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Quasi-Two-Level PWM-Operated Modular
Multilevel Converter With Nonlinear
Branch Inductors

Jakub Kucka”, Member, IEEE, Siqi Lin"“, Jens Friebe

Abstract—Quasi-two-level PWM operation of modular multi-
level converters enables very low module capacitance even at low
machine speeds and high torques while the current distortion is
tolerable. In this article, the application of nonlinear inductors to-
gether with this operation mode is investigated to further decrease
the module capacitances. The requirements for the inductors are
analytically derived and the design of the nonlinear inductors using
a stepped air gap is demonstrated. The feasibility and the advan-
tages of quasi-two-level PWM operation with nonlinear inductors
are validated using simulations and a laboratory prototype.

Index Terms—Modular multilevel converter (MMC), nonlinear
inductor, quasi-two-level.

I. INTRODUCTION

HE modular multilevel converter (MMC), first presented
T in [2], offers many advantages, such as modularity, re-
dundancy and fault tolerance, simple connection between the
modules without the need for low inductive busbars, and a low
total harmonic distortion (THD) output voltage that is changed
only in small steps. If used in motor drive applications, the
latter helps to reduce overvoltages at the motor terminals as well
as bearing currents due to high-frequency (HF) common-mode
currents [3]. The major disadvantage of MMCs is their high
cost, which, to a large extent, can be attributed to the very large
capacitors in each module. This inhibits the application of MMC
in variable speed drives, if the base frequency of the motor is
low and/or constant torque applications are targeted [4], [5].
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In such high-torque low-frequency drive applications, it is
very desirable to reduce the necessary module capacitance.
This can be achieved using quasi-two-level PWM operation of
the MMC [6]-[8] that proved to reduce the installed module
capacitance by more than one order of magnitude compared to
conventionally operated MMCs [8]-[10]. The staircase trape-
zoidal voltage waveform of quasi-two-level PWM operation
results in the same desirable properties as for the MMC output
waveform, except that the output voltage and current distortion
approach those of a two-level converter with the same PWM
carrier frequency. However, unlike in HVDC applications, in
most large drives, a PWM frequency of around 1 kHz results
in a tolerable current THD. In summary, quasi-two-level PWM
operation trades off the acceptably worse current THD against
the significantly decreased requirements for the installed module
capacitance, whereas all other advantages of MMCs are pre-
served.

Recently, an improved current control for the quasi-two-level
PWM operation of MMC has been proposed in [9]. Increasing
the output voltage range by making use of common-mode volt-
ages and discontinuous modulation, as common for two-level
inverters, was studied in [10]. Note that the control approaches
for quasi-two-level PWM operation, which simplify the opera-
tion mode, proposed in [11] and [12], both apply significantly
higher module capacitances and, thus, are not investigated in
this article.

In the past, similar considerations as mentioned earlier led to
the proposal of quasi-two-level PWM operation for neutral-point
clamped multilevel converters [13], [14]. In modular converters,
quasi-two-level operation was first presented for modular high-
voltage dc—dc converters [15]-[17]. Furthermore, a quasi-two-
level and quasi-three-level operation modes of MMC, at first
glance similar to the one used in this article, were presented
in [18] and [19]. However, there is a major difference. The
operation modes from Diab et al. [18] and Wei et al. [19] do not
control the leg currents of the converter, which leads to either
significant branch current overshoots or likely higher values of
the required capacitances [20].

This article is based on the particular quasi-two-level PWM
operation of MMC, as described in [8]-[10]. References [8]
and [10] showed that the energy that has to be buffered in
module capacitors is approximately proportional to the energy
stored in branch inductors of MMC. Consequently, reducing the
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Fig. 1. Phase-leg model of an MMC.

energy stored in branch inductors is expected to also reduce the
necessary size of module capacitors. The energy stored in branch
inductors can generally be reduced by an application of nonlinear
saturable inductors in branches while the same branch-current
ripple is maintained. This option is studied and validated in this
article.

Note that the branch inductor coupling, such as in [21] and
[22], leads to very similar converter behavior as standard non-
coupled linear inductors without any impact on the sizing of the
module capacitors but only on the inductor itself. Thus, it will
not be further discussed in this article.

This article is structured as follows. First, the general op-
eration principle of quasi-two-level PWM-operated MMCs is
explained in Section II. Afterward, the novel idea is presented
briefly in Section III and the desired characteristic of the nonlin-
ear inductors is derived and specified in Section IV. Section V
shows the design process of the specified nonlinear inductors and
validates it using finite element method (FEM) simulations. A
downscaled demonstrator prototype of the inductor is presented
in Section VI and the necessary control adjustments in Sec-
tion VII. Sections VIII and IX show the improvements achieved
with the designed nonlinear inductors based on simulations and
low-voltage experiments, respectively. Finally, the conclusion is
drawn in Section X.

II. OPERATION PRINCIPLE

The operation principle proposed in [9] can be explained for a
single phase leg of MMC, depicted in Fig. 1, using the (somewhat
exaggerated) waveforms from Fig. 2. A common-mode voltage
Vem 18 a result of the superposition of the output voltages for the
particular phase legs (considering a typical three-phase MMC).

As can be seen in Fig. 2, the branch voltages are determined
by PWM, by comparing the carrier ¢ with the setpoint duty
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Fig.2. Waveforms showing the concept of the quasi-two-level PWM operation

mode over one PWM period (fpwn = 1 kHz) for positive currents and positive
duty cycles. Linear branch inductors [Lpa (2) = Lpp(i¢) = L] are assumed
and the MMC parameters are chosen to clearly show the various effects of the
operation mode.

cycle & € [—dmax, Imax). Three possible states can be observed
in Fig. 2, which are as follows.

1) State A: Branch voltage vy,4 is high and branch voltage
vpp 1s zero. Hence, the output voltage v, is negative.

2) State B: Branch voltage vyp is high and branch voltage
vpa 18 zero. Hence, the output voltage v, is positive.

3) Transition state: Either all modules are inserted (v and
vpp are both high) or all modules are short-circuited (v, o
and v, are both zero). Hence, the output voltage v, is
approximately zero and the voltage drop over the branch
inductors vy, (ot 1S maximized.

Since the modules are switched one by one with a switching
delay T4 between two switching instants, the branch voltages
and (consequently) the output voltage have a staircase trape-
zoidal waveform, which limits the dv/d¢ of large voltage steps
in the output voltage. The particular value of the worst-case
dv/dt can be adjusted by the delay value Ty.

The main idea of the operation mode is to adjust the leg current

) 1 . .
g = 5 (iba + ibB) (D
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such that the branch currents ¢, and ipp are low during states
A and B, respectively. Consequently, the branch powers ppa
and py,p are very low as well and the module capacitance can be
reduced compared to that of the conventionally operated MMCs.

Between states A and B, transition states are applied to change
the leg current as fast as possible. As can be seen in Fig. 2,
the branch currents and the branch voltages can have nonzero
values during transition state. Hence, power peaks are gener-
ated in branch powers ppa and p,p of the respective branches
A and B. To compensate for these short-time power peaks,
a low-magnitude power in opposite direction is generated in
Branch A during state A and in Branch B during state B by the
corresponding branch currents. As a consequence, the branch
energy (representing the total energy stored in module capacitors
of a single branch) is reset within each PWM period, making the
energy pulsation in the modules very low and independent of the
output frequency.

The desired value of the branch current during states A
and B is set by a dead-beat closed-loop controller using a
HF modulation visible at the branch voltages. Note that the
HF modulation is expected to impact the switching losses
only marginally, since the branch currents are low in magni-
tude when it is active. Further details regarding the operation
principle and the control implementation can be found in [§]
and [9].

III. BRIEF INTRODUCTION OF THE NOVEL IDEA

As discussed in [8] and [10], there are contradictory require-
ments on the inductance value of the branch inductors. On the
one hand, the branch inductance should have a high value during
states A and B, so that the leg-current and branch-current ripples
are low without the necessity for an exceedingly high HF mod-
ulation frequency. On the other hand, the branch inductances
should be sufficiently low during transition state, to reduce its
duration as much as possible and to lower the branch-energy
disturbances (Aey, ~ Ly, - i2 according to [8] and [10]), which
determine the module capacitance.

Although a tradeoff between these two requirements for
the branch inductance value has to be made when linear
branch inductors with a constant inductance are used (L (7) =
Lyp (i) = Ly), an optimized behavior could be achieved with
nonlinear branch inductors. The idea is that the branch inductor
has a high inductance when the branch currents are low in
magnitude, thus providing sufficiently high inductance during
state A (LA = L, max) and state B (L,g = L1, max). When the
branch currents are both high in magnitude during the transi-
tion state, both branch inductors have a very low inductance
(Lba = Ly min> LbB = Li,min)- Thus, the leg current can be
changed faster and the duration of the transition state can be
decreased, which leads to lower energy variation and smaller
required module capacitances.

In the following section, the specifications for the nonlinear
branch inductors are derived and the influences of the design
parameters are discussed. Note that all inductances in this article
are defined as differential (small-signal inductances).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

IV. SPECIFICATION OF THE NONLINEAR BRANCH INDUCTOR

A straightforward idea for the specification of the nonlinear
branch inductor is depicted in Fig. 3(a). While the branch cur-
rents are low, the branch inductance has the value of Ly, (iy,) =
Ly, max. Once the branch current reaches the value Iy, 1, the
branch inductance drops instantaneously to Ly (ib) = L mins
enabling a faster change of the leg current. The switch-over value
Iy,1 can be determined in the way that the maximum branch
current value of branch current max(ipa ) < Iy,,1 during state A
and the maximum branch current value max(iyg) < Iy, 1 during
state B.

As can be derived from Fig. 1, the ripple of the leg current (as
well as branch currents) depends on the sum of the inductance
values Lpa + Ly,g. Hence, in order to obtain the same worst-
case leg-current ripple during states A and B as with two linear
branch inductors with a constant inductance Ly, the sum of the
inductances has to be identical during states A and B

Loa+Lyp =2 L. ()

Since one of the inductances is low (Ly min) and one of the
inductances is high (L}, max) during states A and B, the sum of
the minimum and maximum value of the branch inductance has
to be

Lb,min + Lb,max =2 zb (3)

in order to achieve the same worst-case ripple. The value Ly, i
should be selected to be as low as possible to enable fast
transitions with low branch energy disturbances but sufficiently
high to limit the leg current’s di/d¢ during transition states and
fault conditions to a value manageable by the current controller.
The manageable di/d¢ is mainly determined by the bandwidth
of the current measurement and time delays within the controller.

The main issue with this straightforward branch-inductance
characteristic from Fig. 3(a) can be recognized by looking at the
output voltage equation derived from Fig. 1

_ (Lo —Lva) -3 Vi  Lpa-vs — Lop - vba

“4)
Lya + Lip Lya + Lys

o
The equation states that the output voltage changes with the
branch inductances. Consequently, if the branch inductances
change instantaneously, the dv/dt of the output voltage ap-
proaches infinity and the one of the advantages of the quasi-
two-level PWM operation is diminished. These rapid changes
in the output voltage are highlighted in the example simulated
waveforms plotted in Fig. 3(c) near 0.46 and 0.56 ms. Therefore,
the inductance value has to change continuously between the
values Ly max and Ly min in order to limit the dv/dt of the
output voltage to acceptable levels. In the following paragraphs,
a branch inductance characteristic is derived that leads to a
continuous waveform of the output voltage during transition
state with a constant gradient dv,, /dt.

The fastest branch current (and thus the branch induc-
tance) changes occur during the transition state. Hence, vpa ~
Vi and vy = V; can be substituted into the output voltage
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Nonlinear branch inductors. (a) Straightforward characteristic of the inductance. (b) Extended branch inductance characteristic. (c) Example voltage

waveform for the straightforward branch inductor characteristic. (d) Example voltage waveform for the extended branch inductor characteristic. State A, state B,
and transition state are labeled by “A,” “B,” and “T,” respectively. The problematic dv, /d¢ is highlighted in (c).

equation in (4) for the following investigations, yielding

_ Ly —Lpa Vi

 Loa+Lip 2
Furthermore, the output voltage v, is required to have a linear
slope in time ¢ with a constant gradient dv,/d¢ and an offset

Vo0

(&)

dv,

Vo =, (6)

Assuming that the branch inductor of Branch A conducts a high

current and, thus, its inductance is LA = Ly, min, and that the

inductance of the inductor in Branch B is being changed (Lyp =
Ly (t)), the required inductance characteristic

t+ V0.

gt
Lb(t) - Lb,min : v, n dug Tt (7)
2 dt

can be determined using (5) and (6) as a function of time ¢ with
the gradient dv, /dt as a parameter.

To express the branch inductance as a function of the branch
current rather than as a function of time, the equation describing
the behavior of the leg current

can be used. Since the output current 7, is assumed not to
change significantly during transition state, the change in the
branch currents is caused solely by the change in the leg current:
diy,/dt = dileg/dt. By substituting the rest of the assumptions
for the transition state (vpA ~ v, ~ Vi, Lpa = Ly min, and
Ly = Ly(t)) into (8), the branch current waveform can be
calculated by the following integral:

ib(t)/ot

Eliminating the time ¢ from the solution for L},(¢) expressed
in (7) and the solution for iy, (¢) obtained from (9), the branch
inductance Ly, (ip) can be determined according to (10) shown
at the bottom of this page as a function of the branch current y,.

The second branch-current switch-over value

1 V2

. Lb,min

Vi

Lb,min + Lb(t) (9)

dt + I ;.

Lb,max - Lb,min
Lb,max + Lb,min

)

Iyo = Iy +

~(

dv,

4 dt

1 Lb,max - Lb,min

- 11
2 Lb,max + Lb,min ( )

di is determined using the second case from (10) for Ly, (I, 2) =
V; = (Lypa(i Lug(i Ueg (g ’
i —wa —vbp = (Loa(iba) + Los(ion)) - == 8 Ly, 0.
Lb,max ‘Zb| < Ib,l
V2L, min
Ly (ip) = o VT Ty — Ly min To2 > |I] > Iy (10)
253l Ib’l)Jr(Lb mintLb,max)?

Lb,min

‘ib| > Ib,2
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The branch inductance characteristic described by (10) is
demonstrated graphically in Fig. 3(b). In Fig. 3(d), a simulated
output voltage waveform is plotted as an example for an MMC
utilizing the proposed nonlinear inductors. Despite slightly
lower undershoot in the output voltage, the figure demonstrates
reduced dv/dt of the output voltage between 0.455 and 0.46 ms
and between 0.55 and 0.465 ms compared to that in Fig. 3(c).
Hence, the derived inductor characteristic does not violate the
advantage of low dv/dt in the quasi-two-level PWM operation
of MMCs.

V. NONLINEAR INDUCTOR DESIGN

In this section, the practical design of the nonlinear inductor,
specified in the previous section, is discussed.

A. Air-Gap Design

The nonlinear branch inductor can be designed for the spec-
ification described by (10) by adjusting the geometry of the air
gap. In theory, there are three options to construct the air gap of
anonlinear inductor. The first option is a distributed air gap, pro-
vided by an adhesive in the magnetic powder material. A sloped
air gap [23] represents the second option. Nevertheless, none of
these is capable of providing two linear regions for the inductor
with an abrupt change of inductance in between, as specified in
Fig. 3(b). Only the third type, the stepped air gap, conforms to
such a change in inductance. This type of inductor is based on
air gaps with different heights inside the usual linear air gap to
achieve the required inductance over current characteristic [24],
[25]. Of course, the transfer from one step to the other can be
realized with a slope of various forms to add another degree of
freedom in the design. In general, this is possible, but not needed
with respect to the aforementioned application, as shown based
on the step air gap demonstrated in the following section. A
common approach to stepped inductance design is to ignore the
nonlinear properties of the material and consider only the area
of each step that meets the saturation conditions. In this article,
however, a more advanced approach modeling the continuous
permeability that leads to more precise results is applied.

According to Kirchhof’s law, used for equivalent magnetic
circuits, the inductance of a simplified inductor with an air gap

lcore + lair ) - (12)
Ho - My - Acore Ho - Acore

can be approximated as a function of number of turns N, the
relative permeability of the core ., and the equivalent area Aqpo
of the air gap and the core. The length [ .. is the effective
length of the magnetic core and [,;, is the air-gap length. Since
the air-gap reluctance is usually significantly higher than the
reluctance of the magnetic material, the magnetic resistance of
the core can be neglected in the calculation. However, when
the air gap is small enough (approx. i, < lclj"e ), the magnetic
voltage drop in the core becomes significant and the magnetic
reluctance of the core should not be neglected anymore.

The 3-D diagram of the studied stepped inductor is depicted
in Fig. 4. The air-gap length of the first step can be defined as a
and the air-gap length of the second step as b. A, is the platform

L:N?<
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Fig. 4. 3-D diagram of the applied stepped inductor.

Fig. 5. Equivalent magnetic circuit diagram of the stepped inductor.

area of the air gap of the first step and A, is the platform area
of the second step. The length of the magnetic circuit of the
inductor is /..

The equivalent magnetic circuit diagram of the stepped in-
ductor is shown in Fig. 5. The corresponding reluctances can be
expressed as

le—0b
Rui = (13
! Hor = Ho - Ac )
R b (14)
ot Mo - (Ae - AC)
b—a
Rma = 15
’ Hr - o - Ac (1>
a
Ryo = . (16)
° Ho - Ac

Reluctances R,,; and R,,» are associated with the core ma-
terial. In order to describe the nonlinear properties of the core
material, the permeability curve of the material can be replaced
by a suitable fitting function [26].

Silicon steels are the preferable material that is widely used
in low-frequency applications, due to their high-saturation mag-
netic flux density, generally up to 1.9 T, and relatively low cost.
In order to further reduce the price of the core, rectangular bulk
cores are often used. Nonlinear inductors are assembled from
several of these bulk cores. The core can be laminated from
laser-cut nonoriented electrical steels. Laser cutting technology
has an accuracy of 0.01 mm, which makes it easy to shape
the step air gap. The disadvantages of laser cutting are the
thermal stress and the effect of lattice breakage on the magnetic
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properties of the cut edges. In this article, however, the step
part of the air gap is often saturated, therefore, the magnetic
properties of the step part do not affect the inductor too much.
Also, due to the presence of the steps, the area of the cutting
edge of the magnetic column is reduced, so the impact of
the cutting is further diminished. In [27]-[29], the effects of
different cutting techniques on the magnetic properties were
described qualitatively as well as quantitatively. Due to the
inevitable air gap between the cores and their orientation in the
magnetic circuit, the advantage of the oriented steel cannot be
utilized, so the nonoriented steel M235-35 A is used for the
calculations. The BH characteristic curve of M235-35 A can be
obtained by measurement. In this article, the permeability curve
of M235-35 A is represented by a three-term Gaussian function

B+0.1824 )2

e = 0.01143 - ¢~ (%5%57°)" 40,0199 . ¢~ (5553

8964

B 2
+0.0051 - e~ (Fo58Et) (17)

As shown in Fig. 5, the relationship between the magnetic
fluxes ¢re, @1, and ¢ in the magnetic circuit is

Pre = ¢1 + 02 (18)
with
o N'ib_¢fe'R01
o1 = R (19)

where the magnetic flux ¢, can be obtained by integrating the L1
curve of Fig. 3(b), which is defined by the application. Flux ¢o
is determined by the magnetic resistances R,,1 and R,,2, which
are nonlinear, and flux ¢; passes through the linear reluctances
and, thus, is linear. Its value can be obtained by subtracting flux
@9 from the flux ¢g. As a result, the magnetic flux density By
through Ry, is

_ %
A

When the value of B is substituted into (17), permeability at
the working point at the Ry,2 branch is obtained. The magnetic
flux density B, in the R,,; branch is calculated directly from the
magnetic flux ¢¢ and cross-sectional area A,. The correspond-
ing inductance value for each operating point of current 4}, can
be obtained on the LI curve, the inverse of ]E—s are the total
reluctance corresponding to each operating point. Eventually,

according to Fig. 5, the magnetic circuit equation

(Rm2 + RaQ) : Ra’l
Rm2 + Ro’2 + Ro’l

can be derived. This equation consists of a total of five unknowns,
therefore five working points on the LI curve are required. This
set of equations can be solved by the least squares method.
The initial values of the variables can be calculated using the
traditional stepped design method.

By (20)

Rtotal = le + (21)

B. Inductor Design Specification

The nonlinear inductor that is considered for the design ex-
ample (and later for simulations) is selected to replace a linear
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TABLE 1
RESULTS OF GEOMETRIC PARAMETERS OF STEPPED INDUCTOR
Geometric parameters  Geometric parameters
of calculation after numeric iteration Error
with Maxwell

Length a 1.3 mm 1.83 mm -28 %
Length b 5 mm 5 mm 0%
Area Ac 75 mm? 108 mm? -30.5 %
Length I 300 mm 300 mm 0%
Area Ae 300 mm? 300 mm? 0%

inductor with branch inductance L}, = 100 pH. The minimum
branch inductance, which was estimated as sufficient for the
controller, was selected to be Ly, inin = 30 pH. Furthermore, the
value I, ; was selected to be 50 A, which is sufficiently higher
than the controlled currents during state A and state B. To achieve
the same branch current ripples, the inductance value Ly, max 1S
determined to be Ly, iax = 170 pH according to (3). The value
I,2 is 200 A, to maintain dv, /dt = 400 ..

C. Design Results and Further Iterations

The results of the calculation from Section V-A are presented
in Table I. The resulting air gap has two steps: The first step
has a cross-sectional area of A, = 75 mm? and a length of a =
1.3 mm. The second step has an area A. = 300 mm? and alength
of b = 5 mm. The number of turns is N = 30.

The FEM simulation software Ansys Maxwell 2-D was used
to validate the calculation results. The simulation results are
shown in Fig. 6 as red curve.

Fig. 7 presents the design process for the nonlinear inductor.
The calculations done in MathWorks MATLAB are presented
in a dark grey box. The finite element simulation iterations are
completed using Ansys Maxwell. The corresponding process is
marked by a light grey box.

As shown in Fig. 6, the LI characteristic of the designed
nonlinear inductor does not perfectly fit that according to (10)
but gives a good starting point for further iterations based on
numerical simulations. The reasons leading to this result include:
First, as shown in Fig. 6, only five variables with clear geometric
definitions are set, which also means that five working points
on the LI characteristic curve are selected, which are then
substituted back into (21). If the magnetic circuit diagram of the
inductor is depicted in more detail, e.g., Ry,; is replaced by three
or more resistances, then the number of working points required
in the calculation will increase. The more working points are
selected, the more accurate the calculation will be. Second,
due to the large range of currents, especially low inductance
currents Iy,  to Iy, max ranging from 200 to 500 A, more steps
might be required. Third, the relatively large air-gap length of the
nonlinear inductor causes an increased magnetic flux leakage in
the proximity of the air gap. Viewed from the magnetic circuit,
the flux leakage acts like a linear reluctance paralleled to the
air gap. This leads to a reduction of the total reluctance, which
increases the inductance.



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

7606
T T T T T
. 1.8T
Lb according to (10) ! |
L . .
b,max - - Lb according to calculation | ll.OT
==m===. [, after numeric iteration
b IO.IT
Q
Q
g
<
iy ]
Q
5 o~
o .° 4
g =
= o
= ~ J
Q _
c
o]
= i
M
bmin [----q-------------=3 e
L I _
. I
I I
1 I I 1 L L L I I
0 I jj
b,1 b,2 b,max
Branch Current ib
Fig. 6. Branch inductance Ly, (iy,) characteristic of the designed nonlinear inductor obtained from FEM simulation of calculation result (red) and FEM simulation

result after numeric iteration (blue) compared to the required characteristic described by (10). The pictures show the saturation state of the core for the different
operating points is indicated by arrows. Design parameters: dv,, /dt = 400 %, Ly max = 170 pH, Ly, mmin = 30pH, I, 1 = 50 A, I;, 2 = 200 A, and I}, nax =

500 A.

l Input specifications (Bg, L, Lomins Tomaxs meim---)|

Calculation | Set variables (a, b, A, I, A,)

l Intial values calculation (ag, by, Acg, Leos Aeo) I

I Solve a system of equations (21) |
[

’ Geometric parameters from calculation ‘

Numeric iteration | FEM modeling

’ Adjust core geometry of inductor }«—

’Simulation and extraction of simulated L/ curve‘

Resulting L7 curve matches the curve
according to (10)?

Output Results

Fig.7. Flowchart of the nonlinear inductor design with a calculation part (dark
gray area) and an FEM simulation part (light gray area). The criterion for the
evaluation of the resulting L1 curve is selected based on the application and
system simulations.

In order for the LI characteristics of the designed inductor to
match Fig. 6, the inductor model in Maxwell must be adjusted.
The second column in Table I lists the results of the geometric
parameters after numerical iteration in Maxwell (light grey area
in Fig. 7). The adjusted LI characteristic simulation result is
represented by the blue curve in Fig. 6 together with the core
saturation at three operation points. The third column of Table I
lists the error between the results of the numerical iterations
and the results of the direct calculations, as reference for the
application of the presented method.

For a linear inductor design, core saturation has to be avoided
because of the harmonics and distortion that can occur. In
contrast, the mentioned nonlinear inductor needs to push the
magnetic material to saturated state (see Fig. 6). In fact, the
saturated region of the magnetic material is also a linear re-
gion in which the inductance is almost a constant, despite the
large variation in current. Another possible effect of higher flux
density in the step during state A is an increase in core loss.
Fig. 8 presents the distribution of the core loss density without
dc offset. As shown, the core loss is increased in the stepped part
of the air gap to approximately 300 kW /m?.

Finally, it can be concluded that the 2-D FEM simulation
confirmed the feasibility of the specified nonlinear inductor.
The results from the FEM simulations are used later for the
simulations of the quasi-two-level PWM-operated MMC. As
already mentioned, also other smoother shapes or slopes be-
tween the steps could theoretically be implemented to improve
the fit of the characteristics. Nevertheless, this further increases
the complexity of the derivation and possibly even construction.
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Fig. 8. Core loss density distribution map of the nonlinear inductor with
current ripple Ai, = 35 A and without dc bias. The 2-D transient finite el-
ement simulation provides the distribution of the flux density along with the
BH characteristic of material. The loss density distribution is then calculated
in MathWorks MATLAB using Steinmetz’s equation without considering the
saturation.

VI. NONLINEAR BRANCH INDUCTOR DEMONSTRATOR

To demonstrate the practical feasibility of the nonlinear in-
ductance with a stepped air gap, a downscaled demonstrator
was constructed [displayed in Fig. 9(a)]. Because of the lower
inductor current ratings of the demonstrator, a standardized
ferrite core could be applied to decrease the overall costs for the
prototype. The stepped air gap was realized by inserting small
ferrite blocks into the air gap. The measured characteristic in
Fig. 9(b) demonstrates that the required characteristic can be
fitted quite well. Furthermore, two of these inductor demonstra-
tors are used later to experimentally validate the operation with
a downscaled MMC prototype.

VII. CONTROL ADJUSTMENT

The control approach from [9] has been applied to the in-
vestigated converter. Since the total leg inductance is almost
constant during states A and B: L5 + Lyg = 2 - Ly, (assuming
one branch current is greater than [}, » and one branch current
is below I}, 1), the nonlinear inductors do not influence the
dead-beat controller significantly. However, during the transition
state, the leg inductance changes dynamically, and thus, the
branch current has to be predicted in a different manner than
in [9].

Instead of predicting the branch currents during the whole
period of the transition state using only a single measured value
captured at the beginning of the transition state, the corre-
sponding branch current, which is predicted (ip,), is measured
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Fig.9. Demonstrator of the nonlinear branch inductor used for measurements
with downscaled MMC prototype: (a) photo and (b) measured Ly, (i1,) charac-

teristic. Design parameters: dv,/dt = 30 %, Ly max = 170 pH, Ly, iin =
30uH, Iy, =25A, I, 2 =8.6 A, and I, 1ax = 30 A.

continuously and only the small part of the current that is added
during frozen states is calculated predictively

1
2. Ly
The variable & represents the voltage time-integral value applied
to the leg inductor during the frozen state A or frozen state B.
For further explanations of the control and frozen states, see [9].

It has to be noted that this change made to the control for
operation in transition states increases the sensitivity of the
current control performance to the bandwidth of the current
sensors. Since the currents need to be measured precisely during
the steep current changes present in transition states, a high
sensor bandwidth becomes more important compared to the
control for linear inductors from [9], where the currents are
predicted.

ibe (k) = in(k) + £ (22)

VIII. SIMULATION RESULTS

To evaluate the potential of the nonlinear inductors, a simu-
lation of a three-phase quasi-two-level PWM-operated MMC
was conducted. The simulation model was implemented in
MathWorks Simulink. The physical part of the model was
implemented in Plexim Plecs toolbox, including the nonlinear
branch inductors, which were implemented using the “variable
inductor” component from Plecs library. The characteristic of the
nonlinear inductors was defined by a look-up table obtained from
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TABLE II
CONVERTER PARAMETERS FOR SIMULATION

Input voltage Vi 4 kV
Output current amplitude to 400 A
Modules per branch TNmpb 6
Module capacitance Chod 200 pF
Capacitor voltage Ve 720 V
PWM frequency fPwMm 1 kHz
HF modulation frequency fur 25 kHz
Switching delay time Ty 1 us
Load Vo,s ov
Ro 50
Lo 15 mH
fo 5 Hz

the FEM simulations presented in Section V-C. The converter
and load parameters are listed in Table II.

Comparing the waveforms simulated over one output period
for linear branch inductors in Fig. 10(a) and nonlinear branch
inductors in Fig. 10(b), several properties can be stated, which
are as follows.

1) The output current is practically not influenced by the
choice of inductor type, since the load inductance L, is
significantly higher than the branch inductances.

2) The branch energy variation is significantly lower for non-
linear branch inductors, which can be seen by comparing
the variations of the module capacitor voltages.

3) The peak values of branch currents are lower with non-
linear branch inductors, since the branch energies which
must be compensated for during state A or B are lower as
well.

Fig. 11 shows a detail of the waveforms of Branch A for an
operation with nonlinear branch inductors (plotted with thick
lines) and with linear inductors (plotted with pale thin lines).
Although the branch current ripple is almost the same during
state A, the branch current changes significantly faster from
the (very low) positive value to the negative value during the
transition state, and thus, the duration of the transition state is
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Simulated waveforms of the first phase leg of quasi-two-level PWM-operated MMC with modulation index M = 1.05, carrier-based space-vector
Ly, = 100 H) and (b) with nonlinear branch inductors Ly, (71, ) according to Fig. 6.
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Fig.11. Detailed comparison of waveforms from Fig. 10 for Branch A between
the operation with nonlinear inductors (thick lines) and linear inductors (pale
thin lines).

shorter. This leads to a shorter period of nonzero branch power,
and thus, lower branch energy disturbance occurs.
Furthermore, the total branch energy variation

: Cmod . (VCQJHax - (23)

VC% 7min)
was evaluated for both quasi-two-level PWM operation of MMC
with linear inductors [see Fig. 10(a)] and with nonlinear in-
ductors [see Fig. 10(b)] using the maximum capacitor voltage
value Vo max and the minimum capacitor voltage value Ve min
captured during the operation. The comparison shows that the
branch energy variation was reduced by 40% in the conducted
simulation with nonlinear inductors (Aej, = 31.7 J) compared
to that of the MMC with linear inductors (Aey, = 54 J). This
enables an option to further reduce the size of the module
capacitors, which is the main advantage of the operation with the
nonlinear inductors. As (23) implies, the reduction of the branch
energy variation by 40% enables a reduction of the module
capacitance by 40% when the same module capacitor voltage
boundaries (Vo min and Vo max) are assumed.

1
A = NMm .=
€b Nmpb 9
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Experimental waveforms of the first phase leg of quasi-two-level PWM-operated MMC with modulation index M = 1.05, carrier-based space-vector
Ly, = 100 uH) and (b) with nonlinear branch inductors shown in Fig. 9; (c) and (d) detailed view of (a)

and (b), respectively. The waveforms were captured by an eight-channel oscilloscope and filtered by an 1 MHz low-pass filter.

IX. EXPERIMENTAL VALIDATION

The simulation results were validated using a downscaled
converter prototype. The prototype is scaled down in both cur-
rents and voltages by a factor of 18. Hence, the converter is
rated for the input voltage V; = 220V and the output current
amplitude io = 22 A. The module capacitor voltage is controlled
to Vo = 40 V. The rest of the parameters is identical to those
from Table II. The details regarding the experimental test setup
are presented in [8] and [9].

The experimental waveforms captured with the linear induc-
tors [see Fig. 12(a)] and with the nonlinear inductor demon-
strators [see Fig. 12(b)] are in good agreement with the simu-
lated waveforms displayed in Fig. 10(a) and (b), respectively.
Observing the experimental waveforms, the same advantages
can be stated as for the simulated waveforms, i.e., slightly lower
branch currents and significantly lower module capacitor voltage
variation.

Fig. 12(c) and (d) shows the detailed view of the experimental
waveforms from Fig. 12(a) and (b), respectively. Similarly as
in simulations, these figures clearly demonstrate that branch
current is changed significantly faster when nonlinear inductors

5]
%n 110 &
'6‘ —~
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S 110 ! , ,
0 0.05 0.1 0.15 0.2
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Fig. 13.  Experimental output voltage waveform of the MMC with nonlinear
branch inductors shown in Fig. 9.

are employed. As a consequence, the module capacitor volt-
age disturbance (the branch energy disturbance) is observably
lower.

In Fig. 13, the measured output voltage waveform of quasi-
two-level PWM operation with nonlinear inductors is shown.
In the figure, a limited dv,/d¢ of large voltage steps can be
recognized. Furthermore, the waveform matches the theoretical
one, plotted in Fig. 3(d), quite well.
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X. CONCLUSION

In this article, an application of nonlinear branch inductors
for quasi-two-level PWM-operated MMCs, suitable for drive
applications, has been proposed. The nonlinear inductors, the
specification of which has been derived in this article, proved to
have the potential to significantly reduce the module capacitance
without increasing the dv/d¢ of the output voltage. FEM simula-
tions and experiments with the inductor demonstrator validated
the feasibility of the proposed nonlinear branch inductor design,
featuring a stepped air gap.

In the future research, the influence of the design parameters,
such as the values I}, 1 and Ly, 1in, on the branch energy variation
should be investigated analytically in more detail.
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