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On the Modeling and Design of Modular Multilevel
Converters With Parametric and Model-Form
Uncertainty Quantification

Niloofar Rashidi

Abstract—Modeling and design with parametric and model-
form uncertainty quantification is an alternative to conventional
model-based design approaches as it improves the existing model-
ing practice and validates the model used in the design of power
converters. However, in the case of modular multilevel converters
(MMCs), uncertainty quantification, as the main step in this design
methodology, becomes challenging due to the inherent complex-
ity and sheer size of such units. In this article, these limitations
are discussed and a systematic study for developing a simplified
testbed for uncertainty quantification of an MMC is presented. To
this end, first sensitivity analysis is conducted to identify the key
parameters whose tolerances contribute the most to the parametric
uncertainty of the selected design variables. Second, the effect of
increasing the number of power cells in each arm on the estimated
total uncertainty, and thus the predictive capability of the MMC
simulation models for medium- and high-voltage applications is
studied. A simplified testbed for model validation of the power cell
in the design of an MM C is developed accordingly. The development
of this simplified testbed allows validating the models used and
estimating uncertainties in the design with less computational cost
and hardware prototyping.

Index Terms—Design margin, design under uncertainty, model-
form uncertainty (MFU), modeling, modular multilevel converter
(MMC), parametric uncertainty (PU), uncertainty quantification.

I. INTRODUCTION

HE modular multilevel converter (MMC) has become a
preferred choice for medium- and high-voltage applica-
tions as it has several advantages compared with two-, three-,
and multilevel voltage source converters [3]-[5]. Advantages,
such as a nearly ideal current and voltage scalability, excellent
harmonic performance, and distributed energy storage, have
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Fig. 1. Circuit configuration of the MMC.

made this converter the most promising converter technology
developed in recent years. A well-known adaptor of this con-
verter has been high-voltage direct-current (HVdc) transmission
systems [6]—[9].

Power cells in an MMC—a full-bridge or half-bridge
circuit—can be configured as a power electronics building block
or PEBB. The concept of PEBB encompasses the integration of
fundamental components including power devices, gate drives,
and the minimum required passive components as well as control
schemes [10], [11]. PEBB as a concept to construct modular con-
verters was initially proposed by the Office of Naval Research
in 1997 [12]. Over the past two decades, PEBB-based modular
converters have gained increased attention due to their minimal
maintenance cost, easy assembly, and production [13], [14].

The circuit configuration of a three-phase PEBB-based MMC
is shown in Fig. 1. Each phase of the converter consists of two
arms, the upper and the lower. Each arm comprises a number
of series-connected PEBBs. In this article, as shown in Fig. 1,
the PEBB is configured as a full-bridge, not the conventional
half-bridge, due to its several advantages, namely four-quadrant
operation, fault handling capability, and small impact when
fewer PEBBs are used in each arm in medium-voltage appli-
cations, as opposed to hundreds in the HVdc case.
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Component selection, modulation implementation, and con-
trol algorithm are a few examples of several aspects of MMCs
that require crucial insight and understanding of the converter
operation and its dynamics. At early design stages modeling
and simulation, as a set of design and development tools, provide
valuable perspectives on these aspects. They represent the fastest
and safest way to study a circuit or system, aiding in the research,
design, diagnosis, and the elimination of unforeseen errors in the
development of power converters [15]. Further, in the process,
and prior to mass production, the converter design also needs
to be verified via model-based reliability and production yield
analysis, i.e., worst-case analysis [16] and design for Six Sigma
[17]. These analyses ensure that the system performance will
meet design specifications even with the expected variations in
operating conditions and parameter values. In other words, the
above-mentioned computer-aided design tools try to determine
the effects of parameter variation on the circuit performance;
this effect is known as parametric uncertainty (PU).

Yet, PU is not the only source of variation in the design; the
credibility of the design achieved with model-based techniques
strongly depends on the accuracy of the simulation models them-
selves, which is not addressed in any of the aforementioned types
of manufacturing-oriented analysis. Instead, heuristic safety fac-
tors are often used to compensate for the possible deviation of
real system performance from the predictions made using mod-
eling and simulation. This deviation, however, can be effectively
quantified by comparing simulation and experimental results in
what is known as model-form uncertainty (MFU).

In [18], modeling and design with parametric and model-form
uncertainty quantification (P&MF-UQ) were proposed as an
alternative design approach. This approach aims at quantifying
the main sources of uncertainty in the modeling and design of a
power converter for which experimental results for MF-UQ and
nondeterministic simulation results for parametric uncertainty
quantification (P-UQ) are obtained. This approach is capable of
building confidence in modeling and simulation results in the
presence of manufacturing variability as well as modeling inac-
curacies and could potentially eliminate the need for heuristic
safety factors.

Accordingly, the goal of this article is to improve the existing
modeling practice and validate the models used in the design
of an MMC using modeling and design with P&MF-UQ. The
mathematical model of the MMC is presented in Section II,
where the description of the component modeling, modula-
tion implementation, and controller scheme is provided. In
Section III, the enhanced modeling framework is reviewed
where PU and MFU are discussed. Since estimating PU and
MFU for large-scale power converters and systems such as
MMCs requires a significant computational effort and hardware
prototyping, UQ analysis as a key step in the design with
P&MF-UQ could potentially impose limitations concerning the
feasibility of the approach; these limitations are discussed in
Section IV. In Section V, a systematic study is conducted to de-
velop a simplified testbed for UQ analysis and model validation
in the design of an MMC. In this section, the effect of adding
more PEBBs on the accuracy and thus the predictive capability of
MMC simulation models is investigated and a simplified testbed
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Fig. 2. Equivalent circuit of one phase of the MMC.

for UQ analysis is developed accordingly. In Section VI, the
minimum required margin for the selected design variables at the
full-power operating condition is calculated using the developed
simplified testbed, which on one hand allows estimating effects
of parameters variation with the minimum computational costs,
and on the other hand enables estimating modeling inaccuracy
by running scaled-down validation experiments. Finally, the
conclusion is drawn in Section VII.

II. MODULATION IMPLEMENTATION AND
CONTROL ALGORITHM

The equivalent circuit of one phase of an MMC, shown in
Fig. 2, is used for the analysis provided in this section; the other
two phases have a similar behavior. The following equations can
be obtained by Kirchhoff’s voltage law:

1 i

ivdc = Uypj + Rupiupj + LHPW + Uoj (D
1 . dilw'
§Vdc = Uwj + Riwiiwj + LlwWJ — U 2)

where u,;j is the output voltage of phase j (j €{a, b, c}), io;
is the phase current, and V. is the dc-link voltage. Variables
Unpj» tupj» Ulwj, and 41y represent the voltages and currents of
the upper and lower arms, respectively. Ry, Ry, Lup, and Ly,
are the resistances and inductances of the upper and lower arms,
respectively. Therefore, the expression for output voltage can be
derived as

3)

Uoj = §(u1wj — Unpj)-

Furthermore, iz; is defined as the circulating current along the
Jj-phase and based on the definition, it only circulates in-between
phase-legs without flowing to the dc-bus or the ac line. The
circulating current along the j-phase can be given by

) 1. .
lcircj = E(Zupj + 'Lle)-

“

The arm currents, in turn, can be expressed in terms of the
circulating current and the phase current as

(&)

Z‘upj = icircj + iioj
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Fig. 3. Interleaved carrier pulse width modulation signals of phase j of an

MMC with N PEBBs per arm: 2N triangular carrier with the frequency of fiy
and 2N reference signals with the line frequency are generated in total.
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Fig.4. Block diagram of dc-capacitor voltage control. (a) Balancing controller.
(b) Averaging controller.

) . 1.
UNwj = lcircj — §Zoj- (6)

The phase-shifted carrier modulation technique, shown in
Fig. 3, is used in this article, where the N triangular carriers of
upper/lower arms (C1, Cya, ..., Cyn for the upper arm, and
Cuwi, Cuw2, ..., Cyy for the lower arm) are shifted by 7/N in-
crementally to achieve the best harmonic cancellation [19]. Each
PEBB is assigned with a specific reference signal and a triangular
carrier, such that all PEBBs have the same switching frequency,
thereby the semiconductor stress is evenly distributed. As the
PEBBs of this converter are modulated independently, the volt-
age balancing of the capacitors can be achieved by adjusting the
reference signal of each PEBB. The complete block diagram
of the capacitor voltage balancing method is shown in Fig. 4.
The controller used in this article is adapted from [21] and is
composed of an averaging controller together with a voltage bal-
ancing block. As shown in Fig. 4(a), the balancing controller bal-
ances individual PEBB voltages with respect to their reference
value. The averaging controller [see Fig. 4(b)] forces the j-phase
average voltage (7;) to follow its command (v}). An ac circulat-
ing current control loop (a proportional-resonant controller [22])
with zero current reference, is added to the balancing controller
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to suppress the second-order harmonics of the circulating current
with a minimum effect on the original system performance.

Finally, the switching pulses of each PEBB are generated by
comparing the reference signals with the corresponding carrier
wave. The reference signals of the upper and lower PEBBs are
given by

. 3V, MV, .
Uref1_twj (1) = 4dc + Tdccos(wot + ;) + Atier 1 (%)
(7
. V. MYV, .
Uref2_tw;j (1) = % de cos(wot + @j + T) — Atyer ju;(7)
®)
. 3V, MV, .
Urefl_upj (Z) = 4dc + de COS (wot + ¢j +7T) +Auref_upj (Z)
)
. V C MV C .
Uref2_upj (Z) = Td + d COS(Wot + éb]) - Auref_upj (Z)
(10)

Where Uref1_upj(iws) aNd Urefa_upj(iw;) are the two reference
signals for H-bridge of the i PEBB in the upper(lower) arm,
M (0 < M < 1) is the modulation index, w, is the angular
frequency of the output ac voltage, ¢; is the phase angle, and
Alref upj(iwy) (1) is the reference adjustments for the ith PEBB
in the upper (lower) arm, which is obtained by the voltage
balancing and averaging controller commands (see Fig. 4) as
follows:

(1)

It should be noted that the difference between the phase angle
of the triangular carrier in the lower and upper arms (6), shown
in Fig. 3, has a significant impact on the harmonic features of
the output voltage and the circulating current [20]. Based on the
double Fourier series analysis, the harmonics of the circulating
current will be minimized when the displacement angle is 7/N
and 0 degrees, respectively for the converter with odd and even
numbers of series-connected PEBBs per arm.

Aut"ef711117_7’(l’uuj)(Z.) = rUZ + IU*B (Z)

III. ENHANCED MODELING FRAMEWORK

An enhanced modeling framework for the design of power
electronic converters and systems is presented in [18]. This
modeling framework ultimately pursues a reduced level of
dependence on experimental results, as well as to empower
the role of modeling and simulation results in the design and
decision-making processes. The proposed modeling framework
can quantify the deviation of the real system performance from
predictions made using modeling and simulation, a capability
that is attained by the proper identification, characterization, and
quantification of the different, and often numerous, sources of
uncertainty. There are, in fact, two main sources of uncertainty
in the modeling and simulation of power converters that are
addressed through this framework: PU, which results from man-
ufacturing variability, and MFU, which results from the inherent
inaccuracies of the models used. A brief discussion on these
main sources of uncertainties is provided below.
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A. Parametric Uncertainty

Due to the lack of knowledge about parameters or their
inherent variations, the model input parameters, which are the
simulation inputs, are usually nondeterministic [23]. As a re-
sult, to improve the modeling framework, as the first step, all
potential sources of uncertainty in the model input parameters,
known as PU, should be quantified. The following describes
how this inevitable source of uncertainty is quantified through
the modeling framework.

P-UQ is summarized in three main steps: uncertainty iden-
tification, characterization, and quantification [24]. After iden-
tifying all uncertain model input parameters, a mathematical
structure is assigned to each parameter; the uncertain parameter
is characterized by either a distribution or an interval depending
on its type of uncertainty. In the case of an epistemic uncertainty
(due to lack of knowledge), the parameter is characterized by an
interval with determined upper and lower limits. If it is aleatory
(due to randomness), the parameter is characterized by a proba-
bility distribution with its associated parameters. The numerical
values of all parameters in the resultant mathematical structures
are then determined. A nondeterministic simulation is finally
carried out using Monte Carlo (MC) sampling techniques, where
samples are taken from a range of the model input parameters,
and numerous simulations are run to generate a sequence of
system response quantities (SRQs). Finally, to present the PU
with an interval in the final prediction of the SRQ, an arbitrary
interval-valued probability, e.g., a capability index of two-sigma
(95% level of confidence), needs to be selected.

One important concept in the nondeterministic simulation is
what is known as the curse of dimensionality, which refers to
the increase in the number of samples needed as the number of
uncertain parameters increases [25]. This would in effect result
in an increase in the number of the model evaluation required in
performing MC simulations. Considering an MMC with a large
number of series-connected PEBBs, performing MC simulations
would be extremely expensive or nearly impossible in terms of
computational costs due to the huge number of uncertain model
input parameters.

Sensitivity analysis (SA) reduces the input parameters to those
that significantly affect the SRQ, so those that do not have a
major effect can be neglected. In this article, among different
techniques, analysis of variance (ANOVA) is used to examine
the effectiveness of different parameters on the selected SRQs.
Sobol indices are then calculated based on ANOVA formula-
tion providing both the first-order and total effect metrics [26].
The total effect metric measures the contribution to the output
variance from an input including a first-order effect plus any
higher order effects caused by interaction with other inputs.
The total effect is thus the primary metric of interest in the
SA as it indicates fixing what input at its nominal value will
provide the greatest reduction in output variance. Therefore, in
MC simulations, parameters with the first-order and total effects
of close to zero can be kept constant at their nominal values.

In the following, the model under investigation is de-
scribed by a function that is y = f(x), where the input x
(x = [z1,@2,...,2,]) is a point inside an n-dimensional input
space, and y is a scalar output. The first-order and total effect
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indices are calculated using equations below

% 12
V(y) (12)

= EXw [V.LL (y|xw-)]
e V(y) (13)

where the meaning of the inner operator (Ex_, (.)/Vz, (.)) is that
the mean/variance of y is taken over all possible values of x.; /x;
while keeping x; /x..; fixed; the outer operator (Vy, (.)/Ex_,(.))
is then the variance/mean taken over all possible values of
xZ; / Xje

To compute sensitivity indices using the above formulae,
however, the number of model evaluations strictly depends upon
the number of uncertain parameters. Besides, according to (12)
and (13), two computation loops are required to calculate first-
and total-effect indices. In the case of an orthogonal input space,
however, the computations could be much more accelerated. In
[27] alternative formulas are derived to compute .S; and St;
simultaneously for an orthogonal input space without requiring a
separate set of model evaluations for each index. These formulas,
known as Jansen estimators, are MC-based estimators and are
given as

_V(y) — gy XL S (B (AE);

e i) o
1 M o (1)y \2
Syp; = 2 Z]l(f(“’;l();) f(AE);) (15)

where, A and B are two K x M sampling matrices generated
from a quasi-random sequence of size M x 2K; K is the
number of uncertain parameters and M is the number of samples
taken from each parameter. In matrix Ag) (BS)) all the columns
are from A(B) except for the i*" column which is from B(A).

B. Model-Form Uncertainty

Asdiscussed earlier in this article, the validity of modeling and
simulation results fully relies on the accuracy of the models used.
This source of uncertainty is often neglected or estimated by
heuristic safety factors in the final simulation results. Hence, to
further empower the role of modeling and simulation in decision-
making, the uncertainty due to modeling inaccuracy, known as
MFU, is also included in the proposed modeling approach [18].

The validation metric is a methodology used to measure the
MFU. Preferably, MFU should be measured based on exper-
imental results from distribution of hardware prototypes and
their corresponding simulation result, which is obtained from
MC simulation. When only aleatory uncertainties are present in
the model inputs, then propagating these uncertainties through
the model produces a simulated cumulative distribution function
(CDF) of the SRQ. Experimental measurements are then used
to construct an empirical CDF of the SRQ. The modified area
validation metric (MAVM), that is the validation metric used
in this article, separately tracks the regions between two CDFs
(see Fig. 5) [28]. Specifically, the region where the experimental
values are larger than the simulation values is referred to as “d™,”
and the region where the experimental values are smaller than
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the simulation values is referred to as “d~.” The estimated MFU
is the summation of the absolute values of d* and d~, and has the
same unit as the selected SRQ. In addition to MFU, the MAVM
also provides an estimate of model-form error (MF error), eyp,
which is the difference between d~ and d .

IV. DESIGN WITH UNCERTAINTY QUANTIFICATION

The modeling framework described in the previous section
quantifies the deviation of the real system performance from
predictions made using modeling and simulation, a capability
that is attained by quantifying PU and MFU. In fact, a design
methodology based on this enhanced modeling framework, that
is designed with P&MF-UQ, represents a desirable alternative
to the design of MMCs. This approach aims at quantifying all
sources of uncertainty in an MMC for which experimental results
for MF-UQ and nondeterministic simulation results for P-UQ
are required.

As such, unlike other model-based design techniques, this
approach considers modeling inaccuracies as well as the param-
eter tolerances in determining the required design margin. In
early design stages, a limited number of hardware prototypes
are built and tested using the design of the experiment to ensure
the mass-produced version meets qualification testing standards.
The ultimate goal of P&KMF-UQ is to use these experimental
results and the nondeterministic simulation results at early de-
sign stages to estimate the total uncertainty in the modeling and
design of the converter. This type of design approach would
expectedly yield less conservative and more dependable designs
without requiring any additional resources. Yet, the utilization
of this technique will effectively eliminate the need for heuristic
safety factors, yielding quantifiably more precise designs that are
capable of truly maximizing the power processing capability.

However, UQ analysis, as akey step in the design with P&MF-
UQ, could potentially apply limitations concerning feasibility;
these limitations are briefly discussed in the following.

There are two main factors affecting the computational cost of
anondeterministic simulation: the number of model evaluations
required, and the fidelity of the model. The first factor is a func-
tion of the number of uncertain model input parameters where
SA results are used to minimize the number of uncertain param-
eters and accordingly the number of required model evaluations.
The latter, however, depends on the level of accuracy required
in the context where the model is used. As an example, in the
switching model of an MMC for medium-voltage drives or HVdc
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applications [29], [30], there are tens to thousands of PEBBs
connected in series; as more PEBBs are added in each arm, the
computational cost per model evaluation increases significantly
due to the huge number of PEBBs that are modeled, thereby in-
creasing the overall computation cost per model evaluation. This
increase is in addition to the increase in the number of required
model evaluations, leading to another challenge in P-UQ.

On the other hand, and with regards to MF-UQ, when it
comes to large-scale power converters and systems, testing the
complete converter at its rated power could be prohibitively
expensive, or sometimes impossible at the early design stage
due to safety considerations or physical constraints (equipment,
facilities, etc.). Experiments are often carried out using scaled-
down laboratory prototypes to complete the modeling effort. For
instance, to measure the accuracy of the MMC model, MF-UQ
requires conducting a full-power validation experiment on the
hardware prototype of the MMC with the actual number of
PEBBs. Whereas, a hardware prototype with only a limited
number of power modules is usually available at early design
stages to run low-power validation experiments [29]. As aresult,
MEF-UQ at the full-rated power lacks experimental results.

Therefore, for UQ analysis of large-scale power converters
and systems such as MMCs, a simplified testbed is required.
In Section V, first, a study for developing a simplified testbed
for conducting both P-UQ and MF-UQ is conducted and
a simplified testbed for model validation of the PEBB in
the design of an MMC is derived. This simplified testbed
enables validating certain aspects of the design with less
computational cost and hardware prototyping. Second, the
minimum required margin for the selected design variables is
calculated based on multiple low-power validation experiments
using a regression-based UQ analysis.

V. SIMPLIFIED TESTBED FOR MODEL VALIDATION

The goal set forth was to improve the existing modeling
practice used in the design of an MMC by means of P&MF-
UQ. Due to several challenges of validating an MMC model
that could be used in the design of this converter, this section
investigates the possibility of validating a PEBB model instead.
This would be done so that the corresponding model, with the
gained confidence in its simulation results, could be used in the
design of the full-fledged MMC.

To develop a simplified testbed for the model validation
process in the design of an MMC, the relationship between
total uncertainty associated with the SRQs of interest, and the
number of PEBBs per arm, needs to be investigated. To this
end, the effects of adding more PEBBs per arm on the PU and
MFU associated with SRQs are studied separately. It should be
noted that the models used in this article are verified using the
verification approach discussed in [18].

In this article, high switching frequency high power SiC-based
PEBBs are used which has shown to be a promising replacement
of conventional SiIGBT-based PEBBs for implementing MMCs
in medium voltage applications [14], [31]. This is mainly due
to the recent advancements in the development of SiC MOSFET
with low switching losses and high switching speed that enable
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TABLE I
PEBB SPECIFICATIONS

Parameter Nominal Value
DC-bus rated voltage 1000 V
DC-bus voltage ripple 150 vV
Terminal rms current 5.7A
Maximum switching Frequency 100 kHz

TABLE I
UNCERTAIN MODEL INPUT PARAMETERS AND THEIR SPECIFICATION

Parameter Nominal Tolerance (%)
Value
DC capacitance 210 uF 20
DC capacitor ESR 1.2 mQ 15
Arm inductance 1 mH 25
Arm inductor ESR 25 mQ 20
AC inductance 1.5mH 25
AC inductor ESR 40 mQ 20

high switching frequency operation, which improves the overall
power density of the PEBB [13]. This would, however, raise
concerns regarding safe the operation of the device. To this end,
both the peak dc-bus voltage and the peak arm current of the
PEBB are selected as SRQs given that they are two of the main
design variables in determining the voltage and current stress
of the SiC devices in question. Tables I and II summarize the
specifications and circuit parameters of the PEBB under study.

A. Parametric Uncertainty

In this section, the PU of the selected SRQs of MMC is
estimated for three cases where the number of PEBBs per arm
increases incrementally. The modulation implementation and
control system are those presented in Section II. All the model
input parameters that are subject to variability are identified as
the uncertain input parameters. These uncertainties are mainly
due to manufacturing tolerance and natural material variability.
A mathematical structure is then assigned to each of these
uncertain parameters based on the type of uncertainty. In this
case, the uncertain parameters are characterized by a normal
distribution with a specific mean and standard deviation which is
equal to the nominal value and one-third of the tolerance of each
uncertain input parameter, respectively. Table II summarizes the
circuit parameters for the Monte-Carlo simulations.

Prior to P-UQ, as mentioned in Section III, the SA is first
performed to determine the parameter prioritization based on
their contribution to the final SRQ (model output). In com-
plicated systems, such as the MMC, which can be presented
in a hierarchical structure, the SA could also be carried out at
different levels, including sub-module (PEBB) and system level.
Since the operating principles in all three phases are identical
and independent from each other, analyses are performed on
one phase, and similar results are expected from the two other
phases. Table III summarizes the sensitivity indices of the peak
dc-bus voltage and peak arm current of a PEBB in an MMC with
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TABLE III
SUMMARY OF SA RESULTS FOR PEAK DC-BUS VOLTAGE AND PEAK ARM
CURRENT OF PEBB1 IN THE MMC WITH TWO PEBBs/ARM

Peak dc-bus Peak arm

voltage of c;l]’areBrg 10 f
Parameter PEBB 1 (upper arm)

Si Sri S Sri

PEBB level
Arm inductance, L, 0 0 0 0.16
Arm parasitic resistance, R, 0 0 0 0.10
dc-link capacitance, Cyc 0.99 099 0.83 0.9
dc-link parasitic resistance, Ry, 0 0 0 0.10
MOSFET on resistance, Ry 0 0 0 0.12
Diode forward voltage, Vy 0 0 0 0
Diode on resistance, Ry 0 0 0 0
System level

PEBBI1 Arm inductance, Ly, 0 0 0 0.05
PEBBI dc-link capacitance, Cy; 0.99 099 0.11 0.32
PEBB2 Arm inductance, L» 0 0 0 0.05
PEBB2 dc-link capacitance, Cy.> 0 0 0.11  0.32
PEBB3 Arm inductance, L3 0 0 0 0.05
PEBB3 dc-link capacitance, Cy.; 0 0 0.16 0.35
PEBB4 Arm inductance, Ly 0 0 0 0.05
PEBB4 dc-link capacitance, Cycs 0 0 0.16 035
AC inductance, L. 0 0 0.05 0.15

two PEBBs per arm derived using (14) and (15), where y is the
SRQ of interest and x is the vector of uncertain parameters listed
in Table II; similar results are expected for other PEBBs in the
phase-leg.

According to SA results, the uncertain input parameters are
reduced to those whose tolerances contribute the most to the PU
of the SRQs of interest, namely dc capacitors and arm inductors
in each PEBB, and those that do not have a big effect are fixed at
their nominal values. In addition, as three phases of the MMC are
independent of one another, the PU of the peak dc-bus voltage
and the peak arm current of each PEBB can be estimated by
propagating only the model input uncertainties of the PEBBs in
the same phase. The parameters of the other two phases can be
fixed at their nominal values, resulting in a significant reduction
of the number of uncertain parameters.

As all input uncertainties are classified as aleatory, the method
Latin Hypercube sampling (LHS) is used to sample from the
distributions of the model input parameters to generate a se-
quence of SRQs [32]. Fig. 6 shows the resultant CDF of the
peak dc-bus voltage and the peak arm current of one of the
PEBBs in one MMC phase-leg. It should be noted that due to
the current ripple reduction as a result of having more PEBBs
in each arm, the nominal peak arm current decreases as more
PEBBs are connected in series. The resultant CDF of the peak
arm current for all cases is therefore normalized with respect to
its mean value for each case. As shown in Fig. 6(a), the peak
dc-bus voltage of any PEBB is independent of the number of
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Fig. 6. CDFs of the (a) peak dc-bus voltage, and (b) peak arm current of the

PEBB in MMCs with 1, 2, and 3 PEBBs per arm.

TABLE IV
PHASE-LEG SPECIFICATION OF THE SCALED-DOWN VALIDATION EXPERIMENTS

PU
Parameter
Case 1 Case 2

Number of PEBB(s) per arm 1 2
Load apparent power [VA] 1000 2000
DC link voltage [V] 180 360
Line frequency [Hz] 60 60
AC line current [A] 10 10

series-connected PEBBs in each arm. When there is peak arm
current, however, as shown in Fig. 6(b), the distribution will be
affected as more PEBBs are connected in series.

A two-sigma capability index is finally used to demonstrate
the PU in the peak dc-bus voltage of the PEBB and the peak arm
current. Table IV summarizes the corresponding PU for each of
the cases with a 95% level of confidence. This result unveils an
interesting feature of the MMC; the PU of the peak arm current
will decrease as more PEBBs are added in series to scale up the
voltage for different applications. The PU of the peak dc-bus
voltage of each PEBB, on the other hand, remains the same.

B. Model-Form Uncertainty

As the three phase-legs in an MMC are independent from
each other, the needed validation experiments can be conducted
on a half-bridge type MMC (single-phase converter). Due to
the limited number of PEBBs available, scaled-down validation
experiments are conducted for two cases: a phase-leg with one
PEBB per arm, and a phase-leg with two PEBBs per arm. Fig. 7
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PEBB

PEBB2[_

Fig. 7. Experimental circuit for: (a) Case 1: 1 PEBB/arm and (b) Case 2: 2
PEBBs/arm.
CPES gate driver
Half-bridge
module
P2
Fig. 8. PEBB hardware prototype.

shows the system configuration used for validation experiments.
In the validation experiment setup, for both cases, a second
phase-leg (PEBB 5 and PEBB 6 in Fig. 7) is used for the midpoint
connection.

Fig. 8 depicts one of the six PEBB units built [33], where the
PEBB planar dc-bus structure, film capacitor bank, gate-driver
units with high-EMI immunity, and dual-purpose differential-
and common-mode inductors are observed. Each PEBB has a
power rating of 7.5 kW and a dc-bus voltage rating of 1 kV,
operating at a switching frequency of 100 kHz using 1.7 kV SiC
MOSFET power modules.

The modulation implementation and control system are the
same as those presented in Section II. Tables II and IV summa-
rize the PEBB and phase-leg specifications for the scaled-down
validation experiments. These were carried out under the con-
dition of 180 V-1 kW and 360 V-2 kW for the one and two
PEBBs per arm cases, respectively. Fig. 9(a) and (b) shows the
experimental waveforms of the converter indicating peak dc-bus
voltage and peak arm current that are the SRQs of interest. In
this article, replicated experimental measurements are provided
to consider the uncertainty due to measurement errors. Fig. 10(a)
and (b) shows the CDF generated from these measured SRQs.

As described, the experimental measurements are limited to
a single hardware unit for each of the cases shown in Fig. 7.
Therefore, the empirical CDF in Fig. 10 is not representing the
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Fig. 9. Multiple experimental waveforms of the phase-leg with (a) 1 PEBB
per arm and (b) 2 PEBBs per arm: A PEBB dc-bus voltage of upper arm vy,
an upper arm current i,,, a PEBB dc-bus voltage of lower arm v;, a lower arm
current ¢;, an ac (load) current i,c, and a circulating current 7circ. SRQs of
interest: A peak dc-bus voltage vpx_pus and a peak arm current px_arm-

TABLE V
CALCULATED PARAMETRIC AND MODEL-FORM UNCERTAINTIES (ABSOLUTE
VALUE AND PERCENTAGE) FOR TWO CASE-STUDIES WITH 1 AND 2
PEBBs/ARM (N Is THE NUMBERS OF PEBBs PER ARM)

Uncertainty type PU MFU
N
SRQ 1 2 1 2
Peak dc-bus voltage, v, 84v 84V 939V 940V
> (3.8%)  (3.8%)  (4.3%) (4.3%)
Peak arm current. i 1.6 A 13A 1.25A 1.00 A
> (18.3%)  (15%) (14.3%)  (11.5%)

CDF from simulation results shown in Fig. 6. A proper replica-
tion of the CDF, shown in Fig. 6, requires multiple experimental
units available. Therefore, a single simulation using the mea-
sured value of all parameters of the PEBBs is used to calculate
the MFU. Fig. 10 shows the CDFs from simulation and experi-
ment representing the peak dc-bus voltage of the PEBB (PEBB
1), and the peak arm current (upper arm) for both cases: one
PEBB per arm and two PEBBs per arm. The enclosed region
between each pair of CDFs from simulation and experiment is
then estimated where d* and d~ are calculated separately.
Table V summarizes the estimated MFU associated with
the predictive capability of the model in predicting the PEBB
peak dc-bus voltage and peak arm current as evidenced by the
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validation assessment on the available data for both cases. The
MFU of the peak dc-bus voltage of the PEBB is the same for
both cases. However, the MFU of the peak arm current decreases
when the number of PEBBs in each arm is increased to two.

C. Total Uncertainty and Discussion

The sum of the estimated MFU and PU in the previous
sections, based on the two-sigma capability index, is the total
uncertainty in modeling and simulation of the MMC with a 95%
level of confidence. The total uncertainty is the expected amount
of variation in the system performance from predictions made
from modeling and simulation results.

As shown in Table V, the total uncertainty associated with
the final prediction of the peak dc-bus voltage is independent of
the number of series-connected PEBB in each arm of the MMC.
Therefore, the estimated range for a phase-leg with one PEBB
per arm could be used as the estimated uncertainty for the case
of a three-phase MMC with more PEBBs per arm.

However, when there is peak arm current, the PU and MFU
will be affected as more PEBBs are connected in series. A
regression-based model could be developed to predict the PU
of the MMC with more PEBBs per arm. Besides, the estimated
PU of the peak arm current of a single phase-leg with one PEBB
per arm can be used as the upper bound for the final prediction of
this SRQ in other cases that have more series-connected PEBBs.

Although the estimated MFU is limited to 2PEBBs/arm, the
trends observed in total uncertainty are corroborated through
additional simulation studies and SA as indicated earlier in this
section.

Based on the analysis given in this section, in the design of
MMC, having more PEBBs in each arm does not necessarily
require a greater margin for the selected design variables of
interest. A single phase-leg with one PEBB per arm can be used
in the case of the SRQs in question as a simplified testbed for
model validation in the design of an MMC without introducing
any further uncertainties into the modeling and simulation.
Accordingly, the heuristic safety factors in the design of MMC
can be replaced by the estimated total uncertainty at the full-rated
power for the selected design variables using the simplified
testbed. This may result in further minimizing the design mar-
gins and improvements, while the safe operation of the converter
is ensured via the gained confidence in the predictive proficiency
of MMC simulation models.

VI. REGRESSION-BASED DESIGN MARGIN ESTIMATION

In a design with P&MF-UQ, the minimum required design
margin is determined based on the estimated total uncertainty at
the full-rated power of a power converter or system. Consider
a case where testing the PEBBs developed for the simplified
testbed at their full-rated power is not possible. PU can still be
estimated using MC simulation at the full-power condition using
asimplified testbed. Whereas, estimating the MFU is limited to a
narrow operating range; and the comparison between simulation
and experimental results at full-rated power lacks the required
experimental results. In this case, since the application domain
is outside of the validation domain, an extrapolation procedure
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must be used using a regression model for MFU estimation in
the application domain [34]. As a result, MFU is based directly
on what has been observed in the prediction performance of the
model at low-power validation experiments.

A. Design of Experiments

An essential step in developing a regression model is data
collection where a design of experiments (DOE) can be used.
DOE is a systematic approach for collecting data used in sta-
tistical analysis. The validity of the predictions made outside of
the validation domain depends on the quality of the conducted
DOE; some of the designs are full factorial, fractional factorial,
central composite, one factor, etc. [35].

In this article, full factorial DOE with two factors is ap-
plied to evaluate the interaction effect among factors as well
as their individual main effect on the accuracy of the model.
The first factor is the input dc voltage and the second one
is the load rms current. These two are the primary means
of changing the power level of validation experiments. Each
factor has four levels, where vy, qc = {150, 200, 250, 300} [V]
and i1, yms = {3.4,4.2,5.7, 8.4} [A]; thus, the total number of
sixteen treatment combinations are studied in this section.

The hardware prototype described in Section III is configured
as an MMC with one PEBB per arm. Validation experiments are
conducted on the simplified testbed at a total number of sixteen
different operating points.

B. Model-Form Uncertainty Quantification

In the following, the modeling accuracy needs to be evalu-
ated at sixteen different operating points. Following the same
approach discussed in Section III, at each operating condition,
d* and d~ of the peak dc-bus voltage and peak arm current of
PEBB, respectively, are calculated using the 24 measured data
and the simulation results, as shown in Fig. 11.

C. Model-Form Error Prediction

The calculated MFU needs to be extrapolated to the full-power
condition using a predictive model. The predicted MFU is hence
based directly on what has been observed in the prediction
performance of the model during low-power validation experi-
ments. In this specific example, and due to the lack of hardware
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Fig. 11. CDFs of PEBB 1 (a) peak dc-bus voltage and (b) peak arm current
from simulation and experiment at 300 V dc-bus voltage and 8.4 A rms load
current indicating MFU (d ™, blue-shaded region, and d™, red-shaded region).

replicates, MF error is used for evaluating modeling accuracy.
Therefore, extrapolated MF error at full-power condition will
be later used to generate the final P-box. In the case of multiple
hardware units, however, d* and d~ should be extrapolated
separately and used to generate the final P-box.

In this article, Gaussian process regression is used to develop
a regression-based predictive model. This method is a simple
nonparametric nonlinear regression tool that is widely used
in various application areas; it is an alternative for parametric
regression tools [36]. This method gives a prior probability to
every possible function, where higher probabilities are given
to functions that are considered to be more likely. This prior
distribution is then conditioned on the training dataset, and a pos-
terior distribution is finally derived over all possible functions.
A complete discussion on GP regression tools is provided in [37].
Following the same procedure, a GP regression is developed for
the peak dc-bus voltage and peak arm current using the sixteen
training data points, which yields sixteen estimated MF errors.
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Fig. 12.  Mean of the estimated MF error (blue plane) using GP and its 95%
PI (yellow planes) as a function of load rms current and dc input voltage for
(a) peak dc-bus voltage and (b) peak arm current; red points indicate the training
data points.

Equation (16) denotes the GP regression model specified by
its mean and covariance functions that are m(x) and k(x, x’),
respectively

MFU(x) ~ GP(m(x), k(x,x")) (16)

where x is the vector of operating conditions at which the MFU
needs to be estimated, and x’ is the vector of training dataset that
is the operating conditions at which the MFU data is available.
The covariance function specifies the covariance between pairs
of outputs as a function of the inputs. Among possible options
for the covariance function, a squared exponential covariance
function is selected due to the smooth function behavior that is
expected for the MF error over different operating conditions.
The associated hyper parameters with the covariance function
are then calculated using maximum likelihood [36]. The mean
function is first assumed to be zero; however, this can be later
modified if needed, so it is not a drastic limitation as the mean
of the posterior process is not confined to zero.

Furthermore, in this case, the training dataset is considered to
be noisy due to inevitable measurement errors. As a result, the
error bound would not be zero at the training data points but has
a minimum value. Moving away from the training data points,
the error bound increases. More training data points are thus
required to reduce the error bound associated with the estimated
MF errors. GP finally defines a posterior distribution over all
possible functions conditioned on the training dataset. A 95%
prediction interval (PI) is selected to calculate an error bound
for the predicted MFUs. Fig. 12 shows the mean response of the
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estimated MFU associated with the peak dc-bus voltage and peak
arm current against the dc input voltage and load rms current
using the developed GP model, where the 95% PI for the value
of the area metric at the regulatory conditions is also shown.

The experimental result at a power level beyond the training
dataset, namely 450 V dc-bus voltage and 10 A rms load current,
is also obtained to evaluate the predictive capability of the GP
regression model. At this specific power, the measured MF
error is 4.21% and 1.21% for peak dc-bus voltage and peak
arm current, respectively. The predicted range for MF error of
peak dc-bus voltage and peak arm current using GP is estimated
to be 1.77%—6.57% and —31.23%—-15.02% that encompass
the MF errors from actual measurements and thus verifies the
predictive capability of the regression model. Finally, using the
GP regression model, the MF error at the full-rated power, i.e.,
1000 V dc-bus voltage and 12.8 A rms load current, would be
1.65%—-6.49% and —42.97%-30.05% for peak dc-bus voltage
and peak arm current, respectively.

D. Final Design Margin

To estimate the final design margin, the upper bound from the
PIs at the rated power using GP is used as the estimated MF
error. Fig. 13 shows the prediction distribution, representing
the input uncertainty, with a parallel distribution displaced by
the predicted MF error at the full-power condition. The p-box
represents a reasonable estimate of the combined PU and MFU
associated with the predictive capability of the model as evi-
denced by the validation assessment on the available data at
low-power condition. The interval-valued probability of 95%
is finally used to demonstrate the total uncertainty in the peak
dc-bus voltage and peak arm current. Specifically, the model in
question predicts the peak dc-bus voltage and peak arm current
to be within 1050-1077 V and 17.2-25.1 A, respectively, by
taking into consideration the uncertainties of system parameters,
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model form, and measurements, at two sigma capability index,
evincing the inherent potential of using this predicted range as
a design margin without requiring heuristic safety factors.

VII. CONCLUSION

In this article, modeling and design with P&KMF-UQ were
used to improve the existing modeling practice and to validate
the model used in the design of an MMC. To this end, the main
limitations in applying UQ-based design techniques to such
large-scale power converters and systems were first discussed.
The effect of increasing the number of PEBBs in each arm on
the estimated total uncertainty, the predictive capability of the
MMC simulation models, and thus the trustworthiness of the
design concerning two main design variables, the peak dc-bus
voltage and peak arm current of the PEBB, was then investigated.
The result revealed an interesting feature of MMCs: although
the potential sources of uncertainty increase by adding more
PEBBs in each arm, the total uncertainty associated with the
final prediction of the selected design parameters remains the
same or decreases, depending on the model output. Accordingly,
a simplified testbed for UQ analysis and model validation of the
PEBB in the design of an MMC was developed. This simplified
testbed enabled validating certain aspects of the MMC design
with less computational cost and hardware prototyping. Specifi-
cally, it was used to conduct MC simulation to estimate PU, and
it was also used to conduct scaled-down validation experiments
to quantify the MFU at multiple low power conditions. These
results were used to build a Gaussian Process regression model
and ultimately predict the minimum required design margin at
the rated power, with which it was shown how the converter
behavior can be predicted with a predefined level of confidence
and its design further improved.
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