the output voltage as a
reference. But in most of the cases, the output of MMC is not constant and the main source of voltage fluctuations in MMC is
input DC bus voltage and modular capacitors. Here it assumed that input DC bus voltage as constant; hence the source of

fluctuations is modular capacitors.
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Output Voltage from MMC Discrete Virtual PLL

T A

V, = 2 V, sin(ot)+V, sin(a)t —Zﬁj +V, sin(a)t +27ZJ
3 3 3
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Vo= ]

R g
V, (ref=0) V, (ref=Q

Eq.(3.4) Eq.(3.4) Eq.(3.4)
I, (ref) é I, (ref I, (ref) é
Eq.(3.5) Eq.(3.5) Eq.(3.5)
¥ ¥ ¥
\/(de +V,” +V02)
ml m l ml
sin(a)t + ¢) sir(ai+¢+2§) sin(wt+¢—2;[j

Carrie_r /\/\_l > A l
Wave with
kHz A |_| Comparator

HIT T

Gate Pulses to MMC

Fig.7 Block diagram of a modified voltage controller applied to MMC
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The system has been simulated by using Matlab Simulink software for constant variable wind speed and variable
wind speed which are shown in fig.8 and fig.9 respectively. The simulation results as per the sequence. Firstly, the three
phase output voltage at the generator terminals with its current and showing its active and reactive power. The output ‘dc’
voltage obtained from the rectifier is shown with its inverter output for phase and line voltages. By comparing the generator
output voltage and resultant output voltage at inverter, even though generator output is varying but its inverter voltage is
constant which is shown in fig.8 . The same experiment has been repeated with the variable wind speed.The three phase
output voltage at the generator terminals with its current and showing its active and reactive power. The output ‘dc’ voltage
obtained from the rectifier is shown with its inverter output for phase and line voltages. By comparing the generator output
voltage and resultant output voltage at inverter, even though generator output is varying but its inverter voltage is constant
which is shown in fig.9.
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Fig. 10 Experimental results for variable wind speed and constant incremental speed showing its constant
voltages.

The system has been executed experimentally and its results have been shown in fig.10 which shows for any wind speed it
maintains constant voltage across the terminals. In fig.10,top one shows the system output voltage without controller and
where bottom one shows with the controller. Since the wave form is perfect sinusoidal, the THD content calculated as 1.3%
which is far acceptable as per IEEE standards.
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V. Conclusion

This article has been designed and implemented the new voltage controller with multi-winding transformer for micro grid
applications. Firstly it has been implemented without controller and then with controller,the results have been comparedand
conclusive remarks have been explored. MMC is implemented with an advanced voltage controller, tuned to control the voltage at
its output. The system is examined for constant and variable wind speeds and their result has been analyzed. The proposed scheme
shows its effectiveness by theoretical calculations, verified by simulation and experimental results.
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