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Abstract—The reduced capability of multilevel
converters with more than one intermediate node to
balance the DC-link capacitors voltage, as well as the lack
of standard modulation methods to improve their balancing
performance, make these converter topologies unattractive
for real power applications. This is especially true when the
load demands active power. One of these topologies is the
5L-MPC (Five Level-Multi Point Clamped) converter. The
Back-to-Back (B2B) configuration of two 5L-MPC
converters and the use of a Space Vector Modulation (SVM)
that exploits the voltage balancing capability of the
redundant switching vectors extend the operation
conditions range in which a proper voltage balance can be
achieved. However, if practical modulation restrictions are
considered (limitation of voltage steps, dead times,
switching losses, etc.) the voltage balance cannot be
achieved for all operation conditions. In this paper,.a.SVM
which takes into account practical restrictions is proposed.
In order to guarantee the voltage balance at any operation
condition, the grid side rectifier exchanges reactive power
with the grid side LCL filter. Thus, the voltage balance of
the DC-link is guaranteed while a unity grid side power
factor is achieved. The proposed modulation scheme and
voltage balancing strategy is experimentally validated in a
6.6 kV-1.5 MW 5L-MPC B2B converter.

Index Terms—AC Drives, Back-to-Back (B2B), LCL Filter,
Medium Voltage (MV), Multilevel converter, Multi Point
Clamped (MPC), Neutral Point Clamped (NPC), Space
Vector Modulation (SVM), Voltage Source Converter (VSC).
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I.  INTRODUCTION

OWER electronice converters play an important role in

Medium Voltage "(MV). drive applications [1-9]. The
development of powerisemiconductors [1-2] along with the
advent of new multilevel converter topologies and modulation
techniques [3-9] have contributed to extend the voltage and
current capability of Voltage Source Converters (VSC) on those
applications.

Although several new converter topologies have been
presented in the last three decades, the Three Level-Neutral
Point Clamped converter (3L-NPC) [4] is still one of the most
popular converter topologies for MV drive applications. This
converter requires the series connection of semiconductors or a
step-up transformer in order to operate at voltage levels above
4.16 kV. The use of topologies with more voltage levels
improves the output voltage quality and makes possible the
transformerless operation at Medium Voltage levels (up to
6.6 kV) using standard semiconductors [3-8].

In this way, the Five Level-Neutral Point Clamped (5L-NPC)
converter [10-16], provides real benefits compared with the
3L-NPC converter. The series connection of three clamping
diodes and the DC-link voltage balance are the main drawbacks
of this topology. The number of required semiconductors and
the number of series connected devices can be reduced if a Five
Level-Multi Point Clamped (SL-MPC) converter is used instead
[17], Fig. 1.

The DC-link of the Five Level-Multi Point Clamped
(SL-MPC) converter comprises four series-connected
capacitors. The five different output voltage levels (Vpc/2,
Vocl4, OV, -Vpcl4, -Vpc/2) are synthesized connecting the
output terminal to the different nodes (P, p, O, n, N) of the
DC-link. If a Diode Front End (DFE) is used with a SL-MPC
inverter, the voltage balance of the DC-link capacitors can only
be guaranteed at certain operation conditions. Generally
speaking, if the inverter operates with a unity power factor, the
average node currents are non-zero, Fig. 2(a). This leads to a
voltage unbalance of the DC-link capacitors if the modulation
index is higher than 0.55 [10-12, 18]. On the contrary, the
average node currents tend to be zero if the inverter operates
with low power factors, Fig. 2(b). Thus the balanced operation
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Fig. 1. 5L-MPC B2B Scheme with LCL filter (with RL damping circuit).

is possible for any modulation index if only reactive power is
managed by the inverter.
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Fig. 2. Current flowing through DC-link nodes depending=on the
instantaneous phase voltage (Vun.0) and current (ips). (@) Pure active
power operation (¢ = 0 2). (b) Pure reactive power operation (¢ = -90 9).

The capacitors voltage unbalance problem has been widely
analyzed for DFE-connected n-Level MPC inverters (n > 3),
[10-12, 18]. An ideal balanced operation area can be defined in
terms of modulation index (m;~[0...1]) and load voltage-to-
current phase shift (¢) for infinite level MPC converter
connected to a DFE rectifier, Fig. 3.
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Fig. 3. Theoretical balanced operation area for «L-MPC and 5L-MPC.

The Back-to-Back (B2B) operation of two S5L-MPC
converters with a Space Vector Modulation (SVM) that exploits
the balancing effect of the redundant switching vectors results
in a notable improvement of the voltage balancing capability of
the converter, [12-13]. However, if the active rectifier and the
inverter operate with power factors and modulation indices

P Vipcl2

<iparp=_|Criravy

=y

Vpcld

1C;5

ofov

—iomr

1IC,

=

-Vpcld
iy ArE- iy

INV
iy | —ivve®

N -Vpcl2

close to unity, the voltage balance of the DC-link capacitors
cannot be guaranteed, [13]:

Several voltage balancing.methods have been proposed to
extend the voltage balancing capability of the converter
[10-16]. In [12], an SVM that coordinates the modulation of the
Active Front End.(AFE) and the inverter of a B2B is proposed.
Nevertheless, the-coordinated modulation implies a dramatic
increase..of\.the computational cost, highly unlikely to be
assumable in real application. [14-15] present similar novel
modulation schemes that guarantee the voltage balance at any
operation condition. However, both methods allow multiple
voltage steps per phase, which result in high voltage-derivatives
at the output terminals and lead to the series operation of the
power devices. In [16] additional power circuitry is used to
achieve a proper voltage balance. Despite of the promising
results, the use of additional components reduces the reliability
and increases the cost and volume of the converter.

In consequence, it can be said that the lack of standard
solutions for the DC-link voltage balancing problem makes
difficult the use of this converter in real power applications.

This paper proposes a SVM modulation for the SL-MPC
converter which considers real restrictions such as
computational cost, dead times, power losses, number of
simultaneous voltage level steps per arm, minimum conduction
times for semiconductors, etc. The voltage balancing capability
of the proposed modulation scheme is analyzed, which
guarantees a wide balanced operation range in B2B
configuration, however, there are some operation conditions in
which the voltage balance is not achieved. In order to guarantee
the voltage balance at any operation condition, a voltage
balancing strategy is proposed in which reactive power is
exchanged between the AFE and the grid side LCL filter. Thus,
the voltage balance of the DC-link is guaranteed while a unity
grid side power factor is achieved.

The proposed voltage balancing
experimentally tested in a real
(6.6 kV-1.5 MW).

strategy has been
scale  prototype



II. PROPOSED SPACE VECTOR MODULATION

A. Switching States of the 5L-MPC Converter

As shown in Fig. 1, the DC-link of the SL-MPC converter
consists in four series-connected capacitors charged to Vpc/4.
Each phase of the SL-MPC converter can connect its output
terminals to any node of the DC-link (P, p, O, n, N) and in
consequence, five different voltage levels per phase can be
synthesized (Vpc/2, Vpcl4, OV, -Vpd/d, -Vpc/2). Table 1
summarizes the different switching states and the synthesized
output voltages.

TABLE I
SWITCHING STATES OF 5L-MPC CONVERTER

Von-o T T2 Ts Ts Ts Ts T7 Ts
Vpcl2 1 0 1 1 0 0 1 0
Vocl4 0 1 1 1 0 0 1 0

ov 0 1 0 1 1 0 1 0
-Vbcld 0 1 0 0 1 1 1 0
-Vocl2 0 1 0 0 1 1 0 1

B. Description of the Proposed SVM

The proposed modulation scheme respects the constraints
imposed by the semiconductors (dead times, power losses,
minimum conduction times) and by the converter (number of
simultaneous voltage levels steps per arm, computational cost).
In consequence, this modulation scheme can be applied in real
power applications.

A 5L-MPC converter can synthesize 5°=125 different
voltage vectors, Fig. 4, which are geometrically distributed in
61 positions. The vectors located in a same position synthesize
the same line-to-line voltage but have different effect on the
node currents. Those vectors are redundant vectors and-their
proper selection allows the voltage balance of the DC-link
capacitors in a wide operation range.

The reference output voltage vector can be represented by
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where d =e” /3 and {abc} = {RST, UVW}, [12, 19].
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Fig. 4. Five level Space Vector (SV) map.

At a given time interval, the reference voltage vector is
placed in a given region, i.e., each triangular area in which is
divided the Space Vector (SV) map. This voltage is synthesized
combining the nearest switching vectors during a modulation
period (Tea), that is, vectors from the three vertices of that
region [12, 19], by

Vigr = Vy-dy +Vypdy +Vd,
dy +dy +d, =1.

(2a)
(2b)
The duty cycles (dx, dy, do) of the applied switching vectors
(Vy ,Vy »v, ) depend on the projection of the reference voltage
vector to each axe of the region, Fig. 5(a).
Each modulation period, a four vector sequence is applied to
synthesize the reference voltage vector [12, 19],
Vieer = ‘71'dv, +172odv2 +\73odvj +§4odv4 ,

d, +d, +d, +d, =1,

(3a)
(3b)

where the first (v, ) andthe fourth (v, ) vectors are redundant

vectors (located in the same vertex of the region) and the other
two vectors (v, , v ) are located in the other two vertices of the

region, Fig. 5(b)-"The only considered vector sequences are the
ones that,change just one voltage level from an applied
switching.vector to its consecutive switching vector, Fig. 5(b),
in order.to reduce the commutations and therefore to minimize
the switching losses. In addition, the IGBT should not be
switched off before it is fully saturated, in order to avoid too
high switch off speeds and in consequence too high
overvoltages [20]. Hence, only sequences that apply their
vectors for a minimum time interval are considered. Only the
vector sequences in which the duty-cycles of the first (d,,) and

fourth (d, 4) vectors satisfy

_ tDT +t0n,min
dvk k={1,4} 2dv,‘,,min - T (4)
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guarantee the minimum conduction (,,,mi») and dead times (tpr)
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Fig. 5. Four vector sequence construction. (a) Nearest Three Vectors
duty-cycle distribution. (b) Four vector sequence.



Furthermore, in order to limit the switching losses, the
transitions between applied switching sequences are limited.
Depending on the last applied vector sequence, the considered
sequences are the ones that cause less switching and
consequently less losses.

C. DC-link Voltage Balancing Strategy

Once the applicable vector sequences have been identified,
the applied vector sequence is the one that improves the most
the voltage balance of the DC-link capacitors. Depending on the
time distribution (J) between the first and fourth redundant
voltage vectors

&)

the influence of a vector sequence on the average intermediate
node current can be controlled,

bavel)= D i, -d, . (©)
Note: iy, refers to the effect of the j vector in the y node current (y = {p, O, n}) and
d,; refers to the duty cycle of j™ vector of the vector sequence.

A nonzero average node current during a modulation period
(Toa) contributes to change the voltage difference between its
two adjacent capacitors, that is, the node voltage error,

8}) = ch'ch” . (7)

The voltage error of the y-node depends on the currents

through all the intermediate nodes and the DC-link capacitors,

8p,end (5) gp,ini (5) ip,ave (5)
80,end (5) = 8O,ini (5) + Tmod[MC} iO,ave (5) ’ (8)
gq,end (5) gr],ini (5) in,ave (5)

Note: &, and &,,.,q refer to the voltage error of the y node at.the beginning and at the
end of the modulation period respectively.

where
[mc]=
G G Cp G 6 G
¢ (ORI O ¢ (G
L)%, G G Cn 6 6 ®)
Ciz4 C, GC; C, G; C, C;
GG Gy G G G
¢ G ¢, G, & C, |

Note: Ciz34 = Ci+Co+Cs+Cy; Cpa3 = C+Co+Cs; Cazy = Co+Cs+Cy; Crp = C1+Cy;
Ciy= CHCy
If the DC-link capacitors are equal (C; = C> = C3 = Cy), the
voltage error of each node depends only on its node current.
The optimum time distribution (d,,) for the redundant
vectors is calculated to minimize the total quadratic error of the
three DC-link capacitor nodes from

Erorat0) = [5 pend (5)]2 + [80,end (5)]2 + [gn,end (5)]2 . (10)

If the optimum time distribution (Js) cannot guarantee
minimum conduction times, a minimum duty cycle must be
applied to achieve the proper operation of the semiconductors,

~Oim Oopt < ~Olim
Oreal =9 Oopt ~Ojim <Oopr <Ojim » (11a)
lim Sopt 2 O
. _2d,,, min 12 prHlewmin (11b)
" d, +d,, d, +d, T od

Once the time distribution (d..a) is calculated for each
applicable four vector sequence, the vector sequence that
minimizes the total quadratic error (g.:a) is applied.

This modulation strategy is applied independently in the
inverter and the AFE of the SL-MPC B2B converter. The
coordinate optimum vector sequence selection [12] results in a
poor benefit in terms of voltage balancing capability while it
increases dramatically the computational cost.

[ll.  ANALYSIS OF THE VOLTAGE BALANCING CAPABILITY

The behavior of the SL-MPC B2B converter (Fig. 1) with the
proposed SVM has been analyzed in simulation. The AFE is
connected. to an ideal 6.6 kV grid by means of an inductive filter
(the gridwside I.CL filter has not been considered in this first
analysis). The inverter is connected to a controlled current
source which models the behavior of the load.
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Fig. 6. Currents through DC-link intermediate nodes and DC-link
capacitors voltage for masare=0.85, cos¢rare=1, Marnv=0.80,
cosdrwv=1, invms1 =133 A, Vpoc =11 KV. (@) -ip.are. (D) fp. v (C) -lo.arFe.
(d) iowv. (€) -in.are. (f) ipmv. (g) DC-link capacitors voltage: V1, Vez, Ves,
Vea.

Fig. 6 shows the intermediate node currents synthesized by
the AFE and the inverter operating with mu;are = 0.85 and



marvv = 0.80 respectively at unity power factor in both
converters. According to the Fig. 2(a), in these conditions, the
standalone operation of the AFE or the inverter leads to voltage

unbalance. The current synthesizable by the inverter in the p
node is always positive (Fig. 6(b)), while the current

synthesizable in the m node is always negative (Fig. 6(f)).
However, in the B2B configuration, the proposed SVM
equalizes the average node currents synthesized by the AFE and
the inverter making possible to keep the voltage balance of the
DC-link capacitors.
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Fig. 7. Currents through DC-link intermediate nodes and DC-link
capacitors voltage for masare=0.75, cos¢oare=1"Manv = 0.95,
cospz v =1, invms1 =133 A, Voc =11 kV. (@) -ip.are. (b) pimvv. (C) -lo.are.
(d) iomv- (€) -inare. () iqmnv. (g) DC-link capacitorsvoltage: V1, Vez, Vs,
Vc4.

In contrast, as the difference between modulation indices of
both converters becomes larger (a2 are = 0.75, maz v = 0.95)
the synthesizable intermediate node currents by each converter
become notoriously different. In this case, the average node
currents synthesized by the inverter cannot be compensated by
the average node currents synthesized by the AFE, Fig. 7. Thus,
the DC-link voltage balance is not possible.

The voltage balancing capability of the proposed modulation
has been analyzed in simulation in a wide range of operation
conditions, Fig. 8. The green shaded area represents the
balanced operation conditions and the red shaded area
represents the unbalanced operation conditions. The results
show that the voltage balance of the DC-link capacitors cannot
be achieved if the inverter operates at high modulation indices
and power factors. It can also be concluded that higher
modulation indices for the AFE lead to wider unbalanced
operation areas. This is especially true as the modulation
indices of both converters differ more.
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Fig. 8. Voltage balancing capability with the proposed SVM scheme for
5L-MPC  B2B converter with cos@are=1. (@) Maare=0.76.
(b) My aFe = 0.80. (C) My aAFE = 0.82. (d) Mg aFe = 0.84. (e) Mg aFe = 0.86.
(f) Maare = 0.88. (g) Maare = 0.90. () Maare = 0.935.
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IV. REACTIVE POWER EXCHANGE-BASED VOLTAGE
BALANCING CAPABILITY IMPROVEMENT

A. Effect of the Reactive Power Managed by the AFE on
the Voltage Balance

As demonstrated in.previous sections, the power factors of
the AFE and the inverter have a big influence on the voltage
balancing capability.

When the AFE and the inverter operate with different
modulationindices and unity power factors, the voltage balance
cannot be achieved, as demonstrated in Fig. 7 (mg24re = 0.75,
COS¢2,AFE =1and Mga2, INV = 0.95, COS¢2,1NV = 1)

In general, the modulation index and the power factor of the
inverter are imposed by the load. So, these parameters cannot
be freely controlled.

The modulation index and the power factor of the AFE
depend on the grid voltage, the used filter and the desired grid
side power factor. Generally, a unity grid side power factor is
desired. During the design process of the filter, the amount of
capacitive reactive power managed by the filter can be defined.
In consequence, the AFE must manage inductive reactive
power in order to guarantee a unity grid side power factor. Thus,
the voltage balancing capability of the AFE is improved.

In order to demonstrate this idea, Fig. 9 shows the operation
of the AFE and the inverter with different modulation indices
(Ma3 AFE(ni) = Ma2are = 0.75 and mas vy = maz2 vv = 0.95). While
the inverter operates at unity power factor, the AFE converges
to a non-unity power factor (cosgsareens) = 0.8). As it can be
observed, under this operation condition, the voltage balance
can be achieved.

As shown by Fig. 9(g), the operation of the AFE with reactive
power leads also to a reduction of the modulation index of the
AFE (from Ma AFE(ini) = 0.75 to Ma,AFE(end) = 067) ACCOFdiIlg to
Fig. 8, the reduction of the modulation index contributes to an
improvement of the voltage balancing capability of the
converter.

The colored areas shown in Fig. 10 depict the reactive power
required by the AFE to achieve a proper voltage balance at
different operation conditions.

It can be observed that as far as the modulation indices and
the power factor of the inverter increase, the reactive power



required by the AFE becomes larger. This is especially true
when the inverter operates at unity power factor.
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As the required amount of reactive power has been estimated,
the grid side LCL filter can be designed to.provide the reactive

power required by the AFE in the worst-case scenario. Thus,
the grid side power factor can be kept close to the unity.
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Due to the current and thermal limits of the power
semiconductors, the operation with high amount of reactive
power may limit the active power transferred to the DC-link. In
order to avoid these operation conditions, the permitted
operation range of the inverter is delimited below m, v < 0.88
modulation index and cos¢v <0.90 power factor. Thus, the
AFE can operate with the required amount of reactive power
without reducing the power transfer capability.

B. Description of the LCL Filter and IEEE519 Standard

In order to satisfy the current harmonic content limits defined
by the IEEE519 standard [21], a LCL filter is connected to the
grid side AFE converter, Fig. 1, since it provides a good
attenuation at frequencies above its resonance frequency (fres).
In addition, the filter includes a RL damping circuit, in which
the damping resistor R, attenuates the filter gain at resonance
frequency whereas the damping inductance L, reduces the
power losses in the damping resistor, [22-24].

Moreover, as concluded'in the previous chapter, in this work
the filter is also designed.to'provide reactive power to the AFE
in order to guarantee the proper DC-link voltage balance at a
unity grid power factot.

As the AFE(is controlled by means of the proposed SVM, its
output voltage contains harmonics (whose first-carrier-band
appears-around semiconductors switching frequency, f;,) that
accordingly generates current harmonics.

TABLE II
CURRENT DISTORTION LIMITS FOR GENERAL DISTRIBUTION SYSTEMS (120 \'%
THROUGH 69000 V), [21]
Maximum Harmonic Current Distortion
In Percent of I
Individual Harmonic Order (Odd Harmonics)

rs=L /I h<1l 11<h<17  17<h<23  23<h<35  35<h  TDD
<20% 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 35 25 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100<1000  12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 14 20.0

Even harmonics are limited to 25% of the odd harmonic limits above.
Current distortions that result in a dc offset, e.g., half-wave converters, are
not allowed.

*All power generation equipment is limited to these values of current
distortion, regardless of actual /,/I;.

where

I = maximum short-circuit current at PCC

N = maximum demand load current (fundamental frequency
component) at PCC

DD = total root-sum-square harmonic current distortion, in
percent of the maximum demand load current (15 or 30
min demand)

PCC = Point of common coupling

The IEEES19 standard defines the maximum allowable grid
current harmonic content and harmonic distortion for different
grid types. Different grid types are defined by their short-circuit
strength (7y), i.e., the ratio between the grid short-circuit power
(Ssc) and the rated power of the system that is being connected
to it (Sz),

L (12)



Basically, the stronger the grid is (higher r, ratio), the more
difficult is to disturb it, and therefore, the more harmonic
content is allowed in the common connection point (PCC),
Table II.

As shown in Fig. 1, the grid model comprises an ideal voltage
source and an equivalent grid inductance (L gri¢). The smaller
this inductance is, the stronger the grid is; therefore, it is more
difficult to disturb it. The equivalent Ls.g4is inductance is
connected in series with the grid side inductance L, of the LCL
filter. The addition of both inductances can be renamed as Lg,eq,

LG,eq :chgrzd( )+L (13)
C. LCL Filter Design for Reactive Power Exchange

The converter side inductance (L= 15 mH) is dimensioned
to limit the ripple of the converter side current (typically set
below 15-20% of the rated current [22-24]) by

~ L Vi
24 Lffvw

AiAFE,pp,max (14)

According to the literature, the capacitor of the LCL filter
(Cyp is typically designed to manage an amount of reactive
power about 2-5% of the rated power of the converter, [24].
This design criterion is not enough to satisfy the reactive power
requirement of the converter, Fig. 10. In consequence, the
voltages of the DC-link capacitors cannot be balanced operating
with a unity grid side power factor. For this reason, in this
application the filter capacitor has been dimensioned to provide
the reactive power (Qare) required by the AFE, Fig. 10. Thus,
the filter capacitor can be calculated as

Oarg (ma,AFEa M vy >COS Oy )
C = max (

Vgrid,ll,rzm,]) 27[ f o,grid

15)

If the filter capacitor provides a large ‘amount of reactive
power in order to guarantee the voltage balance at any operation
condition, the capability of the AFE to transfer active power to
the DC-link is reduced due to“the thermal limitation of the
semiconductors.
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Fig. 11. Balanced DC-link operat|on area at unity grid power factor
(green shaded) with the proposed LCL filter depending on the grid
voltage deviation considering Vyiia,imms,1,nom = 6.6 KV. (a) cos¢ny = 0.84.
(b) cos¢my = 0.86. (c) cosgwy = 0.88. (d) cosgmy = 0.90.

In consequence, the filter capacitor has been dimensioned to
provide the maximum required reactive power up to
mavv<0.88 and cosgwy<0.88 and grid voltages
(Vegriairms,1 <6930 V) up to 5% over the rated grid voltage
(6.6 kV). The chosen C;=25 pF capacitor provides a reactive

power about 23% of the rated power of the converter. Under
these conditions, the voltage balance of the DC-link capacitors
at unity grid power factor is guaranteed, as depicts the green
shaded area in Fig. 11. At operation conditions beyond those
limits, the AFE will require more reactive power and the grid
side power factor will be less than unity.

The equivalent grid side inductance (Lg,.q) altogether with
the filter capacitor (Cy) and the converter side inductance (Ly)
set the filter cut-off (fzc) and resonance (f..;) frequencies,

1 1

fre=5 77— (16a)
2 L. Cr
1
= 16b
fres 27[ ( )

The cut-off frequency must be set in order to achieve the
required current harmonic” ‘attenuation at the switching
frequency (fiw =1 kHz), Fig. 13. In addition, the resonance
frequency must be setfar below the switching frequency, in
order to avoid undesired harmonic amplifications.
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Fig. 12. Minimum L4 Cspair curve for guaranteeing minimum attenuation
(dashed) and maximum f..s < 650 Hz (continuous) in the worst scenario.

The dashed line in Fig. 12 shows the L,-Cy pairs that provide
the minimum required harmonic attenuation (-30 dB) at the
switching frequency in the worst scenario (ry> 1000).
However, choosing L,-Cy pairs from this curve could lead to set
the resonance frequency close to the switching frequency
depending on the grid short-circuit inductance (Lgc griq). The Lg-
Cy pairs represented by the continuous line in Fig. 12 provide a
higher harmonic attenuation at the switching frequency while
they guarantee a resonance frequency below fr.; < 650 Hz in the
worst scenario (r; > 1000).

Therefore, as the filter capacitor (Cy) has been previously set,
a grid side inductance of L, = 3 mH must be chosen, Fig. 12.

Once the main components of the LCL filter have been
designed, a damping resistor (R;) must be included to reduce
the harmonic amplification around the resonance frequency. In
addition, a parallel connected inductor (L) is used to reduce the
power losses generated by the line frequency -current
components. Different R4-Lq pairs have been evaluated by
means of analytical estimation and simulation in order to set a
damping circuit (R;=2 Q, Ls=2 mH) which guarantees a
proper damping behavior and the fulfilment of the IEEE519
standard. Fig. 13 shows the filter response for different grid
types. As it can be observed, -40 dB attenuation is guaranteed
around the switching frequency (fi,» = 1 kHz) for any grid type.



Gain [dB]

-80
-100

120
10?

Fig. 13. Frequency response of larin/ Vare (1) transfer function for different
grid types (rs = Sso/Si).

Analytical calculations and simulation results demonstrate
that the dimensioned filter guarantees the proper attenuation at
different grid types, Fig. 14. Only in the remote scenario in
which the SL-MPC B2B converter is connected to the weakest
grid type (rs < 20), the IEEE519 standard fulfillment cannot be
guaranteed, Fig. 14(a).
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Fig. 14. Grid current harmonics distribution versus dEEE519 standard
limits for different grid types (rs= Sso/Si). a) rs<:20:-b) 20 <rs < 50.
¢) 50 < r; < 100. d) 100 < rs < 1000. e) rs > 1000.

Fig. 15. 5L-MPC B2B converter based 6.6 kV-1.5 MW prototype.

V. EXPERIMENTAL RESULTS

The effect of the proposed SVM and designed filter on the
DC-link voltage balance has been experimentally tested in a
6.6 kV-1.5 MW 5L-MPC B2B converter prototype, Fig. 1. The
converter, Fig. 15, has been built by Ingeteam Power
Technology S.A. (Zamudio, Spain).

Table III summarizes the parameters of the experimental
setup. In order to obtain similar voltage ripples in the four DC-
link capacitors, it has been observed that the required
capacitance of the outer capacitors (C; = C4 = 4 mF) is higher
than the capacitance of the inner capacitors (C> = C3 = 2 mF).
The load used for these experimental tests is a 6kV
asynchronous machine (cos@iad,nom = 0.864).

TABLE IIT
EXPERIMENTAL TEST BENCH PARAMETERS
Parameter Value
=] Grid rated voltage (Vria,nrms,1,nom) 6.6kV
E‘b Grid frequency (fo.ria) 50 Hz
Filter grid side inductance (L,) 3 mH
é Filter capacitor (Cy) 25 uF
= Filter damping resistor (Rq) 2Q
= Filter damping inductance (Ls) 2 mH
Filter converter side inductance (L)) 15 mH
[~ DC:-link rated voltage (Vpc,nom) 11.2kV
E Inner DC-link capacitors capacitance (Cz, C3) 2 mF
= Outer DC-link capacitors capacitance (C;, C4) 4 mF
§ Semiconductors switching frequency (fi) 1 kHz
% IGBTSs minimum conduction time (Zonmin) 8 us
@] IGBTs dead time (tpr) 5 s
8 Rectifier rated current (iarEms,1,nom) 133 A
M Inverter rated current (izvv,ms,1nom) 133 A
=] Load rated voltage (Vioad,irms, 1,nom) 6 kV
é‘ Load rated power factor (cos@wad,nom) 0.864
- Output rated frequency (fo.ivv) 50 Hz

D. Diode Front End Configuration

In the first experimental test, the voltage balancing capability
of the inverter fed by a DFE is evaluated. For this purpose, the
IGBTs of the AFE are forced to stay switched-off, so the AFE
operates as a diode rectifier.

Several operation conditions have been evaluated
experimentally (for ¢mwv=0°.90° and compared with
simulation results and theoretical limits [10-12], as depicts Fig.
16. As it can be observed, the voltage balancing capability
limits deduced from experimental measurements are slightly
more restrictive than simulation and theoretical results.
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(exp)
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Fig. 16. Comparison of theoretical, simulation and experimental
balanced operation areas of 5L.-MPC in DFE-INV configuration.



Fig. 17 shows current and voltage measurements at
mavv=0.86 and cosgmwv=0.25 (¢wv=75.5°). Balanced
DC-link operation permits the proper synthesis of the phase and
line voltages and output current.

[A]

0 10 20 30 40 50

Fig. 17. Experimentally measured waveforms at m,ny = 0.86,
cospmy=0.25,  invms1=47.6 A, Voc=7.73kV  in  DFE-INV
configuration. (a) DC-link capacitors voltage: Vci, Voo, Ves, Ves
(b) Inverter phase currents: iy, iv. (c) Inverter phase voltages: Vi.o, Vo
(d) Inverter line-to-line voltage: V.

E. Back-to-Back Configuration with Pure Inductive Filter

In a second test, the B2B operation of the AFE and-the
inverter has been evaluated. In this test, a pure inductive grid
side filter (L + Ly) has been configured. Therefore, neglecting
the voltage drop in the filter, similar power.factor in the grid
and the AFE can be considered. In order to'evaluate the voltage
balancing capability limits of the SVM, both the AFE and the
inverter operate at high modulation indices. In addition, the
power factor of the AFE is keptclose.to unity.
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Fig. 18. Comparison of balanced operation areas of 5L-MPC in DFE-
INV  configuration and experimentally analyzed balanced
(B)/unbalanced (UB) operation points in AFE-INV configuration.

Fig. 18 compares the operation limits of the DFE-INV
configuration and the AFE-INV configuration. Green dots
represent the balanced operation points, whereas the red dots
represent the unbalanced operation points. Results demonstrate

that the B2B configuration extends the voltage balancing
capability of the DFE-INV configuration. However, if a unity
grid power factor is kept and the inverter operates at high
modulation indices and power factors the DC-link voltage
balance cannot be guaranteed (red dots in Fig. 18).

F. Back-to-Back Configuration with the LCL Filter

Finally, in order to evaluate the effect of the reactive power
managed by the AFE on the DC-link voltage balance, the LCL
filter has been connected.

Fig. 19. Experimentally measured waveforms at maare=0.91,
COS¢AFE = 0.97, Mg,y = 0.875, COS¢/NV = 0.79, l’[NVJ,msj =90.5 A,
Voc=8.75kV,  Vyigums1=5.84 KV in LCL-AFE-INV configuration.
(a) DC-link capacitors voltage: V1, Vo, Ves, Ves (b) Grid side phase
currents: igare, incr (C) Inverter phase voltages: V.o, Vi.o. (d) Inverter
line-to-line voltage: V.
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Fig. 20. Comparison of balanced (B)/unbalanced (UB) operation points
in AFE-INV configuration and operation points in LCL-AFE-INV
configuration.

0.2

This third test has been carried out around the same operation
conditions of the second test in which the AFE-INV
configuration without LCL filter cannot guarantee the DC-link
voltage balance (red dots in Fig. 18, also depicted in Fig. 20).
Experimental results show clearly that reactive power provided
by the filter makes possible to balance the DC-link voltage with
a unity grid power factor. Fig. 19 shows current and voltage



measurements at high modulation indices in the AFE and the
inverter.

The converter has been tested under many other operation
conditions, Fig. 20. Results demonstrate that this configuration
makes possible the proper voltage balance of the DC-link
capacitors in the defined operation area (mqmvv < 0.88). If the
grid side power factor remains at unity, some unbalanced
operation points appear beyond the defined operation limits
(ma,uvv > 088)

When the reactive power provided by the LCL filter is not
enough to achieve a proper voltage balance, the AFE increases
the consumed reactive power from the grid, reducing its power
factor (cosgare) and modulation index (mgarr), as depicts Fig.
21. In consequence, if the converter operates beyond the
defined limits, the unity grid side power factor is not
guaranteed.
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Fig. 21. Experimentally measured waveforms at mgargave = 0.937,
COS¢AFE,3V9 = 0931, Mg vy = 088, COS¢/N\/= 085, i[N\/’ymsj =126.9 A,
Voc=9.5KV,  Vyigimsr=6.6kV “in° LCL-AFE-INV  configuration.
(a) DC-link capacitors voltage: V¢, Ve, Ves, Ves. (b) Reactive power:
Qgrig, Qare. (c) Modulation index: mgare. (d) Power factor: cos¢are.

Generally speaking, experimental results demonstrate that
there is a close correlation between the operation conditions
estimated in simulation and the experimentally measured
conditions.

VI. CONCLUSION

This paper describes and proposes a solution to the DC-link
voltage balance problem of the S5L-MPC B2B converter.
Basically, the AFE and the inverter are modulated by a SVM
that considers practical restrictions, such as computational cost,
dead times, power losses, etc. It can be observed that the
operation at unity power factor of both converters leads to
several unbalanced operation conditions. Thus, the power factor
of the grid side AFE converter is reduced in order to improve
the voltage balance capability of the B2B converter.

In order to keep a unity grid side power factor, LCL filter is
designed to compensate the reactive power demanded by the
AFE up to certain operation conditions (below m, v < 0.88,
COS¢INVS 0.90 and Veriaitrms,1 < 6930 V).

The operation under these operation limits guarantees the
voltage valance of the DC-link capacitors with a unity grid
power factor. Beyond these limits, the AFE increases the
required reactive power to guarantee the DC-link voltage
balance, however, the grid power factor is reduced.

Experimental results obtained in a 6.6 kV-1-5 MW converter
prototype demonstrate the suitability of this solution for real
power applications.
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