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Frequency-Adaptive Energy Control for Grid-
Forming MMCs Under Unbalanced Conditions
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Abstract — This paper presents a frequency-adaptive energy
control strategy for a Modular Multilevel Converter (MMC)
which is suitable for grid-forming operation under unbalanced
conditions. The average components of the energy sum and
energy difference feedback signals for each phase are extracted
by frequency-adaptive notch filters based on Second Order
Generalized Integrators (SOGIs). Frequency-adaptivity is
provided by utilizing the internal frequency defined by the
power-balance-based synchronization mechanism of the grid-
forming control. This approach prevents the filtering
performance from degrading under islanded operation and other
weak grid conditions where large frequency variations can occur.
A comparative analysis between the frequency-adaptive notch
filtering (FA-NF) and an implementation based on conventional
fixed-width moving average filters (MAF) is presented. In
addition to the improved performance at off-nominal frequency,
the SOGI-based FA-NF implementation reduces the delay in the
energy feedback signals compared to the MAF-based reference
case, resulting in improved stability margins and a more damped
response. The performance of the proposed energy control
strategy is comprehensively demonstrated by time-domain
simulations of an HVDC terminal and by experimental testing on
a 50 kVA MMC prototype. Both grid connected and islanded
conditions are evaluated while considering S different strategies
for controlling the negative sequence currents during unbalanced
conditions.
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NOMENCLATURE

General Conventions

Upper case symbols represent quantities in the SI system
Lower case symbols represent per unit quantities

Bold fonts represent complex or space vector quantities
Main variables and parameters

Vv Voltage

1 Current

P, O Active, Reactive power

w Energy

RLCX Resistance, Inductance, Capacitance, Reactance

Q Angular frequency (in rad/s)

0 Phase angle (in rad)

N Number of sub-modules in an MMC arm

T, Inertia time constant of Virtual Synchronous Machine
ka Damping coefficient of Virtual Synchronous Machine
Symbol modifiers

o) Amplitude of three phase quantity or oscillating component
|D| Absolute value of complex vector quantities

] Extracted average value or dc-component of a signal
Superscripts

+,— Positive, Negative sequence component

de Average value or dc-component of a signal

o Fundamental frequency component

PI Term resulting as output of a PI regulator

* Reference value for control

> Sum of quantities

A Difference of quantities

Subscripts

C Quantities associated with MMC equivalent arm capacitance
SM Sub-module of MMC arm

T Equivalent quantities associated with transformer

a b ck Phases a,b and ¢ or unspecified phase &

u, [ Upper, Lower MMC arm quantities

b Base value for per unit system

e Equivalent voltage behind a virtual impedance
i Integral term (of PI controller)

o Output terminals at the PCC

Y4 Proportional gain (of PI controller)

v Converter ac side quantities

cir Circulating quantities of the internal MMC dynamics
g Grid parameters

de Direct current component

dq Synchronous reference frame direct and quadrature axis comp.
of Stationary frame orthogonal components

w Window width for MAF

z Zero sequence component

Abbreviations

BPSC Balanced Positive Sequence Currents

CAP Constant Active Power flow

CcCcC Circulating Current Controller

CCVSM Current Controlled VSM

CRP Constant Reactive Power flow

FA Frequency Adaptive
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FF Fixed Frequency

MAF Moving Average Filter

MMC Modular Multilevel Converter
NF Notch Filter

NSvC Negative Sequence Voltage Control
NSVI Negative Sequence Virtual Impedance
PCC Point of Common Coupling

PIR Proportional Integral Resonant

PLL Phase Locked Loop

PR Proportional Resonant

QSG Quadrature Signal Generator

SM Sub-Module (of MMC)

SOGI Second Order Generalized Integrator
VI Virtual Impedance

VSC Voltage Source Converter

VSM Virtual Synchronous Machine

1. INTRODUCTION

The concept of grid-forming control has been identified as
important for the development of future transmission systems
with a dominant presence of converter-interfaced generation
[1]-[3]. Relevant candidates for providing grid-forming
functionality include HVDC transmission systems based on
modern Voltage Source Converter (VSC) topologies with high
controllability and power capability. Specifically, the double-
star Modular Multilevel Converter (MMC) topology has
become the dominant solution in HVDC transmission systems
for renewable power integration and weak grid conditions [4],
[5]. Thus, the internal dynamics and energy balancing of the
MMC should be studied together with the general challenges
of the ac-side control when considering grid-forming HVDC
converters.

Initial discussions and analysis on the role of the energy
control in grid-forming operation of MMCs were presented in
[6]-[8]. However, these studies did not consider the energy
balancing control under unbalanced fault conditions. While
also other previous publications have discussed the application
of grid-forming control to MMCs, including the proposals of
Virtual Synchronous Machine (VSM)-based control in [9]-
[13], they have not explicitly examined the control under
unbalanced conditions. Furthermore, none of these
publications explored the impact of grid frequency variations
on the MMC energy balancing control.

For conventional grid-following control, the energy
balancing of MMCs during unbalanced conditions has been
thoroughly studied, as reviewed in [14]. The first examples of
extending such studies to grid-forming control strategies while
considering unbalanced grid fault conditions have been
presented in [15]-[17]. Still, these publications have only
considered operation in grid-connected mode, while islanded
operation or conditions with large frequency variations have
not been studied. Thus, the energy control loops are usually
based on fixed frequency notch filters or fixed-width moving
average filters (MAF) for detecting the dc-component of the
energy feedback signals. This also implies that the energy
control loops of the MMC have been kept independent from
the frequency dynamics of the grid-forming control.

A closed-loop MMC energy control strategy for grid
forming operation under unbalance conditions, relying on
explicitly frequency-adaptive filtering for detecting the dc-

component of the energy sum and energy difference feedback
signals, was first presented in [18]. The frequency-adaptivity
of the feedback signal filtering was ensured by using the
frequency from the virtual swing equation of a VSM-based
control system as input to Second Order Generalized
Integrator (SOGI)-based Quadrature Signal Generators
(QSGs) configured as notch filters. The energy control
strategy was presented in detail, and the importance of the
frequency adaptive filtering for operation during grid
frequency variations was demonstrated by time-domain
simulations. However, [18] did not consider islanded
operation and included only results obtained with a VSM-
based ac-side control for imposing balanced currents during
unbalanced voltages.

The energy control strategy presented in [18] was
developed for MMCs by utilizing the VSM-based scheme
from [19], [20]. In these previous works, it was demonstrated
how different negative sequence current control strategies for
handling unbalanced grid conditions can be integrated in a
VSM-based control system. It was also assessed how these
strategies perform under grid-connected and islanded
operation. This paper extends the work in [18], by further
analysis, simulations, and experiments. Thus, it is evaluated
how the proposed frequency-adaptive notch-filtering can
provide improved performances in terms of stability margins
and transient response to disturbances, as well as improved
steady-state energy control during large deviations from the
nominal frequency. Together with [18], the main contributions
of the presented work can be summarized as:

- Development of an MMC energy control strategy
suitable for grid forming operation under unbalanced
conditions and large frequency variations. The
implementation is made inherently frequency adaptive
by using the speed of the virtual swing equation in a
VSM-based grid forming control as input to SOGI-
based notch filters.

- Theoretical analysis and verification by time-domain
simulations and experiments of how the proposed
SOGI-based filtering in the energy feedback signal can
provide improved stability margin and transient
response of the energy control compared to a control
implementation based on fixed-width MAFs.

- Comprehensive  verification by  time-domain
simulations and laboratory experiments of how the
proposed energy control strategy maintains the
expected performance when applied together with the
different strategies for ac-side negative sequence
current control defined in [19], [20], considering both
grid-connected and islanded operation. The results also
demonstrate the advantage of frequency adaptivity in
the MMC energy control when operating with large
deviations from the nominal frequency.

It should be noted that the implementation of the overall
grid forming control system is also relying on SOGI-based
symmetrical sequence component detection and resonant
current controllers which are made frequency-adaptive by the
virtual speed of the VSM. To the best knowledge of the
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Fig. 1 Overview of VSM-based control strategy for operation under unbalanced conditions, adapted from [18] and [19].

authors, no similar comprehensive analysis of MMC energy
control, that considers unbalanced operating conditions, VSM-
based grid forming functionality, and operation with large
frequency variations, are available in previous literature.

II. OVERVIEW OF STUDIED VSM-BASED MMC CONTROL FOR
OPERATION UNDER UNBALANCED CONDITIONS

An overview of the studied VSM-based grid-forming
control for an MMC from [18], with the main elements
adapted from [19] and [20], is presented in Fig. 1. As
indicated in the figure, the scheme is based on stationary
frame current controllers for unbalanced operation without
depending on positive and negative sequence decoupling in
the inner loops. The implementation relies on SOGI-based
Proportional-Resonant (PR) controllers, according to [21],
where frequency-adaptivity is ensured by using the virtual
speed of the VSM. The basic functions of the control system
are briefly reviewed in the following, based on the detailed
descriptions in [18]-[20], while the impact of the filtering
approach in the energy control loops is discussed in detail in
section III. In all discussions, upper case symbols are used for
physical quantities, while lower case symbols denote per unit
quantities.

A. Virtual swing equation

The grid-forming features of the VSM are mainly defined
by the virtual swing equation intended to emulate the rotor
dynamics of a synchronous machine. When including a
power-frequency droop for representing the steady-state
characteristics of the governor in a conventional generator, the
virtual speed, wysy, is defined by [22]:

dow, . N
T, T;SM =k, (WVSM ~ Wy )+kd (wVSM _wPLL)+ Py~ P> (1)
where T, is the mechanical time constant and sy is the
external frequency reference, while wp;; is the grid angular
frequency as estimated by a Phase Locked Loop (PLL). The
droop gain and the damping coefficient are defined by k., and
ka, respectively, while the active power set-point is given by
p"o. The implementation of the VSM swing equation and of
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Fig. 2 Virtual swing equation of VSM for operation in unbalanced conditions

the frequency droop controller can be graphically represented
by the scheme reported in Fig. 2.

The main adaptation of the basic VSM-swing equation
from [22] for operation under unbalanced conditions is that the
dc-component of the instantaneous active power flow, p,, is
used as the feedback signal in (1) [19], [20]. Furthermore, the
PLL for grid frequency detection operates on the positive
sequence component of the measured voltage. The positive
and negative sequence detection used for the PLL, as well as
for the calculation of the average power flow, relies on the
SOGI-QSG-based strategy from [23]. However, the
frequency-adaptivity of the SOGI-QSGs utilizes the VSM
speed instead of the frequency estimation from the PLL.

B. Reactive power droop and positive sequence current
reference calculation

The positive sequence voltage reference for the VSM is
provided by a simple reactive power droop as:
=0k, (4,-7,). @)
where v,"” is the reference used for the internal control, while
V" is the external reference for the voltage amplitude, g," is the
reactive power reference, ¢, is the dc-component of the
reactive power flow, and k, is the reactive power droop
coefficient [20]. As further explained in [20], the internal
positive sequence voltage magnitude of the VSM is limited to:

0<0" <y (1=[v5)) 3)

where k,im is the voltage limiting factor and |v, | is the
amplitude of the negative sequence voltage.
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Fig. 3 Overview of MMC energy control and circulating current control [18]
The control strategies discussed in [19] and [20] are based  applying Pl-controllers to provide the d- and g-axis

on the Current Controlled VSM (CCVSM) concept from [24].
By considering separate control of the positive and negative
sequence currents, the positive sequence current reference is
calculated in the positive sequence synchronous reference
frame as:

A+* +
RO A
+ . +
R S [P “

Here, v, " is the measured positive sequence voltage, while ry;*
and /y;" are the virtual resistance and inductance, respectively.

C. Negative sequence current reference calculation

In [19], [20], five different strategies were studied for
negative sequence current control of a VSM under unbalanced
conditions. Firstly, three options were defined for controlling
the power flow characteristics to achieve either balanced
positive sequence currents (BPSC), constant active power
flow (CAP) or constant reactive power flow (CRP). These
three control strategies can be unified in one expression as:

o i | k™
S I 2 2
‘ lv,q (v{:r,d ) + (v:,q )

+ - + - S + - .+
. va,dvo,d _Voﬂqva,q va,qvo,d +V0,dv0,q lv,d
+ - + - + - + - -+

v v +VG’dV0’q v v —vaydvo,d l

0.9 0,d 0,9 0,9 v.q

&)

where k£ is used to select the desired power flow
characteristics. Thus, a value of k=0 corresponds to BPSC,
k™=—1 corresponds to CAP, and k=1 results in CRP. The
voltage components in the equation are transformed to the
positive or negative sequence reference frames by using the
VSM phase angle.

The other two strategies for negative sequence current
control in [19], [20] were based on a virtual impedance (VI),
equivalent to (4). Thus, for these cases, the negative sequence
current reference is calculated as:

*

i;,';/sw = % > (6)

T = J Oyl
where v.”" is the negative sequence voltage reference. If v.”" is
set to zero, this results in a pure Negative Sequence Virtual
Impedance (NSVI) control. However, the d- and g-axis
components of v.”" can also be defined by a closed loop
control of the negative sequence voltage. In this case,

Negative Sequence Voltage Control (NSVC) is obtained by

components of v, that will force the amplitude of v,~ to zero.

D. Circulating current and energy control loops

The applied strategy for MMC energy control was first
proposed in [18], and was applied without further analysis in
[20]. An overview of the individual control loops for energy
balancing and the cascaded inner loop circulating current
control, expanded from Fig. 1, is shown in Fig. 3. The basic
principles for modelling the internal MMC dynamics
according to [25] are utilized for the design of the control
structure. Thus, the average energy sum of each phase is
controlled by utilizing the dc-component of the circulating
current while the average energy difference between the upper
and lower arms is controlled by the fundamental frequency
component of the circulating current. This can also be
understood from the equivalent dynamics of the energy sum
and energy difference in each phase &, which is given as [18],
[26]:

aw>  aw, daw,
Ck C,uk C,lk
= s+ =7 (V. =2V . )-1L .V ., (7
dt dt dt ur,k( de (,lr,k) v.k" v,k ( )
aw?’  aw, aw, v
Ck C,uk C,lk dc
= — =1 V. . |-2I..V . (8
dt dt dt v,k( 2 czr,k] cir,k” v,k ( )
Here, W refers to the energy stored in the equivalent

capacitance, while 2 and 4 refer to the sum and difference of
quantities related to the upper (u#) and lower (/) arms,
respectively. Furthermore, /.. is the circulating current, while
Veire 18 the voltage driving the circulating current [18].

It should be noted that a Proportional-Integral-Resonant
(PIR) controller with two resonant terms, i.e., at the
fundamental frequency and at the second harmonic frequency,
is adopted for circulating current control according to [26].
The resonant terms of the PIR controllers are implemented
according to [21], and are kept frequency-adaptive by the
VSM speed.

1) Energy sum control

The energy sum is regulated by a PI-controller operating on
the average value of the squared capacitor voltage of each
phase leg [18], [25]. The resulting control loop for each phase
is shown in Fig. 4, illustrating how the reference value v'¢ for
the average arm capacitor voltage is squared and multiplied by
2 to give a reference signal that is proportional to the desired
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Fig. 4 Implementation of energy sum control for the MMC [18]

energy sum per leg. Similarly, the measured arm capacitor
voltages vc are squared before calculating the sum of the
upper and lower arms, (v*¢)°. The resulting signal is then
proportional to the instantaneous energy sum in each leg and
will contain a dc component as well as a dominant second
harmonic oscillation [25]. Since only the dc-component of this
signal should be used as a feedback signal for controlling the
average energy sum, a filtering technique for average value
detection is required. Thus, the dc component of the energy
signal, i.e. (¥*¢)?, is obtained and used for comparison with the
reference signal (V*"¢)?. Finally, the PI controller generates the
dc-component of the circulating current reference ic;, %"

2) Energy difference control

The energy difference control requires some additional
considerations compared to the energy sum control, to ensure
that power oscillations are not allowed to propagate into the
dc-bus under unbalanced conditions. However, the starting
point is the difference between the square of the upper and
lower equivalent arm capacitor voltages of each phase, i.c.
(vc)’. This signal contains a significant fundamental
frequency ripple which must be filtered out to detect its
average value (#/¢)’. The average of the energy difference in
each phase is then regulated to the reference value of zero by
using a PI controller, in the same way as for the energy sum
control. However, the outputs from the PI controllers are dc
signals, while a fundamental frequency circulating current is
needed for regulating the energy difference within the MMC
legs [25].

As further explained in [18], on the basis of [27], [28], the
average value (i.e. the zero sequence) of the energy difference
for the three phases can be controlled by using the positive
sequence d-axis circulating current. Furthermore, the d- an g-
axis negative sequence circulating currents can be used to
compensate for deviations in the energy difference between
the three phases. Thus, the reference signals for the positive
and negative sequence fundamental frequency circulating
current components can be calculated from the output of the
three PI-controllers as given by (9) and (10).

P, | :Pl, | :PI,
l'HU’* __la +lb '|‘lc (9)
cir,d 3 ’

i

- Pl - Pl - Pl
—w* 2la : _(lb : +lc A) . 1
s 4

: ﬁ-(if“ —i )) (10)

PIA _i-0
i =leir,

cir T 3

PIA_ 0
g = =leir

In these equations, the superscripts Pl refers to the output of
the PI-controllers, while the superscripts +@ and —w refers to
the positive and negative sequence reference frames defined

2| SOGI-QSG
)
'XZ >V e
el g
Oyoyr T \
P L —

Fig. 5 SOGI-QSG-based notch filter for average value detection of sum energy

by the VSM phase angle Oysy. These reference signals are
transformed to the abc frame and added together to provide
the fundamental frequency circulating current references for
each phase that are used as an input to the PIR-controllers in
Fig. 3.

III. FILTERING STRATEGIES FOR AVERAGE VALUE DETECTION
IN THE ENERGY CONTROL LOOPS

As seen from Fig. 3 and Fig. 4, the control of the energy
sum and energy difference depends on the average value
detection of the feedback signals. This average value detection
influences the dynamic performance and bandwidth of the
energy control loops. In previous literature, the average value
detection is usually based on fixed frequency notch filters (FF-
NF), as applied in [7], [15]-[17], [29], or a MAF with fixed
filter window width as applied in [27], [30], [31].

The notch-filtering approach can only be applied for the
energy sum and energy difference, where single frequency
sinusoidal oscillations occur. Instead, MAFs can also be
applied directly in the equivalent arm capacitor voltages, or in
their squared values, which contain multiple harmonic
components. Since fundamental frequency oscillations appear
in the arm voltages, a window width of one fundamental
frequency period will then always be needed. However, if
MAF filtering is applied in the sum and difference of the arm
capacitor energies, the window width can be selected
according to the single dominant frequencies to be filtered out.
In any case, the use of MAFs for the average value detection
introduces an equivalent delay in the range of half the window
width of the filter [32].

As first proposed in [18], inspired by [33], a frequency-
adaptive notch filter based on SOGI-QSGs can be used for the
average value detection in the energy control. As
demonstrated by simulations in [18], the frequency-adaptivity
will be important for VSM-based control in islanded operation
or in weak grids where normal operation during frequency
deviations up to 2-3 Hz might be required [34]. Furthermore,
the SOGI-QSG-based implementation can reduce the
equivalent delay in the feedback signals of the energy
controllers compared to MAF-based implementations.

In order to remove the second-order harmonic in the
feedback signal for the sum energy control, a SOGI-based
adaptive notch filter is used as shown in Fig. 5. The figure
shows how the square of the voltage sum and a frequency
given by twice the VSM angular frequency are used as inputs
for a SOGI-QSG. Then, the in-phase output signal from the
SOGI-QSG is the second harmonic component of a signal
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proportional to the energy sum. Subtracting the isolated
second harmonic oscillating component from the input signal
to the SOGI-QSG results in a notch filter effect that eliminates
the second harmonic component from the feedback signal
used for the sum energy control. Considering the transfer
function for the in-phase (or o-axis) path of a SOGI-QSG
according to [23], the expression for the notch filtered output
signal is given by:

() =

s*+(2Q,0,4, ) (2 )z 1)
2 C ’
s* + k- 2Q,0,, +(2Q, 0,4, )

1356 (s)
where Qy is the base value for the angular frequency (i.e. 2zF}
with base frequency F}, of 50 Hz), and £ is the internal gain of
the SOGI-QSG. The value of & is set to V2, as an optimal
trade-off between transient response and filtering capability
[35].

For analysing the impact of the required filtering in the
feedback signals, the closed loop circulating current control
can be assumed to have much higher bandwidth than the outer
loop energy controllers. Thus, the dc-component of the
circulating current is assumed to be equal to the current
reference output of the PI controller in Fig. 4. Furthermore, the
sum capacitor energy is the integral of the power transferred
by the circulating current, given by ve-ic;?". However, the
feedback signal is the squared voltage, which is related to the
energy by % C-72. Considering per-unit representation of the
signals, the time constant 7¢ of the energy integral in the
control loop can then be expressed from the equivalent arm
capacitance C and the base value for voltage and current as:

-1 1L e 1 VCy . (12)

2v, Ib 2de, I,N
Thus, the open loop transfer function from the reference signal
(¥"c)* to the measured average value of the squared sum

capacitor voltage, ( ) can be approximated as:
1+7-s 1
Z nolici
h()L,SOGI (S)zKp T .5 T e 'hsorG? (s) (13)
i C
PI-controller Equivalent

capacitance

Similarly, the open loop transfer function when the average
value detection is based on a MAF, can be expressed as:

1+7-s 1 l1-e™*
hC%L,MAF(S)zKp T s : T 5 : T s (14)
i C w

1
Equivalent MAF
capacitance

Pl-controller

A comparison of the Bode diagrams for the two open loop
transfer functions given by (13) and (14) is shown in Fig. 6.
The plots are based on the parameters given in Table I, and
clearly show how the case with the SOGI-based notch filter
has a higher phase margin than the case with the MAF.
Indeed, for the specific controller parameters, the phase
margin with the SOGI-based notch filter is 66.2° while it is
about 44.6° with the MAF. It should be noted that this
difference is mainly caused by the characteristics and tuning
of the SOGI-QSG. However, filtering with a single notch
frequency is only applicable to the energy sum and difference

Bode Diagram

Magnitude (dB)

Phase (deg)

270
360 L " o H H o H H o H J
107 10° 10' 102 10°
Frequency (Hz)

Fig. 6. Bode diagram of open loop transfer function for sum energy control
with MAF of SOGI-based notch-filter in the feedback

signals where the oscillations are separated into individual
sinusoidal components. Thus, if the feedback signals are based
on the squared arm capacitor voltages, two notch filters at 50
Hz and 100 Hz, or a MAF with a fundamental frequency
window of 20 ms, will be required. This will further reduce
the bandwidth or phase margin of the energy control. In this
specific case, the phase margin would be reduced to 15.6 ° ifa
MAF with 20 ms window was used with the same controller
parameters. It should also be noted that the use of a MAF
would be necessary if the equivalent arm capacitor voltages,
or the sum and difference of the arm capacitor voltages, would
be used as feedback signals, since the nonlinearity between
power flow and capacitor voltage implies that the individual
frequency components will not be purely sinusoidal signals.

The implementation and analysis will be similar for the
energy difference controller, with the main difference that a
fundamental frequency component must be filtered out. Thus,
the SOGI-QSGs will be tuned for the frequency of wvswm
instead of the second harmonic frequency and the equivalent
MAF will have a window of 20 ms.

IV. CONFIGURATIONS FOR SIMULATIONS AND
EXPERIMENTAL VERIFICATION

The performance of the presented energy control strategy,
including the impact from the different options for feedback
signal filtering has been assessed by numerical simulations
and by experimental tests on a laboratory scale prototype.

A.  Simulated HVDC-scale configuration

An MMC operated as a power-controlled terminal of an
HVDC transmission system has been modelled and simulated
numerically in the Matlab/Simulink environment. For
simplicity, the ac-side of the MMC is connected to an
equivalent grid model that includes a local load and an ideal
voltage source behind a series impedance, as indicated in Fig.
1. The MMC is represented with an average model that
captures the aggregated dynamics at the arm level by
assuming ideal balancing between the cells. The parameters
used for the simulations are presented in Table I, where the
circuit parameters are adapted from [36]. The numerical
simulation of the electrical circuit is conducted with a time
step of 5 us while the control system is simulated with a time
step of 70 ps.
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TABLE | — PARAMETERS FOR ANALYSIS AND SIMULATION

MMC data
Nominal power , P,on 1000 MW
Nominal line-to-line grid voltage, Vg om 333 kV
Nominal dc side voltage, V. 640 kV
Number of modules per arm, N 400
Arm inductor, /; 50 mH
Submodule capacitance, Cs, 10 mF
Transformer inductance L7 28.2 mH
Transformer resistance Rr 0.9 Q
Control parameters

Frequency droop coefficient, £, 20 pu
Frequency damping factor, &, 200 pu
Virtual inertia, 7, (2H) 10s
Reactive power droop coefficient, k, 0pu
Voltage limiting factor, &, jim 1.05
Positive Sequence Virtual Impedance, Iy " ry* 0.2 pu, 0.01 pu
Negative Sequence Virtual Impedance, /y;, 7y 0.4 pu, 0.02 pu
AC-side PR Current Controller k.p, k.r 0.8 pu, 0.3 pu
Negative Sequence Voltage Control, kp s, kins 0.3 pu, 5 pu
Circulating Current Controller, k..p, kec 0.9 pu, 630 pu

ka',R(w), krc,R(Zw) 0.06 pu, 0.08 pu
Sum Energy Control, kps k; s 0.5 pu, 6 pu
Energy Difference Control, kp ki 4 0.6 pu, 6 pu

TABLE Il - PARAMETERS OF EXPERIMENTAL SETUP

Rated power 50 kVA
Rated line-to-line grid voltage 400 V
Rated dc voltage 700 V
Number of modules per arm 12
Module capacitance 15 mF
Arm inductance 1.4 mH
Control time-step 80 us

B.  Experimental setup

Experimental results are obtained from an MMC prototype
with parameters as listed in Table II. The prototype is
designed for power levels up to 50 kVA at 400 V line-to-line
rms voltage, but, for convenience, the experiments are
conducted at reduced voltage, as shown for each individual
test. The laboratory setup was configured according to Fig. 7,
which presents a schematic overview of the ac- and dc-side
interfaces of the converter under test, as well as an overview
of the control system implementation. A COMPISO switch-
mode amplifier from EGSTON Power is used as a grid
emulator to impose the ac-side voltages for the MMC,
including the unbalanced conditions, when operated in grid
connected mode. Two separate terminals from the same
amplifier is also providing the dc voltage for the converter.
The configuration also includes a transformer for galvanic
separation, circuit breakers and a resistive load for testing in
islanded operation. An OPAL-RT real-time simulation
platform is utilized for implementing the control system and is
sending arm voltage references to the local distributed arm-
level control of the MMC prototype via fiber-optic links. The
internal balancing control of each arm is implemented in a
dedicated control board integrated into the converter
hardware. It should be noted that the insertion indices for each
arm are calculated from the voltage references V" and V" by
using the actual arm voltages, according to [25].

Further details about the MMC prototype and the control
hardware of the experimental setup are available in [20], while
the details on the modulation and distributed control of the
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Fig. 8. Photo of laboratory facility with the experimental setup

individual modules in each arm are described in [12]. A photo
of the experimental setup, with indications of the main
elements, is shown in Fig. 8.

The experiments are conducted in a rather flexible
laboratory environment with multiple busbars and breakers
that allow for reconfigurable connections, and the grid
emulator allows for easily imposing unbalances in the ac
voltages and/or variations in the grid frequency. The converter
prototype is designed to be representative of the main features
of an MMC, and the main parameters are scaled from [36], as
described in [37]. However, due to practical constraints, the
characteristics differ from a full-scale converter in a few
aspects. For instance, the number of modules per arm is
limited to 18 while a converter for HVDC applications
generally presents a higher number. Furthermore, the
switching devices have been intentionally oversized in the
design phase to reduce the equivalent resistances. However,
the conduction losses in the switches and losses in the
capacitors are still rather large in per unit compared to a full-
scale converter. Thus, the prototype can generally be expected
to have a slightly more damped behavior than what could
appear in an industrial MMC HVDC terminal.

V. IMPACT OF FILTER CHARACTERISTICS AND FREQUENCY
ADAPTIVITY IN THE ENERGY CONTROL LOOPS

This section focuses on the transient response to grid
frequency variations and on the steady-state performance
during operation with large deviations from the nominal
frequency. All following cases are obtained with ac-side
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Fig. 9. Simulation results showing the response to a —30° phase shift in the
grid voltage while operating at a grid frequency of 49.9 Hz (0.998 pu) with
MAF-based and SOGI-QSG-based FA-NF in the energy control
control for obtaining Balanced Positive Sequence Currents,
while operation with different negative sequence current

control strategies is assessed in section VI.

A.  Simulation results with HVDC scale parameters

Firstly, the performance of the proposed MMC energy
control strategy with SOGI-based frequency-adaptive
feedback filtering is assessed in comparison to MAF-based
filtering. Furthermore, the impact of the frequency adaptivity
in the notch filtering, and in the circulating current control, on
the steady-state operation, is also evaluated.

1) Response to changes in grid voltage phase and
influence of feedback signal filtering for the energy control

A set of simulations results presented in Fig. 9 illustrate the
impact of the filtering methods in the energy control loops on
the dynamic response of the internal MMC variables during
grid-connected operation. The system is assumed to operate
with a frequency of 49.9 Hz (0.998 pu) and a power reference
of 0.4 pu (400 MW) when a step in the grid voltage phase
angle of —30° is introduced at time t=0.02 s. During the initial
transient after the perturbation, the limit for the positive
sequence currents is reached, as seen in the first plots of Fig.
9. As soon as the current references fall below the limitation,
the regular inertial response of the swing equation can be
clearly seen in the results. Although the currents are only

shown as obtained with the SOGI-QSG-based FA-NF, the ac-
side response with MAF-based energy control is almost
identical. Indeed, the VSM-based control of the ac-side is not
significantly influenced by the MMC energy control as long as
it is stable, and the capacitor voltages are maintained with the
regular operating range.

The results in Fig. 9 clearly illustrate how the settling time
and damping of the average sum energy and energy difference
are improved in the case of the FA-NF compared to the MAF.
For the simulated conditions, using the same controller gains
for both cases, the settling time of the dominant oscillation in
the average energy components is reduced from around 0.5 s
with the MAF to less than 0.2 s with the FA-NF. This
improvement is mainly associated with the increased phase
margin identified in Fig. 6. Although these results are obtained
with the same controller parameters applied to two systems
with different frequency characteristics, they imply that a re-
tuning of the energy control to achieve a more damped
response with the MAF will result in a longer settling time and
potentially in higher overshoot in response to perturbations. It
can also be noted that a FF-NF, as used in [7], [17], [29],
could provide the same phase margin and the same transient
response as the FA-NF when operated at nominal frequency.
However, the filtering performance will be degraded during
frequency variations, as demonstrated in the following.

2) Impact of frequency adaptivity

Fig. 10 and Fig. 11 compare the steady state response of the
currents, voltages, and average energy components when
different degrees of frequency adaptivity are applied in the
energy control and in the circulating current control. The
simulations are obtained with a frequency deviation of —1 Hz
(i.e., operation at 49 Hz) and an active power reference of 0.5
pu, resulting in 0.7 pu of active power flow due to the VSM
frequency droop. The compared cases include the use of a
MAF, FA-NF and FF-NF in the feedback signals of the energy
controllers, as well as a case where a FF-NF is used in
combination with fixed-frequency resonant terms in the
circulating current controller (i.e., FF-CCC). From the results
in Fig. 10, it can be noticed that the ac-side currents and
voltages are not significantly affected by the changes in the
frequency adaptivity of the internal control. This is largely due
to the compensated modulation strategy according to [25],
[38], which is applied in the control system to decouple the
arm output voltages from the arm capacitor voltage
oscillations.

The time-domain plots in Fig. 10 and the corresponding
harmonic analysis in Fig. 11 confirm how the FA-NF is
clearly the most effective strategy for eliminating the
dominant oscillation frequency from the average sum energy
and energy difference signals. The results show how the MAF
is effectively removing noise but retains a noticeable
fundamental frequency oscillation when the window width
does not coincide with the actual frequency component to be
filtered out. The figures also demonstrate the importance of
VSM-based frequency-adaptivity in the circulating current
controllers, as the case of FF-NF with FF-CCC shows a
significant increase in the 2" harmonic component of the
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B.  Experimental results
The observations from the simulation results regarding
the impact from the filtering strategy on the transient response
and the steady-state performance during frequency deviations
are also verified by corresponding experiments.
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Fig. 12. Experimental results for comparison of response to a grid frequency
step of —0.01 pu (0.5 Hz) with different filtering strategies in the feedback
signals for the energy control loops; (a) SOGI-based FA-NF, and (b) Moving
Average Filter (MAF).

1) Impact of filtering strategy in the energy control loops
on the internal dynamics of the MMC

Results from experimental comparison of the transient
response with the SOGI-QSG-based FA-NF and the MAF-
based average value detection are presented in Fig. 12 The test
is conducted with the grid emulator imposing a 25% voltage
unbalance at reduced voltage. A step in the grid frequency
from 1 pu to 0.99 pu is imposed at time t = 0.15 s. The results
show how the ac currents are well balanced in both cases.
However, when using the same controller parameters, the
circulating currents, the energy sum and the energy difference
signals appear smoother and significantly more damped with
the SOGI-QSG-based FA-NF than with the MAF. This
confirms how the reduced equivalent delay resulting from the
SOGI-QSG-based filtering can improve the dynamic response
of the control loops. Further optimization of the tuning with
the different filtering methods is beyond the scope of this
paper.

2) Impact
operation

To further verify the impact of the frequency-adaptivity in
the energy filtering on the operation during frequency
deviations, a test is conducted for steady-state operation at
47.5 Hz (0.95 pu). This condition corresponds to the lower

of frequency-adaptivity —on  steady-state
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Fig. 13. Experimental results showing the difference in steady-state
performance with different energy filtering strategies and the impact of
frequency adaptivity in the control when operating at 47.5 Hz
frequency limit where continuous operation is required in
several isolated power systems [34]. The time-domain signals
obtained for the same cases as evaluated by simulation are
presented in Fig. 13. The results are in line with the general
observations from the simulations, although the higher order
harmonics in the average energy signals are less dominant in
the experimental case where the frequency adaptivity is
disabled in both the energy control feedback signals and in the
circulating current controllers. However, the results verify
how only the FA-NF can effectively eliminate the
fundamental frequency components of the energy difference.
From the Fourier analysis presented in Fig. 14, it is also clear
that the FA-NF is effectively filtering out the second harmonic
component in the average energy sum, while a significant
second harmonic component is remaining for all the other
strategies. Although the amplitudes of these signals are small
for the presented testing conditions, they could have a more
significant impact for testing at higher power levels and in

MMCs with lower capacitance values.
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Fig. 14 Harmonic analysis of the circulating current and the detected average
energy signals from the experimental results shown in Fig. 13

VI. VERIFICATION OF ENERGY CONTROL PERFORMANCE
WITH DIFFERENT AC-SIDE CONTROL STRATEGIES

While all results in section V. were obtained with BPSC
control on the ac-side, the studied energy control strategy with
SOGI-based FA-NFs is designed to be applicable
independently of the strategy for controlling negative
sequence currents under unbalanced conditions. This is
verified by the following simulations and experiments.

A.  Simulation of islanding event

To verify the performance of the MMC during both grid
connected and islanded operation, the transient of an islanding
event under unbalanced conditions is simulated. Unbalanced
islanded conditions are created by a balanced delta-connected
load with impedances Z; (10 pu and cos ¢=0.99) and an
additional load between phase a and b with an impedance of
0.5 Z;. Before the islanding, the PCC is initially connected to
an ideal voltage source supplying all the unbalanced currents,
which is then disconnected at # = 0.03 s. Fig. 15 shows the
voltages and currents as well as the active and reactive power
flow, the equivalent capacitor voltages of phase « and the
circulating currents for the five negative sequence control
strategies analyzed in [20].

Detailed discussion of the VSM performance under the
same conditions are presented in [20], highlighting how the
BPSC, CAP and CRP strategies are not suitable for islanded
operation. However, the capacitor voltages plotted in Fig. 15
confirm that the energy control loops work as intended in all
cases by regulating the arm energies to their reference values
independently of the voltage unbalance and the strategy for
controlling the negative sequence currents. Furthermore, the
circulating currents settle to dc-components in steady state and
illustrate how much power is transferred in each phase. For
instance, it is clearly seen how the CAP strategy provides the
same circulating current dc component, implying the same
active power flow, in all the three phases. Furthermore, the
circulating current (and the active power transfer) is higher for
the cases of Negative Sequence Virtual Impedance (NSVI)
and Negative Sequence Voltage Control (NSVC) compared to
the other three control strategies. This is a result of these two
strategies reducing or eliminating the voltage unbalances and
supplying the full load in all the phases. The figure also shows
that the settling time of the transients in the arm voltages and
the circulating currents are consistent and almost independent
from the applied strategy for ac-side control.
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B.  Experimental results

Experimental results at steady state conditions with four
different strategies for controlling the negative sequence
currents (i.e. BPSC, CAP, CRP, NSVI) are shown in Fig. 16.
The tests are performed with a 25% voltage unbalance
imposed by the grid emulator. The NSVC is not tested, as it is
not applicable in strong grid conditions.

The results in Fig. 16 clearly demonstrate that the control
objectives are fulfilled, and that the converter operates as
expected in steady state. Indeed, the arm capacitor voltages are
controlled to their reference values independently from the
voltage unbalances and the control of the ac-side currents.

While the results in Fig. 16 demonstrate the expected
steady-state operation, a set of results showing the response to
a transient event during grid connected operation is shown in
Fig. 17. The transient is the same step of —0.01 pu (0.5 Hz) in
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the frequency of the grid emulator as applied in Fig. 12. The
figure shows that the perturbation of the energy control in
phase a is slightly different among the 4 applicable strategies
for negative sequence current control. This is mainly because

the power flow in each of the phases depends on the ac-side
control strategy. However, the figure also shows that the
settling time of the transient is consistent and independent
from the strategy for negative sequence current control.

Finally, the islanding operation of the VSM-controlled
MMC is also tested for operation with BPSC and NSVI. Due
to practical constraints, only experiments with a balanced load
are conducted. Furthermore, the operation with CAP or CRP is
not tested since these strategies are not practically relevant for
islanded operation, while the case of NSVC is not tested
because it is inapplicable for strong grid operation before the
islanding event. The results from the two conducted tests are
shown in Fig. 18 and demonstrate how the energy control
strategy is operated as intended and brings the MMC arm
voltages and circulating currents into the new operating
condition with a similar transient as in grid connected
operation. Thus, the results experimentally confirm how the
presented control strategy maintains the intended performance
in the full range of expected operating conditions.

VII. CONCLUSIONS

This paper presents a frequency adaptive energy control
strategy for an MMC controlled as a grid-forming unit under
unbalanced conditions. Frequency-adaptivity in the detection
of average energy signals is achieved with a SOGI-based
frequency-adaptive notch filter (FA-NF). The performance of
the FA-NF has been assessed in comparison to a moving
average filter (MAF) or a fixed frequency notch filter (FF-NF)
by numerical simulations and experimental results.

The SOGI-based FA-NF offers better dynamic
performance than the MAF because it reduces the delay in the
feedback loop, thereby increasing the stability region of the
controllers. For the studied case, the phase margin of the open
loop transfer function for the sum energy control is increased
by 15.6°. Moreover, the FA-NF can effectively eliminate the
selected frequency component with consistent performance
independently from the operating frequency. However, the
performance of control based on the FF-NF or the MAF will
degrade when exposed to large deviations from the nominal
grid frequency. The main comparative drawback is that the
notch filter removes only the tuned harmonic components
while the MAF attenuates all frequency components within
the window width. Thus, the notch filter-based control scheme
could allow for more background noise in the control loops.

The proposed scheme has been validated with VSM-based
control but could be easily adapted to any other grid forming
scheme relying on a power-balance-based synchronisation
mechanism. Moreover, the operation has been verified for five
different strategies for handling the negative sequence. In this
perspective the FA-NF represents a versatile option to
improve dynamic response and robustness, especially when
the frequency is subjected to large variability as in cases of
systems with weak frequency regulation (e.g. low inertia
systems or islanded systems). Further work should be directed
towards the integration of the proposed control strategy with
methods for phase current limitation under severely
unbalanced operating conditions.
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