Electric Power Systems Research 218 (2023) 109218

Contents lists available at ScienceDirect

ELECTRIC
POWER

\ SYSTEMS
RESEARCH

Electric Power Systems Research

journal homepage: www.elsevier.com/locate/epsr

ELSEVIER

Check for

MMC-based topology for grid connection of wind generators with phase e
and arm power balancing

Fernando Martinez-Rodrigo ® , Santiago de Pablo °, Dionisio Ramirez b Luis C. Herrero-De
Lucas®, Zaid A. Aljawary *¢
& Departamento de Tecnologia Electronica, Universidad de Valladolid, Valladolid 47011, Spain

b Centre of Industrial Electronics (CEI), Universidad Politécnica de Madrid (UPM), Madrid 28006, Spain
¢ Department of Biomedical Engineering, Qaiwan International University-UTM franchise, Sulaimaniyah, KRG, Iraq

ARTICLE INFO ABSTRACT

Keywords:

Modular Multilevel Converter (MMC)
Multilevel converter

Wind energy conversion

Wind energy integration

Wind farms

Wind power grid integration

A new topology of a wind farm wherein the wind generators are integrated into the structure of a modular
multilevel converter (MMC) is presented. It allows connecting a group of small/medium size wind turbines to the
grid, replacing all the grid side converters of the wind generators by the MMC. The different power generated by
each wind generator causes power imbalances that can lead to circulating currents; this paper addresses this
problem by analyzing it in a simple way. The analysis shows that power differences between phases are naturally
balanced by the DC component of circulating current, without the need to use a specific regulator. However, the
power differences between the arms result in a high 50 Hz circulating current. This paper presents the design of a
new regulator that corrects these power imbalances by generating a phase difference between the upper and
lower arm voltages resulting in an optimal 50 Hz circulating current. The operation of the MMC-based wind farm
topology has been tested when all the turbines generate the same power and when they generate significantly
different powers. Numerical and real-time simulation results show that the proposed regulator keeps the powers

of the MMC phases and arms balanced.

1. Introduction

Wind generators (WG) are controlled using a machine-side converter
(MSC) and a grid-side converter (GSC) connected to the grid employing
a step-up transformer [1]. The MSC controls electromagnetic torque and
magnetic field in the electric generator and is in charge of tracking the
maximum power point (MPPT) of the wind turbine [2,3], whereas the
GSC is in charge of keeping the DC link voltage constant and controlling
the reactive power injected into the grid. A drawback of this configu-
ration is that uses twice as many power converters as wind turbines.

This paper proposes a new wind farm topology wherein the grid
connection is designed to take advantage of the MMC topology to reduce
the number of power converters. In effect, the integration of the wind
generators into the MMC structure makes the use of GSCs unnecessary.

The MMC topology was initially developed for power transmission
using high-voltage direct current (HVDC) in long-distance point-to-point
applications [4-6]. Some examples are the connection of islands or wind
farms to the grid [7]. Other applications are related to medium voltage
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such as STATCOM [8,9], and low voltage such as the control of WG [10].

The integration of PV and/or battery storage (BS) in the structure of
MMCs has already been analyzed by some authors since it presents some
advantages over conventional structures, mainly in medium voltage.
Next, the state of the art of this topic, which is the most directly related
to this article, is explained.

Energy storage in batteries connected to medium voltage power grids
is and will continue to be a relevant topic in the future. Conventional
two or three-level converters use a large number of batteries connected
in series, which presents reliability problems and has led to the possi-
bility of including that storage in the modules of an MMC in order to use
batteries of lower rated voltage [11-13]. One advantage of this config-
uration is by using non-isolated DC/DC converters in the connection of
the batteries to the switching module (SM) capacitors, so it makes
possible to remove the low-frequency components from the output
current of the SMs. Moreover, the control loops allow a state of charge
(SOC) balancing in the phases and arms, and operation under unbal-
anced grid voltages [12]. However, this configuration also has
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Fig. 1. Standard modular multilevel converter (MMC); includes SMs with HB topology.

disadvantages since, when a part of the SMs do not include storage, the
algorithms that are usually used to balance the voltage of the capacitors
cause a reduction of the available PQ regions [11].

In [13], an MMC with distributed BS in its SMs, a cascade converter
with distributed BS in its H-bridge (two legs with two transistors each)
SMs, and an MMC with centralized BS in its DC link are compared and
the analysis showed that the first one provides the most efficient, reli-
able and versatile solution.

Another application of BS integration into the MMC structure is
presented in [14]. In this case, it is used to integrate a fleet of electric
vehicles (EV) into the grid; an energy management strategy using an
SOC model and the coordinated control of the energy flow between the
arms of the same and different phases is proposed.

Some approaches integrate a group of solar panels into the structure
of an MMC [15,16]. The connection to the SM through an isolated
DC/DC converter allows the MPPT of each group of panels individually
and the elimination of the grid connection transformer. Furthermore,
the power of the phases can be balanced using a DC differential current,
and the DC voltages of the SMs can be balanced using an AC differential
current [15]. Using this approach, a multi-megawatt PV plant can be
connected to the grid via an MMC using full-bridge SMs, with MPPT
capability, higher power quality, higher efficiency, fault tolerance,
smaller filter size, and lower transformer voltage ratio [16].

Some authors have proposed combining solar panels and batteries
and incorporating them into the structure of the MMC to smooth the
variations in PV generation caused by variations in solar radiation. In
this case, some SMs incorporate solar panels and other SMs have bat-
teries, all connected through insulated DC/DC converters. To avoid each
phase delivering a different power to the grid, the differences in power
generation between phases and arms are compensated by exchanging
power between the arms [17].

Other authors propose strategies to compensate for the reduction in
the power generated by the panels due to transient shading. In [18] it is
proposed to include a solar panel in each SM of an MMC and to control
the voltage of each SM to carry out the MPPT of each solar panel. This
avoids using a DC/DC converter on each SM. Furthermore, it is proposed
to add a redundant module in each arm to keep the DC voltage of each
arm constant.

In [19], the advantages provided by the integration of decentralized
energy resources (DER) in the SMs of the MMC were analyzed, resulting
in the need to transfer energy between arms and between phases to
balance them. Consequently, the authors develop a methodology based

on the equations that control the power transmission between arms to
keep the modules’ voltage balanced. In that way, it is also possible to
reduce the second and third harmonics that appear when the DERs are
present only in some of the SMs.

Unlike the papers presented to date, this paper proposes the inte-
gration of a group of small/medium size wind generators into the
structure of an MMC, so that each SM includes a WG but removes its
GSC, which largely reduces the number of necessary semiconductors. In
a conventional structure, each wind turbine employs 12 IGBTs distrib-
uted across the MSC and the GSC. In the proposed structure, based on
using a single MMC, each wind turbine requires one MSC and one SM
cell, that is, 8 IGBTs, which represents 4 IGBTs less for each wind
turbine.

Although several authors have studied how to balance the powers
between phases and between arms using regulators so that each grid
phase receives the same power, this paper presents an original and
different approach that is easier to interpret, both in terms of theoretical
analysis and the use of regulators. In this paper, power balancing be-
tween phases is achieved in a natural way through the DC component of
the circulating current, and without the need to use a specific regulator,
unlike other papers in which regulators are used for this task.

Power balancing between arms is achieved by means of a regulator
whose input is the difference between the voltages of the upper and
lower arms capacitors, and whose output is a phase shift between the
voltages of the two arms that causes an optimal circulating current at the
fundamental frequency. This regulator is a new and simpler contribution
than those proposed in the technical literature.

In addition, simulations and experimental results show that, despite
the imbalances in power generation between phases and between arms,
the power transfer to the grid is balanced.

The paper is structured as follows. Section 2 presents the new wind
farm topology integrated into an MMC, the control loops for the DC
voltage and the grid connection, the PWM generator, and the voltage
sorting algorithm. In Section 3, the theoretical analysis of the power
transfer between phases and between arms is carried out. Then, the
solutions to keep the power delivery to the grid by each phase and the
SM voltages balanced are proposed. Section 4 is devoted to the design of
the new controller to balance the powers generated in the upper and
lower arms. Section 5 shows the simulation results for three cases: (i)
balanced generation, (ii) unbalanced phase generation, and (iii) unbal-
anced arm generation; in the final part of this section, the simulation
results are analyzed to assess the operation of the proposed solution.
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Fig. 6. Voltage and current phasors at 50 Hz when the circulating current is on
the same line as the arm currents.

Section 6 shows the experimental results obtained through real-time
simulation. Finally, Section 7 presents the conclusions of this work.

2. Connection structure and control system
A standard MMC (Fig. 1) comprises three phases, an upper and a

lower arms per phase, and n SM per arm. The electric power can be
transferred between the alternating current (AC) side and the direct

current (DC) side of the converter, and a certain amount of reactive
power can be injected into the AC grid. The MMC shown in Fig. 1 is built
using SMs, in an half-bridge (HB) setup, which includes two IGBTs, two
diodes, and one capacitor. A detailed explanation of the SM operation
and the voltage-current relationships can be found in [20].

The usual configuration of small wind turbines connected to the grid
(Fig. 2) comprises two DC/AC converters for each turbine, or, in very
small turbines, a diode rectifier, a DC/DC converter (booster), and one
inverter. The inverters are connected in parallel to the input of a step-up
transformer, whose output can be either low voltage (LV) or medium
voltage (MV), depending on the number and size of the wind turbines.

The proposed new topology is intended to reduce the high number of
semiconductors involved in the abovementioned configurations. To this
end, the WGs are proposed to be integrated into the structure of an MMC
(Fig. 3). The SMs of the MMC are now named power modules (PM) in the
new drive, and they include a wind turbine, a permanent magnet syn-
chronous generator (PMSG), and an inverter or, in very small turbines,
one diode rectifier plus one DC/DC boost converter [21,22]. In the new
topology, the GSC of the WG is replaced by the HB of the corresponding
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Fig. 7. Controller for balancing the voltages of the upper and lower arm capacitors.
locked loop (PLL). The DC voltage, vpc, is regulated by a PI controller
PM whose output is the current reference in the direct axis, i;*. The q axis
* current reference equals zero, i;” = 0, to set the reactive power
exchanged with the grid to zero. The output voltage references, v,4* and
Vo", are obtained using two PI controllers and the corresponding
+ decoupling terms.
The voltage reference of each phase of the converter, vy *, is the
C=— v lwe=Pwr/ve input to a voltage modulator, which implements phase disposition-
Generator sinusoidal pulse width modulation (PD-SPWM) [23], and whose
R output is the number of PMs in the ON state of the upper/lower arm,
ny(1)x- Other modulators that can be used are multi-level PWM [24],
multi-level space vector modulation (SVM) [25] and nearest level con-
trol (NLC) [26], or even current modulators [27]. When the number of
¢ levels is low it is better to use PWM or SVM rather than NLC to eliminate
Fig. 8. PM simulation model. low frequency harmonics. To reduce the harmonic content and place it
in multiples of the carrier frequency it is better to use PWM than current
modulation. PD-SPWM has been chosen over SVM because of its greater

Table 1 simplicity.

Simulation parameters. The last control block is the PM sorting algorithm, [24,28], which is
n 5 i 0 in charge of balancing the voltage of the capacitors of each arm, so that
Ts 1ps ko voc 3.2 V¢ = Vpc/n, using the values of the capacitor voltages and the direction
Town 250 ps kivoc 64 of the arm current; its output is the trigger signal of each PM. However,
Treg 125 s kpiaiq 0.5 other sorting methods can also be used [29,30].

Ve 24 kv Kiidiq 5 Keeping constant the DC link voltage, vpc, is of paramount impor-
c 600 mF Kp prs 0.2 . .

N 937.5 uH Ko ) tance and means that the entire power generated by the turbines must be
Voo 1300 Vs kpzve 0.00001 delivered to the grid. Otherwise, the difference between the power
L 750 uH Kisve 0.0001 generated by the turbines and the power delivered to the grid will be
Coc 200 uF stored or extracted from the capacitors, and the voltage vpc will increase

SM, thus reducing from 6 to 2 the number of IGBTs per WG. That rep-
resents the first contribution of this paper.

In a conventional MMC (Fig. 1), the power is exchanged between the
DC side and the AC side of the converter. However, in the proposed
topology (Fig. 3), no incoming DC power exists since the power gener-
ated by the wind generators is delivered directly to the grid as AC. The
power generated in each upper/lower arm, pyr, (), Withx = a,b,c, is the
addition of the power generated by each turbine in the upper/lower arm
Pwrtu()xy> Wlth_y = 17 BN

= Z:ZIPWTM(I),W

Fig. 4 shows the block diagram used in the grid connection control of
the MMC. The voltage and current control loops use a reference frame
where the d axis is aligned with space vector corresponding to the grid
voltage v, whose frequency, w, and angle, 0, are detected by the phase-

DPWru(i)x (€H)

or decrease, respectively.

The voltages and currents in the converter have three frequencies
(three harmonics): continuous component, 50 Hz (fundamental
component), and 100 Hz (2nd harmonic), assuming a 50 Hz utility grid.
The continuous component of the circulating current balances the dif-
ferences of the power generated in each phase, sending power from the
phases that generate more power to those that generate less.

The 50 Hz components are responsible for transferring power from
the turbines to the grid. Notice that the power delivered by each phase of
the MMC to the grid is the same, p, =p, =pc = Px, since this is assured
by its vector control.

The 100 Hz components are circulating currents present in any MMC
and are extensively discussed in the literature [31,32]. In this paper, the
variables represent 50 Hz voltages and currents; when they refer to other
components, DC or 100 Hz, it is specifically stated.

Only balanced and non-distorted electrical grids have been consid-
ered, but specific control strategies for unbalanced [20] or distorted
grids [33] can be used.
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Fig. 9. Simulation graphs when all the modules of phases a, b and ¢ generate a power of 3 kW: (a) output voltages and output currents, (b) DC voltage and current iz",
(c) voltages of the capacitors of the upper and lower arm SMs of the first phase (voltages are superimposed), (d) input and output of the regulator to balance the
voltages of the upper and lower arm capacitors, (e) circulating currents, (f) power transferred between phases, (g) power generated by the upper and lower arms of

the first phase, and (h) active power delivered by each phase. Time in seconds.

3. Wind power generation - case studies

Three cases regarding the power generated by the WGs have been
studied: (a) all the WGs generate the same power, (b) all the WGs of a
phase generate the same power, which is different from the power
generated by the WGs of the other phases, (c) all the phases generate the
same total power, but the powers generated by the upper and lower arms
are different.

3.1. All the WGs generate the same power

Since all the WGs generate the same power, p1wr, the upper and
lower arms of all the phases produce the same power, pwrua = Pwria =
Pwrw = Pwrb = Pwruc = Pwric = Npiwr- The power generated in phase
X (x = a, b,c), Pwrux + Pwrix = 2np1wr, is sent to the corresponding AC
output, pwrux + Pwrix = Px-

Therefore, in this case no additional control is needed to achieve a
balanced distribution of power in the phases.

3.2. The WGs generate a power that depends on the phase to which they
are connected

In this case, the power generated by the WGs of the upper and lower
arms of each phase is the same, but different from the power generated
in other phases’ PwTua = PwTla 7# Pwrub = Pwrib 7 Pwruc = Pwric- Since
the power to be delivered by the MMC in AC through each phase is the
same, a DC power transfer must take place from the phases that generate
more power to those that generate less power.

The circulating current of each phase iz, consists of a DC component
and an AC component,

ize = Izpcx + izacy (2

The DC power that phase x sends to the other two phases, pz,, is the
product of the average value of its circulating current, izpcy, and the DC
voltage, vpc,

Pzx = —lizpcy'Vpe 3

Since the sum of the continuous components of the circulating cur-
rents is zero,

izpca + izpcy + iznce = 0 @

the sum of the DC powers transferred between phases is zero as well,
Pza + Pz +Ppze =0 (5)

The difference between the power generated in the upper and lower
arms of the phase, pwrux + Pwri, and the power delivered to the grid by
the phase, p,, is equal to the power that this phase transfers to the others,

Pze = (Pwriw + Pwrix) — Px (6)

Therefore, the average value of the circulating currents is responsible
for the power transfer between phases.

In other publications for PV sources, where the MMC is connected to
a stiff DC source, the sum of the three circulating currents is not zero, so
aregulator is used to balance the power generated in the three phases. In
this work, this regulator is not necessary since no DC source is included
and the virtual voltage of the DC link is kept constant by means of an
external regulation loop; this is the second contribution of this paper.
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3.3. Each phase generates the same power, but the powers generated by
the upper and lower arms are different

The conditions considered in this case are: (a) the powers generated
by the WGs of the upper arms are equal in the three phases, pwrua =
Pwruws =Pwruc = Pwru, (b) the powers generated by the WGs of the lower
arms are equal, pwria = Pwmp = Pwric = Pwr, and (c) the powers
generated by the WGs of the upper and lower arms are different,
Pwtu ?é DPwri-

From this paragraph onwards, subscript x, meaning a generic phase,
will be removed for the sake of simplicity; it should be understood that
all the variables correspond to a phase x.

In a standard MMC, the current of the upper/lower arm is [28,34]:

. i .
by =5+ 5+ iz ™

In the proposed MMC structure there is nothing connected to the DC
side, so the current of the DC side is zero, ipc = 0,

. i
i) = ii +iz ®

The circulating AC currents present two main harmonics, the 1st and
2nd which, in countries with a grid frequency of 50 Hz, correspond to 50
Hz and 100 Hz, respectively. The 2nd harmonic, izac», is very common in
the circulating currents of any MMC [31,32]. The harmonic 1, izsc1, is
the quotient between the voltage of the two inductances of the same
phase, vo11, (Fig. 3), and the impedance of the two inductances of a
phase, 2Z;,, all at the frequency of the first harmonic (50 Hz).

Vari

27, €)]

i7ACI =

At the frequency of harmonic 1, the sum of the voltages of the upper

arm vyac, the lower arm vj,¢ and the two inductances is zero (sub-index 1
is removed for simplicity; when it is referred to other harmonic, it will be
noted):

Vauac + Vo + viac = 0-vap = —(Vuac +viac) (10)

The voltage of the upper/lower arm, neglecting the voltage of the
arm’s inductances, is:

+ Vuac an

- E Ve,
Vu(ty = T

where Y vc,, is the sum of the voltages of the n capacitors of the upper/
lower arm. When the voltages of the capacitors of the upper and lower
arms are equal, >~ V¢, =) V¢ =Vpc, the AC components of the arms are
equal,

Vuac = FVo 12)

and the voltage of the arms is:

\%
Vu@ty = %C F Vo 13)

The instantaneous power delivered by the upper/lower arm is:

. 2o ve, .
Puty = —Vu@)lu@) = — (Tm+ Vuac | L) a4

And the average power delivered by each upper/lower arm results in
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T T
1 1 > ve, )
P =7 /Pu(z) (r)dt =7 /*( > 4 +Vu(l)AC)lu(l)dt
0 0

T
1
=0+ T /*Vu(r)Aciu(z)dt (15)
0

Vv
where / 7@&(1) dt = 0 because the current of the upper/lower arm,
0

Z Veu

iy(p), is sinusoidal and the voltage =" is constant. Therefore, the power
delivered by the upper/lower arm is calculated by the fundamental
component (50 Hz) of the voltage v,ac and the current i, of the arm.

Assuming that initially the voltages of all the capacitors were equal,
and using the Egs. (9), (10) and (12), the circulating current would be
zero, and the current of the arms, according to (8), has the same value
but opposite polarity,
1

iu(l) = i2

(16)

In this case, the power delivered by the upper and lower arms, ob-
tained by means of (12), (15) and (16), results in

T T T
1 . 1 i 1 i
P =7 /_vu(I)AClu(I)dt =7 /‘(?%)(jtz)dl =7 /voidl 17)
0 0 0

However, since the power generated by the turbines of the upper and
lower arms is different, pyr, # pwn, the energy of the capacitors of the
arm WEC " increases or decreases,

dWZ Cury

= u(l) — Pu 18
7 Pwru(t) — Pu(l) (18)

The capacitors of the arm that generates higher power will be
charged and those of the arm that generates lower power will be dis-
charged. That causes the reduction of the AC voltage of the arm whose
capacitors are being discharged and the increase of the AC voltage of the
arm whose capacitors are being charged, keeping the modulation index
of each one:

v,
e 19)
Vpc/z
M) = _ Vuac (20)
Z VCu(/)/2
myq =m 21

According to (20), the variation of the capacitor voltages causes the
arm peak voltages, Vyac, to be different, which, according to (10),
causes a voltage of 50 Hz to be present in the arm inductances vy;. Ac-
cording to (9), that generates a circulating current of 50 Hz, izsc1, which,
according to (8), causes the current of each arm, i ), to be different.
Thus, according to (17), the power delivered by each arm is different.
Finally, an equilibrium point is reached in which each arm delivers the
same power as it generates, and in which the capacitor voltages
stabilize.

This situation is illustrated in Fig. 5, where it can be seen how the
circulating current, iz, is delayed by 90° with respect to the voltage vy;.
Although vy, has a low value, the current iz may have a high value due to
the low value of the inductance 2L. As shown in Fig. 5, the power
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Fig. 12. Simulation graphs when no controller is used to balance the voltage of the upper and lower capacitors; two upper modules, in each phase, generate 1.5 kW,
and the rest generate 3 kW: (a) output voltages and output currents, (b) DC voltage and current iz*, (c) voltages of the capacitors of the upper and lower arm SMs of
the first phase (voltages are superimposed), (d) input and output of the regulator to balance the voltages of the upper and lower arm capacitors, (e) circulating
currents, (f) power transferred between phases, (g) power generated by the upper and lower arms of the first phase, and (h) active power delivered by each phase.

Time in seconds.

Fig. 13. Photograph of the tests with the RTS.

delivered by each arm can be calculated as:
Pu(l) = vu(l)rm:iu(l)rmscosfpu(l) = vu(l)rm:iu(l)mrms (22)

Fig. 5 shows a situation where the control of the voltages of the upper
and lower arms is not independent and the power generated in the lower
arm is greater than that generated in the upper arm. As a consequence of
this imbalance, the voltage of the lower capacitors, > vg, is slightly
higher than that of the upper ones, _ vc,, and the voltage of the lower
arm, v, is slightly higher than that of the upper arm, v,; the magnitude of
these voltages is very similar and also very similar to the value of the

output voltage, v,. Under these conditions, i,, is smaller than iy, so that
the power delivered by the upper arm, P,, is lower than that delivered by
the lower arm, P;.

This is not the ideal situation since the value of the upper/lower arm
current i, is greater than the optimum, i,n; in Section 4 a solution to
solve this issue is proposed.
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Fig. 14. RTS graphs when all the modules of phases a, b and ¢ generate a power of 3 kW (case 1): (a) output voltages (400 V/div), and (b) output currents (20 A/div)
and circulating current of the first phase (2 A/div). Time scale: 4 ms/div.

Deten, ] Filtro de ruido apagado Deten. Filtro de ruido apagado
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(b)
Fig. 15. RTS graphs when all modules of phases a, b and c generate a power of 2 kW, 2.5 kW, and 3 kW, respectively (case 2): (a) output voltages (400 V/div), and

(b) output currents (20 A/div) and circulating current of the first phase (2 A/div). Time scale: 4 ms/div.

Filtro de ruido apagado Filtro de ruido apagado

(b)
Fig. 16. RTS graphics when two upper modules, in each phase, generate 1.5 kW, and the rest generate 3 kW (case 3): (a) output voltages (400 V/div) and output

current of the first phase (20 A/div), and (b) output currents (20 A/div) and circulating current of the first phase (2 A/div). Time scale: 4 ms/div.
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(b)

Fig. 17. RTS graphics when two upper modules, in each phase, generate 1.5 kW, and the rest generate 3 kW (case 3). Voltage of two upper and two lower arm
capacitors (100 V/div): (a) with regulator (the four graphs are superimposed), and (b) without regulator (the graphs are superimposed by two and two). Time scale:
10 ms/div.
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4. Design of a PI controller for balancing the power generated in
the upper and lower arms

When the power generated in the upper and lower arms is different, a
situation of non-optimal balance is reached, as indicated in Section 3.3,
where the circulating current is not aligned with the arm voltages v,
(Fig. 5).

Fig. 6 shows the ideal situation, where the arm currents, i,;), have
the minimum possible value, being approximately aligned with the arm
voltage, v, (note: the angles represented in Fig. 6, ¢,, are actually
extremely small but in the figure have been enlarged to improve the
visualization). From the converter output voltage, v,, the voltages of
both arms can be calculated by adding and subtracting an angle ¢,, so
that the phases of the arm inductance voltage, vo;, and the circulating
current, i, are 270° and 180°, respectively.

In view of that, a PI controller that takes care of balancing the
capacitor voltages of the upper and the lower arms of the three phases
has been developed, which constitutes the third contribution of this
paper. Its input is the difference between the addition of voltages of the

capacitors in the upper arms of the three phases, } vc,,, and the
x=ab,c

addition of voltages of the capacitors in the lower arms of the three
phases, 3 v, (Fig.7).Its output is the angle ¢, that must be added

x=a,b,c
y=1

or subtracted to the reference voltage v,* to obtain the references v,,* or
Vor*, respectively.

Compared to previous works, the analysis of the power unbalance in
the arms presented in this paper is simpler and the proposed work-
around minimizes the circulating current at the fundamental frequency.

5. Simulation results

The simulation results have been obtained using Matlab/Simulink
software, which has been selected because it has detailed models of the
components that allow a very detailed and reliable simulation, besides
being a very common software in the simulation of power electronic
converters.

Each PM is simulated using a current source (Fig. 8), which repre-
sents the power of a wind turbine, and includes the generator and the
converter shown in Fig. 3. In an actual application, the converter is
responsible for controlling the rotation speed of the turbine through the
electromagnetic torque in order to generate the maximum electrical
power.

The rated power and DC voltage of the wind turbines represented in
the simulation are 3 kW and 240 Vdc, respectively, and correspond to
the small wind turbine Wind 25.2+ of the manufacturer Bornay. The rest
of the simulation parameters are gathered in Table 1.

5.1. All the turbines generate the same power

When all the WGs generate the same power, 3 kW, all arms and all
phases produce the same power and there is no need to transfer power
between phases or arms. The voltage regulator is responsible for main-
taining the balance between the power generated and the power deliv-
ered to the grid.

The graphs obtained in the simulations are shown in Fig. 9. Fig. 9a
shows the sinusoidal waveforms of both, output voltages, Vou., and
output currents, ig.. The DC voltage, vpc, features an initial transient
because the initial value of the current i;* is zero (Fig. 9b).

In the graphs of v¢,, and v, the voltages of all PM capacitors of the
upper and lower arms of phase a overlap (Fig. 9¢c). As can be seen, all
PMs have the same voltage, not needing to activate the balancing
controller of the upper and lower arms (the angle has a negligible value)
since the upper and lower arms generate the same power (Fig. 9d).

Fig. 9e shows the small value of the circulating currents, i,4.. The DC
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power transferred between phases, P4, is zero because the generated
power is the same in the three phases (Fig. 9f). The power generated by
the upper and lower arms is equal (15 kW) (Fig. 9g). The active power
delivered by each phase, Py, has the same shape as i;* (Fig. Sh).
Summarizing, the whole system works correctly.

5.2. The power generated by the wind turbines depends on the phase to
which they are connected

In this section, an unbalance in the power generated by the wind
turbines of the three phases has been simulated. Specifically, each wind
turbine of phases a, b and c generate 2 kW, 2.5 kW, and 3 kW, respec-
tively. As each phase comprises 10 PMs phases a, b and c generate 20
kW, 25 kW, and 30 kW, respectively. As all the phases inject the same AC
power, Py, into the grid, each one injects 25 kW (Fig. 10h), which is the
average value of the three phases. For this, phase c transfers 5 kW to
phase a.

Fig. 10a shows the output voltage of the three phases and the low
ripple sinusoidal output currents. The DC voltage, vp¢, evolves towards
the reference value after a transient caused by i;"(0) = 0 (Fig. 10b).

The voltages of the capacitors of the upper, v¢,,, and lower, v¢jq, arms
of the first phase are equal (Fig. 10c). The output of the controller
developed to balance the voltages of the upper and lower capacitors is
very low (Fig. 10d), because it does not have to act when the upper and
lower arms generate the same power (Fig. 10g).

The circulating currents, i,4,, feature a low ripple, and a non-zero
average value in phases a and ¢ which allows transferring power from
phase c to phase a (Fig. 10e). In the graph of transferred DC power be-
tween phases, P,q, can be seen that phase a receives 5 kW and phase c
delivers 5 kW, while phase b does not exchange DC power (Fig. 10f).

5.3. Each phase generates the same power, but the powers generated by
the upper and lower arms are different

In this case, phases a, b and c generate the same power, but there is
an unbalance between the power generated in the upper and lower arms.
In the upper arms, three PMs generate 3 kW and two PMs generate 1.5
kW, and therefore each upper arm generates a total of 12 kW. In the
lower arms, the five PMs generate 3 kW, with a total of 15 kW.

As explained in Section 3.3, when no action is taken to transfer
different power from the upper and lower arms to the grid, the voltages
of the upper and lower arm capacitors decrease and increase, respec-
tively, until a situation of equilibrium is reached in which the AC
component of the upper and lower arm voltages is reduced and
increased, respectively. This causes an increase of the voltage in the
inductances of the arms, vor, and, as a consequence, of the circulating
current, i,. In turn, this causes the variation of the current of the upper
arm, i,, and lower arm, i, to balance the power generated and delivered
by the arm (see Fig. 5).

When the voltages of the upper and lower arms are controlled
independently, the circulating current can be controlled to make them
take the minimum value necessary to achieve the balance of the powers
(Figs. 6 and 7), so that the difference between capacitors’ voltages is
much smaller (Fig. 11d). In this figure can be seen how the controller
that controls the difference between the voltages of the upper and lower
arms, modifies the phase shift of the upper and lower arm voltages in a
value of approximately —7, 5-10~* radians to achieve that the upper and
lower capacitor voltages are equal.

As can be seen in Fig. 11, the rest of the variables perform well.

The case in which the regulator in Fig. 7 has not been included has
been simulated (Fig. 12). Initially, all the capacitors have a voltage of
V6w = Vg, = 480 V (Fig. 12¢); the power delivered by each arm is the
same, P, = Pj, = 13.5 kW (Fig. 12g), and therefore the capacitor volt-
ages change, the upper capacitors are discharged and the lower ones are
charged, until reaching v¢, =465V and v, =495V after t =60s
(Fig. 12¢). Then, an equilibrium point is reached in which each arm
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generates the same power as it delivers, Py, = 12 kW and P, = 15 kW
(Fig. 12g). However, this equilibrium point is worse than when a
regulator is used (Fig. 11) because the circulating currents are much
higher (Fig. 12e).

6. Experimental results

To obtain the experimental results, the RTbox 240 real-time simu-
lator (RTS) from accuRTpower.com was used for the plant and an FPGA
board from Trenz Electronic was used for the controller (Fig. 13), in
which the same schemes simulated in Section 5 (Figs. 4, 7 and 8) and the
same simulation parameters (Table 1) were included. Results have been
obtained for the same three cases: balanced generation, phase unbal-
anced generation and arm unbalanced generation.

6.1. All the turbines generate the same power

When each module generates the same power of 3 kW (case 1), the
output voltages and output currents generated by Simulink (Fig. 9a) are
the same as those obtained by the RTS (Fig. 14). The circulating current
has a very small value in both cases (Figs. 9e and 14b).

6.2. The power generated by the wind turbines depends on the phase to
which they are connected

When the powers generated in each SM of phases a, b and c are,
respectively, 2 kW, 2.5 kW and 3 kW (case 2), the output voltages and
currents obtained through Simulink (Fig. 10a) and through the RTS
(Fig. 15) are the same. The circulating current presents a similar average
value (Figs. 10c and 15b), corresponding to the power transfer between
phases a and c, as well as a very low ripple.

6.3. Each phase generates the same power, but the powers generated by
the upper and lower arms are different

Case 3 is analyzed below, when the power generated by each of the
upper and lower arms is 12 kW and 15 kW, respectively. Fig. 16 shows
the results obtained using the RTS when the proposed regulator is used
to balance the voltages of the upper and lower capacitors; it can be seen
that the output voltages and currents have similar values (Figs. 11a and
16) and that the circulating currents remain at moderate and similar
values (Figs. 11e and 16b). Fig. 17 shows the module capacitor voltages;
when the regulator is used (Figs. 11c and 17a), the capacitor voltages of
the upper and lower arms maintain the same value, while when the
regulator is not used, these voltages take different voltages (Figs. 12c
and 17b).

7. Conclusions

A new way of connecting small wind turbines to the electrical grid
has been presented. This first contribution makes it possible to reduce
the number of power converters needed to integrate the WGs into the
structure itself of an MMC.

The control system for the new structure consists of two loops. The
outer loop keeps the DC voltage constant by delivering all incoming
power from the WGs to the grid. In addition, that loop controls the
reactive power injected into the grid.

The second contribution is the inner loop. This loop keeps the voltage
of the MMC modules balanced so that it can be connected to the grid
using PWM. The difficulties caused by power generation unbalances
between phases and between arms have been analyzed, and it has been
concluded that unbalances between phases can be solved, without
needing a specific controller, through the average value of the circu-
lating currents. This property avoids using a specific controller for that
purpose, as was usual until now in other works.

The third contribution is the design of a controller that removes
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unbalances between the upper and lower arms, avoiding the circulating
currents becoming too high.

Although the paper is particularized for wind generators, the struc-
ture of the connection is also valid for other generators such as PV panels
or wave energy converters.
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