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Abstract: The main drawback of the Cascaded-H Bridge converter based on three-phase/single-
phase current-source inverters is the large DC inductors needed to limit the variation of the DC
current caused by the single-phase inverter oscillating power. If the oscillating power is some-
how compensated, then the DC inductor can be designed just as a function of the semiconductors’
switching frequency, reducing its value. This work explores the use of three-phase/single-phase
cells magnetically coupled through their DC links to compensate for the oscillating power among
them and, therefore, reduce the DC inductor value. At the same time, front ends controlled by a
non-linear control strategy equalize the DC currents among coupled cells to avoid saturating the
magnetic core. The effectiveness of the proposal is demonstrated using mathematical analysis and
corroborated by computational simulation for a 110 kVA load per phase and experimental tests in a 2
kVA laboratory prototype. The outcomes show that for the tested cases, coupling the DC links by a
1:1 ratio transformer allows reducing the DC inductor value below 20% of the original DC inductor
required. The above leads to reducing by 50% the amount of magnetic energy required in the DC link
compared to the original topology without oscillating power compensation, keeping the quality of
the cell input currents and the load voltage.

Keywords: cascaded H-Bridge; current-source inverter; non-linear control; oscillating power com-

pensation

1. Introduction

The Cascaded H-bridge (CHB) topology is a multilevel voltage-source-based config-
uration that uses several single-phase and series-connected inverters to reach a higher
voltage level than the output level of each cell [1-3]. The main advantages of CHB are
(i) modular construction of the power topology using cells, which reduces costs and makes
replacement and reparation easier [4], and (ii) the low distortion of the output voltage [5,6].
CHB is a popular topology for medium voltage ac drives [7,8]. It is also typically used
for active power filter applications as in the STATCOM [9,10] and non-renewable energy
integration to the electrical grid [11-13].

A Current-Source Inverter (CSI)-based CHB has been documented in recent years. The
topology, also named CHB-CSI [14,15], uses n¢ single-phase CSI in a cascaded array per
phase, allowing the use of devices with a standard voltage rating to feed a load with high
voltage. Each cell has an output capacitor that enables both the compensation of voltage
harmonics and the achievement of a higher load voltage than each cell’s output voltage,
containing less distortion than each output alone. Thus, CHB-CSI could be used for the

Energies 2022, 15, 324. https:/ /doi.org/10.3390/en15010324

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15010324
https://doi.org/10.3390/en15010324
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-5390-2855
https://orcid.org/0000-0002-8896-0852
https://orcid.org/0000-0001-6648-7518
https://doi.org/10.3390/en15010324
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15010324?type=check_update&version=1

Energies 2022, 15, 324

20f21

same applications of classic CHB topology, as an AC drive [16] and active power filters,
among others, achieving advantages of the current-source topology such as low distortion
at the input currents and outputs voltages, and inherent short circuit protection due to
the use of a large inductor in the DC link [17]. As a result of the single-phase inverters,
the main drawback of CHB topologies is the oscillating power drained by each inverter
from its DC link, which leads to an unwanted oscillation in the DC variable [18-21]. This
unwanted oscillation can be reduced by increasing the DC accumulator value, but in the
CHB-CSI case and because the DC accumulator is an inductor, it also increases the losses,
size, and weight of the cell [22,23].

This work studies a CHB-CSI converter that uses magnetic couplings among the DC
links to compensate the oscillating power among them and, therefore, decrease the DC
inductor value required in each cell. Due to the use of an additional magnetic device in
the DC link, the reduction is explored using the area product of the DC inductors and the
coupling transformers, which allow defining the volume, weight, and footprint of each
magnetic device, and comparing them with the area product, volume, weight, and footprint
of the DC inductor required for the original CHB-CSI topology presented in [16]. This
document is arranged as follows: first, the CHB-CSI topology is studied in Section 2, using
the state model. The effect of the oscillating power drained by the single-phase inverter
into the DC current is also analyzed, including the effect of the DC current oscillation
on the DC inductor design. The effectiveness of magnetic coupling among CSI cells at
compensating for the oscillating power is analyzed in Section 3, demonstrating the power
compensation that occurs when three cells connected to different phases of the load are
magnetically coupled by their DC links through a 1:1 ratio transformer. Section 4 defines
a control strategy to equalize the DC current levels among magnetically coupled cells in
order to avoid the transformer cores saturation and control the load voltage as well as
the displacement power factor of the whole topology. Section 5 presents the design of
the magnetic devices in the DC link, including (i) the DC inductor for the original case
(i.e., CSI cells without oscillating power compensation strategy) and (ii) the DC inductor
and the transformer for the proposal (i.e., CSI cells with an oscillating power compensation
strategy). In addition, design considerations for the magnetic coupling transformers are
reviewed. The area product is used to evaluate the DC inductor value reduction, including
a reduction of its volume, weight, and footprint. Section 6 presents a case study based on
computational simulation, where the reduction of the DC inductor is studied and compared
to the original topology considering several cells per phase. In addition, the static and
dynamic performances of the CHB-CSI are simulated to corroborate the accurate operation
of the proposal, the oscillating power compensation, and the quality of its output voltage.
Section 7 presents experimental results for a 2 kVA laboratory prototype to demonstrate the
proposal’s implementation feasibility. Section 8 presents a brief comparison of the proposed
topology with the original CHB-CSI topology, and Section 9 presents the conclusions.

The main contribution of this work is to demonstrate that it is feasible to reduce the
value of the DC inductors in a CHB-CSI topology using magnetic couplings among cells
and an appropriate control scheme to equalize the DC currents among the coupled cells.
Based on the area product, it can be concluded that the amount of magnetic energy required
for the proposal is less than that required for the original CHB-CSI configuration. The
sum of the volume and weights of the DC magnetic devices (i.e., DC inductor and 1:1
ratio transformer) for the proposed case is also less than the volume and weight of the DC
inductor value required in the original topology.

2. CHB-CSI and the Oscillating Power Issues
2.1. CHB-CSI Conwverter

In a CHB topology based on current-source inverters, 3nc cells are connected in series
to increase the load voltage level vy, as shown in Figure 1a [16]. Hence, the load voltage
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of the phase j is the summation of the voltage in the n¢ single-phase inverters and their
capacitive filters connected to the phase,

=
@)

Z’jL = U{;i @
1

where i is for the i-th cell that feeds the phase j of the load, and v{; ; is the voltage of the cell
across the output capacitor C, (see Figure 1b). Each inverter and its capacitor work as a
controlled voltage source, and the dynamic of this voltage is defined by

_ TR
Ev{n =G <1L + Siildci)’ &)

where i/ [ is the load current in the phase j, 5" is the inverter switching function, and i il dei
the DC current of the i-th cell. Each inverter 1s fed by an isolated DC link and 1mp1emented
using a DC inductor Lj, and a three-phase current-source rectifier. The DC link can be
modeled by:

T d
[SZ})C} ahc = de dtldcz + Szz 01’ (3)

where sfib “l is the rectifier switching function vector and vifc’] is the voltage of the LC filter
at the AC side of the rectifier, which is connected to the AC mains by a transformer with 3n¢
three-phase secondary windings to step down the voltage level at the input of the power
cells and to isolate the cells among them. Thus, the input of the cell can be modeled as

abe,j d lle] abc,]
Vei = Le— dt Lei tv @)
.abc,j c. L d abc,] abce.j .j 5
i = dt Vi +s i ldeir ( )

where v / is the supply voltage of the cell, 1 7 is the input current of the cell. Defining
the average value of the switching functions srf and s’ {l as a function of the modulation
indexes mflb I and n’ {"i' then

Subc,] - G] ubC] 6)

7

| ~ml = G M. sin(w: ,
s;; /= mj; = Gy M;; sin(w;t + o), (7)
where Gii and G{i are the fundamental component gain of the modulation technique for
the rectifier and the inverter respectively, f; is the inverter frequency and defines w; = 27tf;,
and «; is the inverter phase-lag.

2.2. Oscillating Power Issues

Focusing the analysis on a single cell and omitting i and j for simplicity, the power
po drained from the DC link by the single-phase inverter (see Figure 1c) is given by the
summation of a continuous power component p, and an oscillating power component
Po; thus,

Po = Po + Po :% (COS((Pm) — cos(Zwit + 204] + 4)m))/ (8)

_/_/
So
where Z;, (w;) is the equivalent parallel impedance of the load and the capacitive filter, and
¢m is the angle of Z,,(w;). The continuous power component p, is provided by the rectifier
stage, whereas the oscillating component p, is typically provided by the dc inductor and the
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rectifier. The oscillating power causes an oscillation in the dc current with a 2f; frequency
(see Figure 1d) that can be calculated from

Lgc {idc(tZ)z - idc(ﬁ)z}
2(ty — 1)

= po(t2) — po(t1)- )

Using (9) and considering Figure 1d, let us assume that iy (t1) = I;. and iz.(t2) = Lickge,
where k. is the DC current variation, per unit, between t; and t,. Then, if k;. = 1, there is
no DC current variation between t1 and f,, while if k;. # 1, there is a DC current variation
between t; and t,. For an inverter frequency wj;, the peak value of k. is given by

. 2
de:\/1+ i M, (10)

Bw; Lgc

where k. approaches 1 by increasing L, for any w; # 0. A 2nd harmonic in the DC current
has the following effects on the input and the output of the cell:

e  Attheload, the 2nd harmonic in the dc current generates a 3rd harmonic in the inverter
output current, which can be amplified by the LC equivalent circuit of the output
capacitor and the electrical machine inductance.

e At the input, the rectifier injects two current components around f; £+ 2f;. These
components can be compensated among cells in the input transformer but can also lead
to resonance issues in the LC input filter. Additionally, these unwanted components
increase the losses of the LC filter and the transformer secondary winding.

e
be, j L /2
v e cabe,j ‘[ I I de ; ; .
si lzibc.] LC‘ labc._/ o

Cell Output Power DC Current

i S S i S S

power
& current

|

Input
Transformer

\ 1 [ time t /) time
N

©) (d)

Figure 1. Cascaded H-bridge topology based on current-source inverters: (a) CHB-CSI, three cells
per phase (n¢ = 3); (b) three-phase/single-phase current-source cell; (c) oscillating power drained by
the inverter from the DC link; (d) DC current variation because of the oscillating power [16].

3. CHB-CSI with Magnetic Coupling among DC Links in CSI Cells

The proposed topology is shown in Figure 2, where the original cells presented in
Figure 1b are changed by three cells magnetically coupled by three transformers with a 1:1
ratio among their DC links. This connection allows compensating the magnetic field by
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zero-frequency of the DC currents between the coupled cells by the transformer. Suppose
the three cells feed different phases of a three-phase load (i.e., the inverter voltages are 120°
phase-shifted). In that case, they can compensate for the even harmonics among them with
a negative or positive sequence through the magnetic coupling. On the other hand, zero-
sequence harmonics (6th and its multiples) must be mitigated by the DC inductor [24-26].
The above-mentioned can be demonstrated using the mathematical model presented in (1)
to (5) and considering the fundamental components of the switching function as they were
presented in (6) and (7). Thus, and omitting 7 for simplicity, the DC voltage of an inverter
feeding the phase j (Figure 2) is given by

P MV
L =M, = ’2 [COS((Pm) — COS(2(,Uit + 206]' + (Pm)]/ (11)

where v, is the fundamental amplitude of the cell output voltage. Conversely, if the
magnetizing inductance and resistance are high enough, both can be neglected. Therefore,
the harmonic voltages at the primary and secondary of each magnetic coupling are equal.
If the magnetic couplings between the DC links have identical parameters, then

Luw = Lvu = va = L/ (12)

where Ly, Ly, and Ly, are the mutual inductances between cells. It is known that the
mutual inductance for magnetic coupling between two identical windings is

M = kV12, (13)

where if the coupling factor k = 1, L is equal to M for each device (M = L). Hence, the
coupling voltages shown in Figure 2 can be written as

o4l oy 1 -1 0 %i;‘c
ZJZ}ZZ = — vé"é’) =M 0 1 -1 ??Ec . (14)
oM i -1 0 1 Ezg’c

From (14) and using the Kirchhoff Voltage Law for each DC link, it is possible to write

vy =0y — vy +0f + 0}, (15)
vy = vl — U] + ) + 03, (16)
v, = vy — vy +0f + 0y, (17)

where vé is the voltage in the impedance Z;, which includes the DC inductor components
(inductance L. and resistance R;.) and the transformer’s leakage impedance. If the DC
link impedances are identical, then

v, = vy =0 =Y. (18)

From the previous equations, it is possible to determine that the v, in each coupled

cell satisfies 1

0. = {28 + 08 + ) — (0! + o +oP)]. (19)

Now, using (11) and assuming—just for simplicity—¢;; = 0, each coupled cell inverter
voltage can be written as

U _ Mlu VUu

G

MPVY 2
0 = 12 0 (1 — cos <2wl~t — 37I>>, (21)

(1 —cos(2w;t)), (20)
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Then, replacing (20), (21), and (22) in (19), it follows that
1 u 0 w 1 u v w
v:=3 (v} + vy + o) — §(MuVo + M,V + My, V)|, (23)

where the oscillating terms in the inverter voltages are compensated because they are 120°
out of phase. The above is valid only if (i) the DC current levels in each cell are equal,
(ii) the cells” parameters are equal, and (iii) the fundamental voltages and currents in the
load side of each cell are equal. Therefore, it is necessary to design the DC cells” parameters
and a suitable control strategy to ensure equal DC currents and the cell output voltages.

4]
la'c

Figure 2. Three cells magnetically coupled by their DC links.

4. Control Scheme
4.1. About the Control Strategy

For the magnetically coupled cells, it is necessary to ensure that the transformer
cores do not operate near to saturation levels. Overall, the control objectives of the whole
topology are (i) the load voltage level and (ii) to keep the reactive power at the input of the
converter within the desired range or even get a displacement power factor near or equal
to unitary. To avoid saturation of the magnetic coupling and control the load voltage by the
DC currents, it is necessary to equalize the DC currents among the coupled cells. From the
control point of view, this implies that the DC current must be controlled evenly in all the
coupled cells and ensure that the instantaneous current values are equal during transient
conditions. This strategy allows using a fixed modulation in the inverter, setting the load
frequency and phase lag by this modulation. At the same time, the rectifier controls the DC
current and the cell reactive power.
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Non-linear control strategies such as input/output linearization [27] allow controlling
the current-source rectifier without considering a fixed operating point, which strongly
depends on the DC current level. This strategy focuses on controlling the rectifier input
currents, and, based on these currents, the control of the active and reactive power is
achieved. The control of the output voltage v, manages the inverter states and determines
the DC current references for every cell. In this case, the reactive power at the rectifier can
be set to the desired value (zero, to achieve a unitary power factor in this work).

The control scheme for each cell is shown in Figure 3. To define the non-linear control
laws, a dq frame state-space model is required. Using the Park transform for (2)—(5), and
omitting 7 and j, each cell can be mathematically modeled by

d, .
vgq = Lcalfq + LCW1fq + qu, (24)
.d d a d dq .
97 = Ccach + CWv! — Gmy iy, (25)
dq1 T d d. . .
G, {mrq} vl = deazdc + igeM; sin (wit + «;), (26)
where
. 0 —ws | 0 —27fs
wela o]l 07 @)

4.2. Cell Input Currents Controller
Cell input currents are controlled using the rectifier. To get a decoupled control,
s dg .
rectifier modulators m, ' are defined by

p 1 p idq Xc
mrq = Dcucq + Fc dc.dq — B Ps ’ (28)
Ac drle q
7iPs
where
. . . T
xe= [ il ol ol g ], (29)
T
Ps = [ zJSﬂl vs } ’ (30)
Ac = Gridc/(CCLc)/ (31)
[ —we? — wi? 0 17
0 _wsz - wLC2
0 2ws/L¢
—2ws /L, 0
B. = 0 0 , (32)
0 —2wg/L¢
2ws /L. 0
1/L¢ 0
i 0 1/L, ]
D. =k, (33)

| =k 0 =k O

and ufq is an auxiliary variable that allows relating the dynamic of the cell input currents
with the modulators. This strategy, combined with a proportional controller, can be used
to define the input current dynamic, but this is only possible if the parameters in (31) and
(32) are exactly the same as the actual parameters. To compensate for the small parameters’
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deviations, an integrator is included to relate the current references ifqr of and the auxiliary

variable ufq in such a manner that

d q 1
e _ M : (35)

4 4 T
Leref  teref Tiics

de
Then, a third-order transfer function between ifqr of and ifq is obtained, which includes
the second-order passive LC filter and the integrative control dynamic. The overall current
control dynamic is defined by ky, kp, and Tj ;. as follows:
il ko 1

— . 36
Ti.ic 53 + k152 + sz + kZ/Ti.ic ( )

T
Zc.ref Zc.ref

One option to set the dynamic of the third-order system is the Integral Time Absolute
Error criterion [28] which defines k1, ko and T;;_as a function of the desired settling time
tsi.- Thus,

ki = 13.195/t,;,, (37)
ko = 122231/t 2, (38)
T;;. = 0.285t,,.. (39)

4.3. DC Current Controller

If the Park transform is synchronized with the cell input voltage, which means vsq =0,
then the cell input active power can be defined as

Peett = 081 (40)
and therefore, the DC current can be controlled using ig. To define a non-linear control law,
a power balance between the input of the cell and the DC link power can be written as

.4, . 2 _
Peell = _deldcaldc — Lic Rdc — Po, (41)

where 7, is defined in (8). In a similar way to the cell input current controller, an auxiliary
variable, u; ” defined by

d.
uj, = de$1du (42)
Is used to relate the iz, dynamic with a controller. From (40) and (41), it can be related u;,_
to the reference of if, leading to

) 1 . . _
l?.ref = 07 [”idcldc - ldcszc - Po} ’ (43)
s

and relating the difference between an auxiliary reference for the dc current i}, fr the dc
current iy, and u;, using a PI regulator,

ki :
= kg + = (44)

The auxiliary reference, i}_,, 0 18 required because by the use of a PI regulator, a
second-order transfer function given by

idc o klldc + kp.idCS
% - 2 .
ldc.ref Lacs* + kp‘ldcs +k

, (45)

iige
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Modulation

see Iiq. (37)
to (39)

Cell Control

is obtained. To compensate the zero in (45), a first-order filter defined by

1

i*
dc.ref
i. id 7
‘ ki‘idc kp'idcs

- (46)
Lic.re f

can be used, transforming (45) into a standard second-order function and allowing design-
ing the PI parameters as a function of a damping ratio {;, and a desired natural frequency
W, i, - Thus,

kii, = Wo.i. L, (47)
kp.is = 28iz\/ Lackiiy,- (48)

Equation (43) sets the reference for the cell input controller, so a settling time of 5 times
ts.ip or higher is recommended.

To another
CSC cell

A |

4 F v()
[ 2
b |
I e S v v v v ¥ AVWVS ™
Boong Y SPWM : SPWM
s ulc H 4
oo dq Generator - Generator |
b 5V 7 p=0 8 :
ik i Am! oo Am,
&= »( | “ pon-linear | _ : '
W Mececsess: 53, ' '
§oow o W= Control Law |g-.... lae :
9 . 1
i 4| dwenon-linear |+ p -3 v
" s W o '.‘ '
vnssy CORFOLLOW Mogh-===c]X [ omnsjromemmneens 9
E Eq. (43) : &=
‘ : u, * : : !
see Eq. (47 ; ide 3 3 :
see Lq. (47) | ; ;___‘____é‘ ______ Vo d
and (48)1 : :
E l(fc:.rc/ COI’tl‘I‘Ol
| AR
i VU m,’ ai
‘ Aaa
-q _ L
iy =0 v
Master Converter Control Control
A
-'nb('
Vi,

Figure 3. Control scheme for each cell.
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4.4. Cell Reactive Power Controller

At the input of each cell, the reactive power can be defined in terms of the dg axis as
Geell = _Ugiz- (49)

As i/ has been controlled by using (35) and v? is well known (because it is used in
(28)), it is easy to define a reference to il from (49). Likewise, a displacement power factor
for the whole converter can be set. In this work and just for simplicity, iZ_ ref = 0 is set for the
unitary displacement power factor at the input of each cell.

4.5. Load Voltage Controller

When DC currents are controlled and equalized by the controllers of the rectifiers, the
load voltage can be controlled through the DC current in each cell. Thus, the reference of
the load voltage per phase is divided by the number of cells and used as a reference for
the output voltage controller of each cell. The phase and frequency are imposed by each
inverter’s modulation.

5. DC Inductor and Magnetic Coupling Design
5.1. DC Inductor Design

For a CHB-CSI topology, there are two possible scenarios for the DC inductor design.
In both cases, the DC current ripple must be limited. In the first scenario, the DC inductor
must be designed to compensate for the oscillating power, with the DC current ripple
mainly a function of this power component, as presented in Section II.B. From (10), the
ripple by the inverter 2nd harmonic can be limited through the DC inductor sizing. Then,
for a 1- k4 variation (Figure 1c), Lj, can be computed as

1 ZM;2
Ly = = ZnMi (50)

% 87(”1 (kdcz - 1)

The second scenario involves the oscillating power compensation without using a DC
inductor, with the ripple mainly a function of the power converter commutation frequency,
fc [29]. This is the case for the magnetically coupled cells, for which the DC current ripple
can be defined, per unit, as 4. Then,

50 m
L - \/gvs,rms - % . \/gvs,rms - % (51)
dc_Reduced =~ 45 Idc fC - 45 Idc fC .

5.2. Coupling Transformer Design

From Section 3, a coupling transformer with a 1:1 ratio is required to compensate for
the oscillating power among the cells. In addition, it is possible to define the apparent
power, S;, and voltage, V}, of the transformer as a function of the inverter power S, and the
DC current; thus,

St =So/V3, (52)
Vi = S/ Iy (53)

5.3. Area Product Relation between Magnetic Devices

For a magnetic core, the area product—A,—is defined as the product of the core
windows area and a core cross-section area. Since the area product is well documented
by core manufacturers, the relation of this term between two magnetic devices can help
to compare magnetic devices in terms of size, weight, and cost. For the DC inductor, the
original DC inductor required is mainly a function of the oscillating power, while the second
is a function of the converters’ switching frequency. To compare the two DC inductor values,
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the amount of magnetic energy required by each magnetic device is computed. This energy
can be written in terms of the area product, Ay, which is defined for a DC inductor by [30] as

A, = JacLacy o (em®) (54)
PrLac kw B ] 4

where ky, is the utilization factor, B is the magnetic induction, and | is the current density.

If the inductors are built using the same magnetic material and electric conductors, the

relation Ry, can be reduced to

A L
PrLdc_Reduced dc_Reduced
Rde = c_Reduced _ I 4 u) (55)
prdeforiginal dc_Orzginal

On the other hand, the area product can also be used in order to compare the amount
of magnetic energy required by the coupling transformers to the original DC inductor. In
this case, the coupling transformer area product is defined by [30] as

So

4 4
ZﬁkwffiBlo (cm™). (56)

Ap,MagCou =

Thus, the relation Rpjzecon between the area product of the original DC inductor and
the coupling transformer, considering that both devices use the same type of electrical
conductor and magnetic material, is given by

Ap,Ma gCou So
Ap/deforiginal \/gfl IdCZLdC

(p-w.). (57)

RMagCou =

The above relations are summarized in Table 1.

Table 1. Relation of area product, volume, weight, and footprint between reduced DC inductor and
magnetic coupling, and the original DC inductor.

Magnetic Devices Area Product Relation Volume Relation Weight Relation Footprint Relation
.. Lic Original L . 3/4 L . 3/4 L . 1/2
L. Original congmal - 14 4. ( dc_Original ) = 1p.u. ( dc_Original ) —1p.u. ( dc_Original ) —1p.u.
dc g Ldr,Origirml p de_Original P de_OriginaI P Ldr_OnginaI P
L, Reduced Lac_Reduced Lie Reduced >/ * Lie Reduced >/ * Lic Reduced | /2
4c Reduce [ Redu
dc_Original de,Origirm/ de,Original de,Ortginal
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5.4. Effect of the DC Inductor Reduction in the Weight, Volume, and Footprint Required in the
DC Link

From [30], it is possible to estimate the volume (Vol), weight (W), and footprint (A;) of
a magnetic device based on its area product (A,) using the following expressions

Vol = kypAp®/*  (em?) , (58)
W =koAp3/* (gr) , (59)
Ap = kA2 (em?) , (60)

where ky;, ki, and ks are parameters defined by the core material of the magnetic device.
Then, considering the use of the same material for all the magnetic devices and using (55)
and (57), the relation for the volume, weight, and footprint between the DC inductor and
magnetic coupling and the original DC inductor can be computed [31] (see Table 1). This
expression allows referring the volume, weight, and footprint of the reduced DC inductor
and the transformers to the volume, weight, and footprint of the original DC inductor.
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6. Case of Study

As a case of study, the reduction of the DC inductor and the performance of the power
topology are tested for a 110 kVA load per phase. Parameters are shown in Table 2.

Table 2. Simulation and experimental parameters.

Parameter Simulation Value Experimental Value
Load Ry 40 11 Q
L 80 24 mH
Cell’s Input Filter Lg 12 12 mH
Cs 55 40 uF
DC Ind1.1ctor for. nc = 1 without Ly* 300 _ mH
magnetic coupling
DC In.ductor for nc = 1 with magnetic L 39 36 mH
coupling
DC In.ductor for nc = 2 with magnetic Ly 21 B mH
coupling
Output Capacitor Co 10 20 uF
Rectifier Modulating Frequency 33 15 pu
Inverter Modulating Frequency 12 10 pu,
Settling Time Input Current Controller 7 7 ms
DC Current Control Wi 251,327 251,327 rad/s
; 1 1

ldc

To analyze the reduction of the DC inductor, the design criteria presented in Section 5
is applied to both the original and the proposal topologies, computing the required DC
inductors values for each case using one cell per load phase (nc = 1) to five cells per load
phase (nc = 5). Then, the area products of the DC link magnetic devices related to the
original DC inductors are computed in order to determine the reduction of volume, weight,
and footprint achieved by the proposal.

To test the dynamic and steady-state performance, two cases were simulated in PSTM®
9.0, using one cell per load phase (1¢ = 1) and two cells per load phase (¢ = 2), respectively,
with the control scheme proposed in Section 4. In order to show that the cell input voltage
can be reduced, for nc =1, each cell is fed with a 1480 Vns line-to-line, while for n¢ = 2,
the voltage supply is 740 V;ms line-to-line. Cells are magnetically coupled using an ideal
transformer with a 1:1 ratio. For each case, the inductor was designed to obtain the same
DC current ripple, while the parameters of the controllers are designed to achieve the same
dynamic performance in each cell for both cases, nc = 1 and n¢ = 2. The simulated tests are
focused on (i) demonstrating that the proposal is able to compensate the oscillating power
by the magnetic coupling and equalize the dc currents among coupled cells, (ii) testing the
performance of the oscillating power compensation under load frequency changes, and (iii)
showing the power quality of the cell input currents and the load voltage.

6.1. Analysis of the DC Inductor Reduction

The DC inductors for the original topology and the proposed topology were computed
for nc =1 to nc =5 in order to obtain a DC current ripple in the 10% band, using (50) for the
original DC inductor (Lgc originai, ki =1.1,1.e.,10% of 2nd harmonic DC current due to the
oscillating power) and (51) for the DC inductor reduced case (Lj. reduced, 6 = 0.1, i.e., 10% of
DC current variation due to the power converter commutations). The computed values are
shown in Figure 4a. A reduction in both DC inductors’ values is obtained when the number
of cells increases but, for all the cases, Ly origina 1S higher than Ly reguced- Specifically, for
nc =1, Lgc Reduced 18 only 0.13 (13%) of Ljc Original-

The relation between the area product of these two inductors (see Table 1) can be
observed in Figure 4b, where the reduction is always below 0.2 of Ly oyiginai- Figure 4b also
shows the relation between the area product of the transformer used to couple the DC links
and Lyc originat, and the sum of the area product of the magnetic devices in the proposal.
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The reduction of the total area product is below 0.5 p.u. of the Ly oyiginat for nc =1tonc = 5.
This means not only a reduction in the DC inductor value required for the proposal but
also a reduction of half of the magnetic energy required in each DC link compared to the
original CHB-CSI topology. Figure 4c shows the relation of volume, weight, and footprint
between the proposed topology (L. reduced and the magnetic coupling) compared to the
use of the Ljc originai. The use of magnetically coupled cells allows reducing near 30% of the
required volume and weight of the DC link magnetic devices compared to the original DC
inductor, while the footprint is similar. Since the described relations are mainly a function
of the load power and power converter switching strategy, this reduction could vary for
other cases.

DC Inductor for Area Product Relation of Volume,
10% ripple Relation Weight and Footprint
T T T ]_ T T T T 1 T T T T T
- ' de Original de reduced
- .' de Reduced S.P. Transformer
0.8H == x_ Total Area Product 0.8
- Relation
\ ~ ~ o ® -9-9-0
= =
\ 5'70_6 ‘ & 0.6 T T T T
v E |peedex-%X| E
= =
i! S 04— T 04
o %
\
‘ N 0.2 i ' ' i 0.2
|
! ! ! - | — t Volume p.u.
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I 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5
Number of cells per Number of cells per Number of cells per
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(a) (b) (©)

Figure 4. DC inductor values and area product relation comparison as a function of the number of
cells per phase, n¢; (a) original DC inductor value and reduced DC inductor value for 10% ripple;
(b) area product relation for reduced DC inductor, coupling transformers, and their sum (see Table 1);
(c) volume, weight, and footprint relation (see Table 1).

6.2. Performance of DC Current Controller

The DC currents controllers” performance is tested using a 20% step change for both
cases, nc = 1 and n¢ = 2. Figure 5a shows the dynamics of all DC currents for nc =1 and
nc = 2. In both cases, the DC currents in the coupled cells are equalized thanks to the
dedicated control scheme in each cell, which controls the cell input current in a decoupled
way (Figure 5b).

After the reference change, the load voltage increases its value by 20% (Figure 5¢) while
maintaining the output voltage quality. For the case of ¢ = 2, the cell output voltage in each
cascaded cell is half the load voltage, and their distortion is higher than the load voltage.
This is due to the multilevel modulation strategy used in the inverter stage, which allows
the compensation of switching harmonics among cells, while the series connection enables
the division of the load voltage in several cells. Thanks to the control and equalization of
the DC currents, the behavior of the cell output voltage is similar in both cells.
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One cell per phase case (n¢=1), 10% dc current
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Two cells per phase case (n¢=2), 10% dc current
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Figure 5. DC controller performance for 20% reference step change: (a) DC current; (b) dg input
currents and their references; (c) output voltage and load voltage.

6.3. Performance under Frequency Changes

Using the same consideration of Section 6.2, the performance of the proposal under
inverter frequency step changes is shown in Figure 6, for nc = 1 and n¢ = 2. Step changes
are set in 10 Hz every 100 ms from 30 Hz at t = 0 ms up to 70 Hz at ¢ = 400 ms, while the
switching frequency is set at 10 times the inverter frequency, and the DC current reference
is set at 50 A. The load voltage is shown in Figure 6a, where a low distortion can be noticed.
The load voltage level and the cell input current (Figure 6c) increase in every frequency
change because the DC current level is regulated at 50 A (Figure 6b), and the impedance is
a function of the frequency. In addition, there is no oscillation in the DC current thanks to
the oscillating power compensation.

6.4. Steady-State Performance

To show the steady-state performance of the proposal, the spectrum is computed for
both n1¢c =1 and n¢ = 2, with the inverter frequency equal to 50 Hz, and a DC current of 50 A
(using the waveforms highlighted in orange in Figures 5 and 6). Figure 7a shows the DC
current spectrum, where no 2nd harmonic is observed and relevant harmonics are present
at the inverter carrier frequency (24 p.u.) with a similar amplitude in both cases. The above
corroborates the oscillating power compensation achieved by the proposal. As for the load
voltage (Figure 7b), the nc =1 case has a bigger THD (THD = 11.9%) than nc = 2 case
(THD = 5.8%) due to the use of a multilevel modulation strategy set in the inverter stage,
which allows compensating the voltage harmonic near the inverter switching frequency for
nc = 2. In this case, no 3rd harmonic is presented because there is no 2nd harmonic on the
DC current.

Finally, in the cell input current (Figure 7c), only the fundamental component is
observed because the SPWM carrier is set to a frequency of 33 p.u., and the LC reso-
nance frequency is 195 Hz. This was intentionally designed to decouple the rectifier and
inverter analysis.
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Figure 6. Performance under inverter frequency changes: (a) load voltage; (b) DC currents in each

cell; () cell input current.
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Figure 7. Spectra for steady state, per unit (p.u.) with respect to f; = 50 Hz, I;. = 50 A (using waveforms
shown in Figures 5 and 6, and highlighted with orange); (a) dc current for nc =1 (THD = 5%) and
nc =2 (THD = 4.3%) (see Figure 5a); (b) load voltage current for nc =1 (THD = 11.9%) and n¢ = 2
(THD = 5.8%) (see Figure 5c¢); (c) cell input current for nc = 1 (THD = 0%) and n¢c = 2 (THD = 0%) (see
Figure 6¢).
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7. Experimental Results

To test the implementation feasibility of the proposal, a laboratory prototype using
three cells magnetically coupled through single-phase transformers was implemented.
The control strategy was performed using three TMS320C6713 DSK—each to control one
cell in a dedicated way—and ADS8332 EVM boards for signal acquisition. A digital PLL
synchronizes the DSPs with the AC mains, while common digital signals command the
changes for the DC current references. Parameters of the experimental system for both the
power topology and controllers are shown in Table 2. The dynamics of the DC currents are
set to meet the dynamic performance of the previously simulated case.

As for the control performance, Figure 8 shows the dynamic response for a DC current
step change, while Figure 9 shows the steady-state performance at the end of the step
change, and Figure 10 shows the main waveform spectra. Thanks to the control strategy;,
all the DC currents respond in a similar way to the reference change (Figure 8a) and have a
similar level in steady state (Figure 9a), demonstrating that the control strategy equalizes
the DC currents and, thereby, enables the oscillating power compensation through the
magnetic coupling. After the DC current step up, the inverter output current, the output
voltage, and the magnetic coupling voltage increase their values, as shown in Figure 8b.
Consequently, at the input of the cell, the power factor displacement control keeps the
current in phase with the cell input voltage, ensuring this condition before, during, and
after the DC current step change (Figure 8c).
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Figure 8. Performance for DC current change; (a) load voltage (CH1), DC currents in each cell (CH2,
CH3, and CH4); (b) load voltage (CH1), magnetic coupling voltage (CH2), DC current (CH3), PWM
output current (CH4); (c) load voltage (CH1), cell input currents and cell input voltage (CH2 and
CH4) and DC current (CH3).
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Figure 9. Performance for steady state: (a) load voltage (CH1, THD = 30.2%), DC currents in each cell
(CH2, THD = 4.3%, CH3, THD = 4.1% and CH4, THD = 4.2%); (b) load voltage (CH1, THD = 30.2%),
magnetic coupling voltage (CH2, THD = 12.4%), DC current (CH3, THD = 4.1%), PWM output
current (CH4, THD = 46.2%); (c) load voltage (CH1, THD = 30.2%), cell input voltage and cell input
current (CH2, THD = 2.2% and CH4, THD = 6.7%), and DC current (CH3, THD = 4.3%).
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Figure 10. Spectrum of experimental waveform presented in Figure 9, per unit (p.u) with respect
to 50 Hz; (a) load voltage; (b) DC currents in each cell; (¢) magnetic coupling voltage; (d) cell
input current.

About the oscillating power compensation, in steady state, the oscillating power is
mostly compensated, and the DC currents have less than 2% of the 2nd harmonic in its
spectrum, as shown in Figure 10b. According to Section 3, the magnetic coupling allows
compensating positive and negative sequences among DC links, and this can be observed
in the magnetic coupling voltage (Figure 9b), which has mainly a 2nd harmonic, and
Figure 10c where, additionally to the 2nd harmonic, there are other harmonic components
caused by the current-source converters commutation.

The effects of the DC current 2nd harmonic at the AC sides are the unwanted har-
monics around the 3rd harmonic, which are present with amplitudes lower than 10% (see
Figure 10a for the load voltage and Figure 10d for the cell input currents). The above is due
to the second-order system of the capacitive filter, the inductive load, and the resonance of
the input LC filter. For the load voltage, THD is equal to 30.2%, which is mainly because of
these unwanted harmonics and the use of selective harmonic elimination at the inverter
stage, which allows reducing the switching frequency of the inverter but increases the THD.
On the other hand, the cell input current THD is equal to 4.3% due to the use of an SPWM
carrier frequency equal to 15 p.u. and the effect of the LC resonance (Figure 9c).

The experimental results corroborate that it is possible to compensate for the oscillating
power by magnetic couplings among the DC links and to equalize the DC current in the
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coupled cells. This allows reducing the DC inductor value and achieving a good quality of
both load voltage and input currents without detriment of the dynamic performance.

8. About the Effect of the Magnetic Coupling-Based DC Inductor Reduction in the
Operating Region of the CHB-CSI

8.1. About Ac Components Design

From Figures 1 and 2, it is noticeable that at the AC input side and AC output side,
there are the same passive components in each cell, which are an LC filter at the three-
phase input converter and a C filter at the cell output. The design guidelines are already
given by the literature in order to find the parameters of these filters as a function of the
mains grid frequency, the switching frequency, and the power of the converter [15,16,29,32].
The design of the AC passive components is based on the attenuation of the switching
frequency, avoiding possible resonances because of the second-order filter at the cell
input, the equivalent second-order system of the capacitive filter, and an inductive load.
Specifically, for each AC filter, the considerations are as follow:

e The LC input filter is designed to attenuate rectifier harmonic currents because of
commutation. As in both cases, the DC oscillating power is compensated by the
DC inductor for the original topology and the magnetic couplings for the proposed
topology; the effect of this power cannot be considered in the design guidelines,
which are documented in [29,32]. An additional consideration is to set the resonance
frequency out of the band, where the effect of the oscillating power can generate an
unwanted harmonic.

e  The cell output capacitor is set to achieve a desired THD in the load voltage. This
capacitor is designed to filter out the current harmonics injected by the single-phase
inverter, considering the current load effect. The design guideline is shown in [15],
and [16] examines the above as well as the effect of connecting several cells in series,
showing the possibility to reduce the capacitor number when 7 increases. In addition,
the value of the capacitive filter is minimum when the modulation index of the inverter
is maximum.

8.2. Operating Region Effect of the Dc Inductor Reduction

In [31], the operating regions are computed for different CHB topologies based on
three-phase/single-phase current source cells with oscillating power compensation, where
the operating region is defined employing the dq model, such as the one presented in
(24), (25), and (26). From there, the active power and reactive power for each cell can be
computed considering the Park transformation synchronized with the cell input voltage as:

KgeM¢ 2
Pe=Vd = 2 (v, 61
;= VIS (1—w§/w%c)(s) (61)
Ky MIM] wiC 2
Qo= -Vl = —| =T (Y (62)
(1-wi/wic)”  (1-wi/wic)
while the load voltage can be computed from
d .
Vi(w;) =n KaeMPZn(wi) g (63)

G (1-a2/a?)

where K. is defined as a function of the rectifier modulation gain, the losses in the DC link
(Rgc), and the equivalent impedance that the cell feeds, thus,

Grz
Zm(wi)M;2 cos(¢p(w;)) ’
ZHC

Kae = (64)

Rdc +
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and Z,, (w;) is the equivalent parallel impedance of the load and the capacitive filter, and
¢ is the angle of Z,,(w;).

From (61) to (64), it is easy to note that the DC inductor value does not affect the
topology operating region because it is not in the power expressions or in the load voltage
expression; however, its parasitic resistance in Rj., shown in (64), will reduce the operating
region. On the other hand, the AC components are present in (61) to (63), and they have
an influence on the cell operating region and its output voltage; as previously discussed,
those components are not a function of the DC inductor value. Then, the use of magnetic
coupling on the DC link to compensate for the oscillating power does not modify the
operating region of the CHB-CSI topology compared to the original CBH-CSI topology
reported in [16], and the AC components do not require modifications from one case to the
other due to the use of the magnetic couplings among the DC links. The above does not
include the increases or decreases of the parasite resistance of the DC elements, which is
not considered in this analysis and could be reduced when the inductor value is reduced.

9. Conclusions

This work studies a reduction strategy for the DC inductors size in a Cascaded H-
Bridge topology based on current-source inverters. The proposed strategy is based on the
use of transformers to magnetically couple three cells that feed different phases of the load
and a control strategy that equalizes the DC currents in the coupled cells in order to avoid
the transformer saturation. This proposal allows compensating the oscillating power among
cells and, therefore, designing the DC inductor as a function of the switching frequency
instead of a function of the oscillating power. Computational simulation and tests in a
laboratory prototype show that it is achievable to reduce the required DC inductor below
20% of the original topology, which leads to a reduction to near half of the magnetic energy
required, and also to a reduction of the weight and volume of each cell, notwithstanding
the addition of the transformer to the DC link.

Based on these results, the reduction of the DC inductor value does not affect the
dynamic or the steady-state performances of the whole converter, while the effect of the
reduction in the other passive components of the CHB-CSI analysis shows that the use of
DC links magnetically coupled does not affect the design nor the operating region of the
whole topology.
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Nomenclature

ne Number of cells per phase
Vs Cell voltage supply

ic Cell input current

VT Topology voltage supply

it Topology input current

Vo Cell output voltage

v Load voltage

iL Load current

Sy Modulating vector (rectifier)

S; Modulating signal (inverter)

ige DC link current

ne Number of cells in a series array

abc  Stationary coordinates for three-phase input
uvw  Stationary coordinates for three-phase output

dg Rotating coordinates
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