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Summary

This document contains a description of the InnoDC project De-
liverable 1.4. It develops toolboxes to model SiC MOSFETs for power
electronics converters and to model and calculate the optimal current
references of the modular multilevel converter under normal and con-
straint scenarios.
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1 Introduction

1.1 Modular Multilevel Converter

Modular multilevel converters have become the preferred choice for modern
High Voltage DC (HVDC) transmission systems [1, 2, 3]. Compared to classic
two-level Voltage Source Converters (VSC), MMCs present easier scalability
to higher voltages, improved efficiency due to lower switching frequencies and
higher output voltage quality [4, 5, 6]. MMCs also have additional degrees of
freedom that can be used for an improved converter performance [7], specially
during AC and DC network imbalances.

The three-phase MMC (see Fig. 1) is a VSC consisting of three legs, one
per phase, in which each leg has two stacks of Narm sub-modules, known as
the upper and lower arms. The sub-modules can vary from simple topologies
such as the half-bridge or full-bridge to complex ones, based on the appli-
cation requirements [8]. The main quantities for each phase, considering
k ∈ (a, b, c), are the AC grid voltages ukg , the upper and lower arms voltages
uku and ukl , the upper and lower DC grid voltages UDC

u and UDC
l , the upper

and lower arm currents iku and ikl and the AC grid current iks . Ra and La are
the arm equivalent resistance and inductance and finally, Rs and Ls are the
phase reactor equivalent resistance and inductance.

In order to adequately exploit the converter’s degrees of freedom, the
important complexity of the MMC requires models to provide full compre-
hension of its working principles and the distinct roles of its inner quantities.
Relevant previous works on the MMC analysis have been done for both nor-
mal and fault scenarios. For normal operation, distinct studies have been
performed to analyze the MMC steady-state and dynamic behavior to de-
sign the passive elements of the converter [9, 10, 11]. For unbalanced AC
faults, different analysis have also been developed. In [12], the steady-state
model of the MMC is derived in the synchronous dq0 frame considering pos-
itive and negative sequence components, focusing on the AC side quantities.
An alternative analysis method is to derive the steady-state equations in
the abc additive x

∑
and differential x∆ frame [13, 14, 15, 16], which gives

additional appreciation on the converter analysis. In [13], a model of the
MMC in the abc frame is proposed for unbalanced grid conditions in order
to suppress the injection of AC current components into the DC side of the
converter. However, the characteristics of the AC network during the fault
are based only on the positive sequence. To provide insights about the inter-
actions between the positive and negative sequence components of the AC
grid, [14] and [15] used both components during the model derivation. Also,
in [16], an optimization algorithm based on Lagrange multipliers is proposed
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Figure 1: Complete model of the MMC converter.

to calculate the MMC circulating current considering the positive, negative
and zero sequence components of the AC side of the converter.

The aforementioned models, although accurately represent the MMC con-
verter, might not be straightforwardly usable in an optimization environment
where constraints in the natural abc frame should be imposed to individual
arm quantities. A natural abc per arm modelling approach provides a direct
identification of the quantities of the converter. Based on this approach,
references [17, 18] proposed a steady-state analysis of the MMC focusing on
the AC arm quantities, while considering per phase model of the DC ones,
without analyzing DC unbalances.

In terms of converter operation, during unbalanced faults the MMC con-
trol should be able to prioritize the AC current components (active or reac-
tive) to be injected into the network to meet the requirements imposed by
the grid codes. For instance, reference [19] prioritizes the active current com-
ponents, whereas [20, 21] main concern is the injection of reactive current
to provide voltage support during the fault. In addition, these conditions
should be met without violating any of the voltage and current limitations
of the converter.
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Therefore, an optimization algorithm to calculate the converter refer-
ences, using a complete per arm MMC model running on the natural abc
reference frame, able to meet the grid operator specifications while consid-
ering the constraints of the MMC (arm currents, voltages and sub-module
voltages) for any grid AC and DC voltage condition is formulated. Next, the
characteristics of the optimal methodology are:

• Development of a natural abc reference frame steady-state model in-
cluding all the MMC degrees of freedom.

• Formulation of an optimization-based reference calculation problem us-
ing the steady-state developed model, to guarantee an optimal MMC
operation under any network voltage conditions and grid operator re-
quirements, considering the converter limitations.

The suggested reference calculation optimization problem ensures that:

• The AC currents are as close as possible to the grid code requirements,
without exceeding the MMC limits.

• The internal currents of the converter are limited per arm simultane-
ously considering both AC and DC components.

• Converter applied voltages do not exceed the limitations of the MMC
arms.

• Sub-modules voltages do not exceed their voltage limitation. This con-
straint is imposed using an equivalent arm capacitor modelling which
includes the corresponding voltage fluctuation (assuming that an ade-
quate sorting algorithm is implemented).

• The degrees of freedom of the MMC are fully exploited by the opti-
mization to be as close as possible to the operator requirements.

• Any AC grid operator requirement can be fulfilled, prioritizing either
active or reactive current component. In this paper, the reactive AC
current is prioritized in order to provide voltage support to the faulted
network.

• It can be used for different MMC sub-module configurations (half-
bridge, full-bridge, hybrid), as long as the MMC limits are adapted
according to each equivalent arm voltage condition.

5



1.2 DC transformer switches modelling

Semiconductor switches are the key component to build power electronic con-
verters such as MMC and DC transformers. Si IGBTs have been widely used
in various applications. Comparing to Si IGBTs, Silicon carbide (SiC) MOS-
FETs have the advantages such as low on-resistance, fast switching speed and
high junction temperature capability [22], which allows the power electronics
converters to achieve higher power density. However, high speed operation
of SiC devices brings to more serious eletromagnetic interface (EMI) issues
due to the higher dv/dt and di/dt during the switching transient [23]. More-
over, the efficiency and power density of the converters highly depend on
the switching losses during the switching transient. Therefore, an accurate
model for SiC MOSFETs is needed to simulate the switching transient [24].
Different models have been presented in the literature [23, 24, 25]. However,
the parameter extraction of these models are either too complicated or not
well-established. Therefore, a spice model of SiC half-bridge modules and its
step-by-step modelling method are given. The drain-to-source current, anti-
parallel Schottky diode and parasitic capacitance are accurately modelled.
The temperature dependency is considered. The step-by-step parameter ex-
traction method based on datasheet is introduced. This modelling method
can be easily adopted to different SiC MOSFETs or power modules.

2 Spice model and parameter extraction method

of SiC MOSFET half bridge module

2.1 Spice model of SiC MOSFET half bridge module

The model is built based on the datasheet of 1200-V 120-A SiC half-bridge
power module CAS120M12BM2 from Wolfspeed. As shown in Fig. 2, the
half-bridge module consists of SiC MOSFETs and anti-parallel SiC Schottky
diodes. Fig. 2c shows the subcircuit model of the SiC MOSFET with the
anti-parallel diode. It can be seen from Fig. 2c that the model consists of
three major parts: drain-to-source current model, diode model and capacitor
models. The three parts are modelled respectively.

2.2 Drain-to-source current

In Fig. 2c, a voltage-controlled current source IDS and a series resistor RD1

are used to model the drain-to-source current of the SiC MOSFET. The
model is based on the standard MOSFET level 1 SPICE model [26]:
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Figure 2: Package, schematic and equivalent circuit of 1200-V SiC Half-
Bridge Module CAS120M12BM2: (a) Package, (b) Schematic, and (c) Sub-
circuit model of the SiC MOSFET with the anti-parallel diode in the module.

IDS = 0, if VDS < 0 orVGS < VGS,th (1)

IDS = β

(
VGS − VGS,th −

Vch
2

)
Vch (1 + λVch) , if 0 < VDS < VGS − VGS,th

(2)

IDS = β

(
VGS − VGS,th

)2

2
(1 + λVch) , if VDS > VGS − VGS,th (3)

β = β0 + V C (VGS − 10) (4)

Vch = VDS −RD1IDS (5)

VGS and VDS are the gate-to-source and the drain-to-source voltages re-
spectively. β0, V C, VGS,th, RD1 and λ are the parameters that need to be
extracted. The transfer characteristics and output characteristics are used to
extract the parameters. The Matlab curve fitting toolbox is used. The pa-
rameter extraction procedure is shown in Fig. 3. The extracted parameters
are shown in Table 1.

Table 1: Parameters of IDS at 25 ◦C

β0 V C VGS,th (V) RD1(mΩ) λ
4.886 0.2818 3.992 6.001 0.043
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Figure 3: Parameter extraction procedure of IDS.

Table 2: Parameters of diode model

IS (A) RD2(mΩ)
1.925e-14 4.66

To consider the temperature characteristics, the parameters are extracted
at different temperatures according to the datasheet. β0, V C, VGS,th and RD1

are modelled as functions of temperature. The temperature dependency of
the parameters are shown in Fig. 4. The temperature dependency functions
can be obtained as:

β0 = 0.0237T + 4.2227

VGS,th = −0.006T + 4.1416

V C = −0.0039T + 0.3816

RD1 = 0.0002T 2 + 0.0214T + 5.3409

(6)
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Figure 4: Temperature dependency of model parameters.
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The curve fitting results of output characteristics at different tempera-
tures comparing to datasheet are shown in Fig. 5.
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Figure 5: Output characteristics at different temperatures.

2.3 Anti-parallel Schottky diode

The diode model is shown as follows:

ID = IS

(
exp

(
qVD
kT

)
− 1

)
(7)

VD = VSD −RD2ID (8)

The parameters of the diode model are extracted based on the diode
characteristics in the datasheet according to [24]. The extracted parameters
are shown in Table 2. The curve fitting results comparing to datasheet are
shown in Fig. 6a.
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Figure 6: Characteristics comparison between the model and the datasheet.
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2.4 Parasitic capacitance

CGS, CGD and CDS can be calculated by Ciss,Coss and Crss from the datasheet
according to (9). CGS is modelled as a constant capacitor. CDS and CGD
are modelled as variable capacitors as shown in (10) [24] and (11) [27]. The
model parameters are extracted using Matlab curve fitting toolbox and the
results are shown in Table (3). The equation of CGD is very complicated and
the parameters need to be extracted step by step. The curve fitting results
comparing to datasheet are shown in Fig. 6b.

Table 3: Parameters of capacitance model

CGS(pF) CDS0(pF) Vbi (V) MCDS CGD0(pF) VT (V) k1 k2 MCGD

6319 15500 1.622 0.478 2646 13.52 40.51 0.3815 0.4295

CGD = Crss, CGS = Ciss − Crss, CDS = Coss − Crss (9)

CDS = CDS0

(
Vbi

VDS + Vbi

)MCDS

(10)

CGD =
CGD0(

1 + VDG

(
1 + k1

1+tanh(k2(VDG−VT ))
2

))MCGD
(11)

2.5 Toolbox to model SiC MOSFETs

Based on the aforementioned model and parameter extraction method, the
model parameters, equations, required data inputs and modelling steps can
be summarised as:

• 25 model parameters:

– 5 parameters for drain-to-source current model: β0, V C, VGS,th, RD1, λ

– 9 parameters for temperature characteristics

– 2 parameters for diode model

– 9 parameters for parasitic capacitance model

• 16 equations divided in:

– 5 equations for Drain-to-source current model: (1), (2), (3), (4),
(5)
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– 4 equations for temperature characteristics: (6)

– 2 equations for diode model: (7), (8)

– 5 equations for parasitic capacitance: (9), (10),(11)

The SiC MOSFET model will require the following data inputs to extract
the parameters:

• transfer characteristics under different temperature

• output characteristics under different temperature

• Rds(on)

• diode characteristics

• capacitance characteristics

The curve fitting toolbox is used to extract the parameters of the model
using the data from datasheet. The procedure of parameter extraction is
described as:

1. Curve fitting of transfer characteristics and output characteristics to
obtain the drain-to-source current model under different temperatures.

2. Curve fitting of temperature parameters to obtain the temperature
characteristics.

3. Curve fitting of the diode characteristics to obtain the diode model.

4. Curve fitting of the capacitance characteristics to obtain the parasitic
capacitance model.

This modelling procedure can be adopted as a toolbox in order to ob-
tain a model for various SiC MOSFETs and power modules. The model
can be further used for simulation, analysis and design of power electronics
converters such as DC/DC converters.

3 Steady-state modelling and analysis of the

MMC

In this section, the steady-state equations of the MMC are derived consider-
ing that it is connected to generic AC and DC networks, which can be either
in balanced or unbalanced conditions. The MMC arm quantities contain
both AC and DC components. Applying the superposition principle [28], the
DC and AC systems can be decoupled and studied separately.
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3.1 AC network currents

For steady-state analysis purposes, the phasorial notation Xk = Xk
r + jXk

i =
Xk θk will be adopted, with x(t) = Xk<(ej(ωt+θ

k)) and k ∈ (a, b, c). The
model assumes that the per phase active IkP and reactive IkQ currents set-
points are values imposed by the grid operator. Based on the per phase
active and reactive currents, the grid currents can be calculated as[

Iksr
Iksi

]
=

[
cos(θk) − sin(θk)
sin(θk) cos(θk)

]
·

[
IkP
IkQ

]
(12a)

Iks = Iksr + jIksi (12b)

where Iksr and Iksi are the real and imaginary parts of the per-phase AC grid
currents. Whereas, θk are the phase-angles of the AC grid voltages.

3.2 AC MMC circuit analysis

Fig. 7 shows the AC circuit which can be derived from Fig. 1, short-circuiting
the DC voltage sources and considering the AC component of the arm applied
voltages.

+

+

+

+ + +

+ + +

Figure 7: AC model of the MMC.

Applying the Kirchhoff Current Law (KCL) in the middle point of the
MMC arms and involving the currents calculated in (12), the relation between
the arm currents is obtained as
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Iks = Iku − Ikl (13)

To prevent the circulation of AC current through the DC network, no AC
zero sequence arms’ current component must be flowing through the MMC.
This restriction can be met by imposing that the sum of the upper arms’ AC
currents is equal to zero, as

Iau + Ibu + Icu = 0 (14)

Note that, no additional equation is required to eliminate the zero se-
quence current component from the lower arms, as it can be directly obtained
by combining (13), (14) while assuming no zero sequence in the grid currents
(three-wire connection).

The AC voltage equations for the MMC arms (see Fig. 2) can be obtained
through Kirchhoff Voltage Law (KVL) assuming that the per phase voltages
Uk
g are given quantities, as

U0n = Uk
g + Zs(I

k
u − Ikl ) + ZaI

k
u + Uk

u (15)

U0n = Uk
g + Zs(I

k
u − Ikl )− ZaI

k
l − Uk

l (16)

where, U0n is the voltage between the 0 DC reference node and the neutral
n of the AC three-phase system.

The last equation to be included in the AC analysis is the power difference
between the arms, which is required to conduct a first steady-state analysis.
In this case, it can be assumed that the upper and lower arms exchange the
same amount of active and reactive power, as

P k
u − P k

l = 0→ Uk
urI

k
ur + Uk

ui
Ikui = Uk

lrI
k
lr + Uk

li
Ikli (17)

Qk
u −Qk

l = 0→ Uk
urI

k
ui
− Uk

ui
Ikur = Uk

lrI
k
li
− Uk

li
Iklr (18)

Later, (17) and (18) will not be part of the optimization, as they will be
considered a degree of freedom of the converter, as discussed in Section 5.

3.3 DC MMC circuit analysis

For the DC part of the MMC, an analogous analysis to the AC circuit is
developed. The DC model is shown in Fig. 8, where only DC voltages are
applied to the system, short-circuiting the AC sources and inductances.
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Figure 8: DC model of the MMC.

In order to avoid the circulation of DC components into the AC network,
IkDCs is regulated to be equal to zero. Therefore, IkDCu = IkDCl = IkDC , with
k ∈ (a, b, c). The voltage equations can be written as follows

UDC
u + UDC

l = UkDC
u + UkDC

l + 2RaI
kDC (19)

Also, the total DC current of the system IDCtot can be obtained as

IDCtot = IaDC + IbDC + IcDC (20)

3.4 Steady-state AC/DC power balance equations

In steady-state conditions, the AC and DC active power exchanged in each
of the arms (voltage sources) should be equal, if the semi-conductor losses
are neglected. Obviously, this is not feasible with instantaneous values (as
the arm single-phase AC power is non-constant). However, it is possible to
impose an equality between the AC average power (calculated in the phasor
domain) and the DC power. If this condition is not achieved, the energy
in the arm cells would either charge or discharge the equivalent arm capac-
itors (increasing/decreasing the stored energy) and therefore, steady-state
conditions would not hold. This constraint can be mathematically expressed

P kAC
u,l = P kDC

u,l → Uk
u,lrI

k
u,lr + Uk

u,li
Iku,li = UkDC

u,l IkDC (21)

3.5 Equivalent arm capacitor voltage fluctuation

Next, an estimation of the equivalent arm capacitor (see Fig. 1) voltage rip-
ple is performed in order to verify that the sub-module capacitor voltages do
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not exceed their design limitations. The energy stored in each arm of the
converter is directly dependant on the power flowing through the MMC. Un-
der balanced AC network conditions, the average energy stored in each arm
is equal, also showing similar ripple profiles per arm (phase-shift difference).
However, during unbalanced scenarios, the MMC arms may present high
energy deviations, leading to variations of the energy stored within them,
which might eventually exceed the design limitations. Consequently, the en-
ergy stored in each arm, therefore in each submodule (assuming an adequate
sorting algorithm), must be kept within a certain range to ensure a proper
operation of the MMC.

To mathematically represent the equivalent arm voltage fluctuation, the
Arm Averaged Model (AAM) [29] is used (see Fig. 1). This model rep-
resents each arm as an equivalent capacitor that is charged/discharged de-
pending on the power exchanged by each arm, which is reflected as a charg-
ing/discharging current. This way, the entire arm can be represented as an
equivalent capacitor. Based on the AAM equivalent arm model, a mathe-
matical procedure to derive a generalized estimation for the maximum and
minimum voltage ripple for the equivalent arm capacitor is presented.

3.5.1 Instantaneous MMC arm power

To calculate the equivalent arm capacitor voltage ripple, firstly, the instan-
taneous power for the upper and lower arms of the MMC should be obtained
as

pku,l(t) = uku,l(t)i
k
u,l(t) =

(
UkDC
u,l + Ûk

u,l cos(ωt+ ψku,l)
)

(
IkDCu,l + Îku,l cos(ωt+ δku)

)
(22)

where IkDCu,l are the upper and lower DC currents flowing through the MMC

arms, δku,l and ψku,l are the upper and lower arms’ currents and voltages phase-
angles, respectively. It can be noted that the power will have components at
zero, ω and 2ω pulsations. The sum of the constant zero frequency power
of the AC and DC sources must be zero in steady-state conditions, to avoid
energy deviation in the arm. Therefore, the upper and lower arms’ powers
[30] can be reduced to

pku,l(t) = UkDC
u,l Îku,l cos(ωt+ δku,l)+ (23)

+ IkDCu,l Ûk
u,l cos(ωt+ ψku,l) +

Ûk
u,lÎ

k
u,l

2
cos(2ωt+ δku,l + ψku,l)
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3.5.2 Arms maximum energy and voltage calculation

The capacitor voltage presents a profile that is related to its energy. One way
to find the maximum and minimum values of the equivalent arm capacitor
voltage is to obtain the peak values of the arm energy. The equation for the
instantaneous energy flowing through the MMC arms can be expressed as
(integrating (23) over time)

Ek
u,l(t) =

UkDC
u,l Îku,l
ω

sin(ωt+ δku,l)+ (24)

+
IkDCu,l Ûk

u,l

ω
sin(ωt+ ψku,l) +

Ûk
u,lÎ

k
u,l

4ω
sin(2ωt+ δku,l + ψku,l)

Based on the analysis conducted in [30], the maximum energy fluctuation
for the MMC upper and lower arms EkAC

u,lmax
can be obtained as given in (25).

EkAC
u,lmax ≈

√√√√[UkDC
u,l Îku,l
ω

cos(δku,l) +
IkDCu,l Ûk

u,l

ω
cos(ψku,l)

]2

+

[
UkDC
u,l Îku,l
ω

sin(δku,l) +
IkDCu,l Ûk

l

ω
sin(ψku,l)

]2

+

∣∣∣∣∣ Ûk
u,lÎ

k
u,l

4ω

∣∣∣∣∣
(25)

Considering steady-state conditions, the MMC equivalent arms’ capaci-
tors are storing the nominal DC energy, obtained as

Ek
u,lref

=
CSM

2
Nk
u,larmU

2
SM (26)

where USM is average sub-module nominal voltage, CSM is the sub-module
capacitance and Nk

u,larm
is the number of sub-modules available in the arm.

Therefore, the maximum and minimum values for the upper and lower arms
energy can be obtained adding (25) and (26), described as

Ek
u,lmax,min

= Ek
u,lref︸ ︷︷ ︸

DC term (26)

± EkAC
u,lmax︸ ︷︷ ︸

peak of the AC part (25)

(27)

Based on the maximum and minimum energy levels Ek
u,lmax,min

, the admis-
sible voltage magnitudes of the equivalent arms’ capacitors can be expressed
as

UkCu,lmax,min
=

√
2Eku,lmax,min

Nk
u,larm

CSM
(28)

3.5.3 Complete model

The full non-linear steady-state model for the MMC, with k ∈ (a, b, c), can
be summarized as,
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• 72 quantities given as:

– 13 complex AC quantities: Uk
u,l, U0n, Iku,l

– 46 DC quantities: UkDC
u,l , IkDC , IDCtot , EkAC

u,lmax
, Ek

u,lref
Ek
u,lmax,min

,

Uk
Cu,lmax,min

• 72 equations divided as:

– 10 complex linear AC equations: (13) to (16)

– 4 linear DC real equations: (19), (20)

– 48 non-linear real equations: (17), (18), (21), (25-28)

The model will require the following inputs

• AC and DC system voltages: Uk
g , U

DC
u,l .

• AC network current Iks obtained using (12), based on IkP and IkQ.

• Sub-module characteristics: USM , CSM , Nk
u,larm

.

This model can be employed to calculate the steady-state quantities of
the MMC for any grid voltage condition. In addition, it will be adapted in
Section 5 to be used as an optimization-based toolbox reference calculation.
It will also be utilized to calculate the pre-faults values of the system, to
be added as initial conditions for the optimization algorithm to increase the
speed of conversion.

4 Grid support requirements

This section details the calculation of the AC side currents dictated by the
operators’ grid codes. During an AC grid voltage fault, the MMC must be
able to inject or absorb reactive or active currents from the AC grid in order to
provide voltage or frequency support, respectively. According to the Spanish
grid code [21] (taken as example), the HVDC system must prioritize voltage
support. Therefore, the magnitude of the reactive current to be injected
∆Ir(in pu basis) into the grid, in an AC grid voltage sag occurance, varies
according to AC system RMS voltage levels as follows

1. Umin1 6 Uk
g 6 Umax1 → ∆Ikr = 0

2. Umin2 6 Uk
g < Umin1 → ∆Ikr =

∆Irmax(Umin1 − Uk
g )

Umin1 − Umin2
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3. Uk
g < Umin2 → ∆Ikr = ∆Irmax

Under a balanced fault, the injection of reactive currents presents a sym-
metrical profile. However, in an unbalanced AC voltage sag condition, the
three-phase system may have different voltage levels in each of its phases
[31].

Previous versions of the grid code imposed that the voltage support must
be based only on the positive sequence component of the faulted AC grid
voltage. However, this methodology is unable to provide full voltage support
to the faulted grid. By disregarding the others voltage sequence components,
healthy phases might receive unnecessary voltage support leading to over-
voltages in the system. The opposite scenario may also happen, where the
faulted phases might require full voltage support but, the value of the reactive
current calculated based only on the positive sequence voltage component is
insufficient.

On the other hand, by considering all the three symmetrical (positive,
negative and zero) AC voltages components, the phases would receive the
exact amount of reactive and active power in accordance to the grid code.
Nonetheless, such a strategy may be infeasible since the AC system consists
of three-wires and this strategy might try to impose a zero sequence current
component into the AC network.

Therefore, an optimization strategy is suggested to adjust each individual
phase current to be as close as possible to the grid code (active and specially
reactive) power support requests, without violating the converter constraints
and limits. Firstly, the pre-fault active and reactive AC grid current compo-
nents are obtained as[

IkPpre

IkQpre

]
=

[
cos(θkpre) sin(θkpre)
− sin(θkpre) cos(θkpre)

]
·

[
Iksprer
Iksprei

]
(29)

where θkpre and Ikspre are the phase-angle of the AC grid voltages and the
AC grid currents during pre-fault conditions (obtained using (12)), respec-
tively. The support current to fulfill the grid code requirements is calculated
adding the additional required reactive current to the pre-fault reactive cur-
rent component, as Iksup = ∆Ikr + IkQpre

. This magnitude is expressed as a
phasor, which has to be properly placed in relation to the faulted AC grid
voltages to allow voltage support, as (considering k ∈ (a, b, c))

Iksup = Iksup(cos(θkF + 90o) + j sin(θkF + 90o)) (30)

where θkF is the phase-angle of the AC grid voltages during the fault. How-
ever, if such current is small than the AC grid current limitations IACmax,
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|Iksup| < IACmax, the grid code demands the MMC to also inject active current

components IkP , which must have the same phase-angles as the faulted AC
grid voltages, until the AC grid currents achieve nominal levels. This active
current component can be described as

IkP = IkP (cos(θkF ) + j sin(θkF )) (31)

where IkP is the magnitude of the AC active current, which is equal to the
pre-fault active current component IkPpre

. As an example, for a type C fault
[31], the voltages and current vectors are depicted in Fig. 9. For an easier
understanding of the phasors, a pre-fault state with IkQpre

= 0 has been
chosen.

Figure 9: Reactive current injection according to the utility grid voltage.

Although the addition of IkPpre
may result in AC grid currents that are

higher than the nominal levels or even exceeding the system limitations, the
optimization problem is formulated to avoid those issues. To do so, the
active IkP and reactive IkQ components have to be adjusted to calculate AC

grid current references Iksref that do not exceed the design limitations. This

can be achieved by adding to (29) the coefficients (αk and βk), which are
used to adapt the amount of active and reactive currents to be injected per
phase in case of reaching a limitation. Then, Iksref can be calculated as[

Iksrefr
Iksrefi

]
=

[
cos(θkF ) − sin(θkF )
sin(θkF ) cos(θkF )

]
·

[
αk · IkP
βk · IkQ

]
(32)

As mentioned above, the coefficients αk and βk can affect the active and
reactive currents levels, respectively. Under normal operations, both pa-
rameters present their maximum level being equal to 1, which would not
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constraint either the active or the reactive powers. However, depending on
the AC grid voltage conditions, these values should be modified to remove
both the zero sequence current component of the unbalanced references and
to meet the MMC limitations. Clearly, the selection of the six coefficients
αk and βk is not a simple task as changing any of the coefficients will im-
portantly affect the response of the converter towards the network. Thus,
the reference calculation problem will be part of an optimization problem,
which will ensure that the current references are as close as possible in terms
of active and reactive powers to the grid code demands (enabling also ac-
tive/reactive power prioritization). This strategy is named Optimal Strategy
and the optimization problem used to calculate it is detailed in the next
section.

5 Optimal reference calculation

In this section, an optimization algorithm is proposed to calculate the con-
verter arm quantities in order to provide adequate grid support during bal-
anced and unbalanced voltage conditions while ensuring that the converter
operation is kept within its design and operating limits.

5.1 Optimization problem

The multi-objective function is defined in (33), where each term of the ex-
pression is multiplied by a weighting factor λx that is used to prioritize among
converter arm inductance losses λ1, active power λ2 and reactive power λ3.
In this paper, λ3 � λ2 � λ1 so that the reactive current is prioritized over
the active current and the power losses (pushing βk as close as possible to
1), respectively.

minimize W
(
αk, βk, Iku,l, I

kDC
u,l , IDCtot , I

k
sref

, Uk
u,l, U

kDC
u,l , U0n, E

k
u,lref

EkAC
u,lmax

, Ek
u,lmax,min

, Uk
Cu,lmax,min

)
=

λ1

Ra

(
c∑

k=a

Iku
2

+ Ikl
2

)
+Ra

(
c∑

k=a

IkDCu
2

+ IkDCl
2

)− λ2

(
c∑

k=a

αk

)
− λ3

(
c∑

k=a

βk

)
(33)

To ensure that all the technical constraints are fulfilled, the optimization
problem is subjected to several linear and non-linear constraints. These
mathematical restrictions are based on the equations of the steady-state
model presented in Section 3. Specifically, (14), (15) and (16), together
with the following linear constraints are part of the optimization problem,
considering k ∈ (a, b, c)
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Iasref + Ibsref + Icsref = 0 (34a)

Iksref = Iku − Ikl (34b)

UDCu,l = UkDCu,l +RaI
kDC
u,l (34c)

IkDCsref
= IkDCu − IkDCl (34d)

IDCtot = IaDCu + IbDCu + IcDCu (34e)

Equation (34a) imposes that the AC current references have no zero se-
quence component, while (34b) describes the relation between the MMC AC
currents. Equations (34c) and (34d) are included to guarantee that no DC
current flows through the AC side of the converter. Finally, (34e) relates
the MMC inner DC currents with the total DC one. For the non-linear con-
straints, (32) is needed along with the AC/DC arm power balance equations

P kAC
u,l = P kDC

u,l → Uk
u,lrI

k
u,lr + Uk

u,li
Iku,li = UkDC

u,l IkDCu,l (35)

In addition to the expressions shown above, the energy equations for
the upper and lower capacitor arms (25)-(27) are also required, since they
are used to calculate the equivalent arms’ capacitor voltages. Lastly, the
converter limitations are imposed by the following inequalities

Iksref 6 IACmax, Iku,l + IkDCu,l 6 Iarmmax (36a)

Uk
Cu,lmax

6 UCmax (36b)

0 6 UkDC
u,l +

√
2Uk

u,l 6 Uk
Cu,lmin

(36c)

0 6 αk 6 1, 0 6 βk 6 1 (36d)
where IACmax is the maximum current that can be injected into the AC grid,
Iarmmax is the maximum current which can circulate through the MMC arms,
and UCmax is the peak value that the equivalent arms’ capacitors voltage can
achieve, that can be directly related to each sub-module voltage. Equations
(36a) to (36c) are used to assure that the MMC quantities are maintained
within the design limitations. If full-bridge sub-modules were considered,
the left value of (36c) should be replaced from 0 to −Uk

Cu,lmin
. Finally, the

weights αk and βk are limited as shown in (36d). The optimization will try
to maximize these weights (max. equal to 1), consequently being as close as
possible to the desired current references imposed by the grid code, respecting
the system constraints.
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5.2 Toolbox to calculate the optimal MMC quantities

Based on the optimization algorithm derived in the previous section, the
system inputs, as well as, the MMC quantities, equations and limitations
can be summarized as:

• 90 MMC quantities:

– 16 AC quantities: Uk
u,l, U0n, I

k
u,l, I

k
sref

– 58 DC quantities: UkDC
u,l , IkDCu,l , IkDCsref

, IDCtot , α
k, βk,

EkAC
u,lmax

, Ek
u,lref

, Ek
u,lmax,min

, Uk
Cu,lmax,min

• 80 equations divided in:

– 11 complex linear AC equations: (14), (15), (16), (34a), (34b)

– 10 linear DC equations: (34c-34e)

– 48 non-linear equations: (25-28), (32), (35)

• 39 inequalities: (36a-36d)

The optimal model will require the following inputs:

• AC and DC system voltages: Uk
g , U

DC
u,l .

• AC network current in the form of active IkP and reactive IkQ currents,
which are obtained using the pre-fault AC current and voltage levels,
the reactive current required by the grid code Iksup and the AC grid
phase-angles during the fault θkF .

• Sub-module type and characteristics: USM , CSM , Nk
u,larm

.

The different steps to run the optimization algorithm are described as:

1. Definition of the pre-fault and fault condition scenarios.

2. Obtention of the pre-fault MMC steady-state quantities.

3. Calculation of the active and reactive current set-points required by
the grid code IkP and IkQ, see (29-31).

4. Define the weighting factors λx of the multi-objective function.

5. Introduce the MMC parameters and limitations.

6. Run the optimization algorithm using equations detailed above.

In addition, the six steps presented above can be further exploited and re-
arranged as a flowchart, see Fig. 10. This algorithm can be directly employed
as a toolbox in order to obtain the optimal AC references of the MMC.
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Start

Input system parameters

IkP , I
k
Q, U

k
g , U

DC
u,l , USM , CSM , N

k
u,larm

Set pre-fault initial conditions x0 = (0, 0, ..., 0), with UkDCu,l = HVDC link voltage

Apply steady-state equations, see Eqs. (1-17)

Output the MMC pre-fault steady-state quantities

Save results

Fault Event

Input faulted AC grid voltage UkgF

Calculate ∆Ikr

Calculate Iksup and IkP , see Eqs. (30), (31)

Input optimization parameters

IkP , I
k
sup, U

k
g , U

DC
u,l , USM , CSM , N

k
u,larm

, IACmax, I
arm
max, UCmax

Set initial conditions for the optimization x0opt

Pre-fault MMC quantities
Optimization coefficients αk = βk = 1

Define the weighting factors λx

Objective function, see (33)

Optimization equations
Eqs. (23-25)

Output the MMC arm and AC grid optimized variables

Save results

End

Figure 10: Flowchart of the complete optimization algorithm to provide volt-
age support.
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6 Conclusion

A Spice model of SiC half-bridge power module has been proposed. The
Drain-to-source current, anti-parallel Schottky diode and parasitic capaci-
tance are modelled accurately based on the datasheet. The temperature
dependency of the model has also been considered. A step-by-step parame-
ter extraction procedure based on the datasheet has been presented, which
can be easily adopted to other SiC MOSFETs or power modules. The model
can be further used for simulation, analysis and design of power electronics
converters such as DC/DC converters, as part of a more complete toolbox.

Furthermore, an optimization-based reference calculation method for
MMCs operating in normal and constrained situations (converter variables
limited due to voltage or current limitations) has also been presented. The
optimization problem has been formulated based on the steady-state per arm
approach model, which permits analyzing individually each converter arm
while enabling to impose specific arm constraints. The limitations considered
have been each individual arm currents and voltages and the sub-module
capacitor voltages, in which the last one was obtained through an analytic
estimation. In addition, the optimization algorithm has been formulated as a
multi-objective problem, allowing to prioritize between active power, reactive
power or converter arm losses reduction when the converter is operating in
a constrained condition.
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