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Abstract — In this paper, five strategies for controlling the
negative sequence currents of a Virtual Synchronous Machine
(VSM) under unbalanced conditions are comparatively assessed,
considering both grid-connected and islanded operation. While
these strategies have been individually proposed in recent
literature, their characteristics and performance have not
previously been systematically evaluated. Thus, a VSM structure
serving as basis for the comparison is presented in detail, with
modifications for preventing double frequency power oscillations
from influencing the virtual swing equation and the inertial
dynamics. The active and reactive power oscillations, and the
power transfer capability within the converter current limitation,
are theoretically derived as a function of the unbalances in the
local voltage. Simulation results and experimental validation on a
50 kVA Modular Multilevel Converter (MMC) prototype with 12
sub-modules per arm demonstrate the validity of the theoretical
analysis. The presented results serve as basis for evaluating the
applicability of the studied control strategies under different
operating conditions.
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Digital Object Identifier

NOMENCLATURE

Main variables and parameters

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

Bold fonts represent complex or space vector quantities

Vv Voltage

I Current

P QO Active, Reactive power

w Energy

RLCX Resistance, Inductance, Capacitance, Reactance
® Angular frequency (in per unit quantities)
6 Phase angle

Main control system parameters

T, Inertia time constant

ke Frequency droop gain

ka Damping coefficient

k, Reactive power droop gain

Subscripts

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

b Base value for per unit system

e Equivalent voltage behind a virtual impedance

0 Output terminals at the point of common coupling (PCC)

v Converter ac side quantities

g Grid parameters

VSM Virtual synchronous machine

VI Virtual impedance

PLL Phase Locked Loop

T Transformer parameters

dc Direct current component

s2, c2 Sine and cosine terms in second harmonic oscillations

dg Synchronous reference frame direct and quadrature axis
components

of Stationary frame orthogonal components

z Zero sequence component

Superscripts

+—,z Positive, Negative, Zero sequence component

dc DC component

® Fundamental frequency component

20 Second harmonic component

PI Term resulting as output of a PI regulator

* Reference value for control

Symbol modifiers

g Amplitude of three phase quantity or oscillating component

|I:I| Absolute value of complex vector quantities

=] Average value

I. INTRODUCTION

The increasing utilization of converter-interfaced
generation and the associated reduction in the share of
conventional synchronous generators are leading to concerns
regarding declining inertia and stability margins in traditional
power systems [1]-[4]. Related challenges associated with the

2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://WWW.ieee4orslgublicationsﬁstandards/ ublications/rights/index.html for more information.
Authorized licensed use limited to: Politecnico di Milano. Downloaded on June 14,2022 at 15:19:

9 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2022.3175169, IEEE

Journal of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS

need for "grid-forming" control of power electronic converters
in stand-alone applications and small-scale microgrids without
synchronous generators have been widely studied over the last
decades [5], [6]. However, the ongoing development has the
potential for leading to a dominant presence of power
electronic converters also in large-scale transmission systems.
Therefore, Transmission System Operators (TSOs) are
currently directing significant attention to the development of
"grid-forming"  functionalities from power electronic
converters [7]-[10]. In this context, the operation of Voltage
Source Converter (VSC) HVDC terminals as "grid-forming"
units or for providing virtual inertia can be especially relevant
due to their controllability and high power rating [7], [9]-[14].

A major requirement for converters with "grid-forming"
capability is that they should be able to define their local grid
voltage [5], [7], [10]. Thus, "grid-forming" control strategies
cannot depend on voltage measurement-based synchronization
to the phase angle of an external voltage. One specific class of
control strategies that can fulfill this requirement is associated
with the concept of Virtual Synchronous Machines (VSMs),
which has been introduced with various implementations for a
wide range of applications during the last 15 years [15]-[20].
By explicitly emulating the inertial dynamics and power-
balance-based synchronization mechanism of a synchronous
machine (SM), a VSM-controlled converter inherently
provides "grid-forming" functionalities as well as virtual
inertia support to the power system.

The general operation of a converter as a "grid-forming"
unit would also require the ability to respond seamlessly to all
potential operating conditions, including islanded operation
with unbalanced loads and operation under balanced or
unbalanced grid faults. Although most studies of VSM-based
control have assumed balanced three phase conditions, several
recent publications have addressed the challenges of adapting
VSM implementations to the operation under unbalanced
conditions. For instance, a strategy for obtaining balanced
three-phase currents from a VSM under unbalanced grid faults
is presented in [21]. Implementations of flexible approaches
for controlling a VSM to achieve balanced three phase
currents, elimination of active power oscillations or
elimination of reactive power oscillations are also discussed in
[22]-[28]. Furthermore, a VSM implementation utilizing a
negative sequence virtual impedance for operation under
unbalanced grid faults has been demonstrated in [29].

A flexible control for grid connected operation with an
additional option of generating balanced three phase voltages
under islanded conditions with unbalanced loads was
introduced in [25]. Similarly, a closed loop control for
providing negative sequence current references that eliminates
the negative sequence voltage components when supplying an
unbalanced islanded load is described in [30]. Finally, a
unified implementation allowing for selecting between all
these general strategies for controlling the negative sequence
currents was presented in [31], supported by a comparative
evaluation of the performances in grid connected and islanded
conditions. However, all these studies have been conducted
for 2-level VSCs operated as VSMs. Furthermore, except from

the preliminary results in [31], no comparative evaluation or

comprehensive analysis of the different strategies within a

common framework has been presented.

To address the limitations of the existing literature, this
paper systematically evaluates five different strategies for
controlling the negative sequence currents of a VSM during
unbalanced conditions. These strategies include control for
ensuring balanced positive sequence currents, elimination of
double frequency active or reactive power oscillations,
operation with a negative sequence virtual impedance, or
closed loop negative sequence voltage control for eliminating
voltage unbalances. Furthermore, a common implementation
framework is presented, and the analysis of the studied
strategies is validated by simulations and experimental results.
Thus, the main contributions can be summarized as:

i.  Analytical investigation of how the different strategies
for controlling the negative sequence currents of a VSM
influences the power flow characteristics during
unbalanced conditions. The power transfer capability
within a certain current limitation is also derived for the
different evaluated control strategies.

ii. A comprehensive comparative assessment of the five
evaluated strategies for controlling a VSM under
unbalanced conditions. The evaluation is conducted for
both grid connected and islanded operation.

The presented analysis and discussions are applicable to
any VSM-controlled VSC topology. However, the operational
characteristics of the studied control strategies are validated by
simulation of an HVDC scale Modular Multilevel Converter
(MMC) as well as by laboratory experiments with a small-
scale MMC prototype. The presented results provide a
comprehensive basis for comparative assessment of the
evaluated VSM-based control strategies. Thus, the
performance and applicability of the different control
strategies for grid-connected and islanded operation of the
VSM is evaluated, leading to an overview of what control
strategies are most suitable for different conditions. For the
case of an MMC-controlled VSM, operation with balanced
positive sequence currents or elimination of reactive power
oscillation are shown to be suitable options for grid connected
operation. Furthermore, operation with closed loop negative
sequence voltage control is mainly relevant for operation in
islanded conditions or in very weak grid conditions. However,
the only strategy that is directly applicable in both grid-
connected and islanded conditions is operation with a negative
sequence virtual impedance.

II. OVERVIEW OF VSM-BASED CONTROL UNDER
UNBALANCED CONDITIONS

An overview of the configuration considered in this paper
for evaluating VSM-based control strategies under unbalanced
conditions is shown in Fig. 1. A local load is connected at the
point of common coupling (PCC) and will be supplied by the
VSM during islanded operations.

The analysis of the general ac-side operation of the VSM
can be largely considered independent of the converter
topology. However, an MMC and the corresponding control
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Fig. 1 Overview of VSM-based control strategy for operation under unbalanced conditions

loops is indicated in Fig. 1, since the simulations and
experiments in this paper are based on this topology. Thus, the
converter is connected to the ac grid by means of an
impedance defined by Lr and Ry (which could represent the
series impedance of a transformer) and a breaker. However,
operation with a 2-level VSC would typically require an LCL-
filter.

As shown in Fig. 1, the gate signals for controlling the
individual modules in each arm of the MMC are generated to
follow a voltage reference while balancing the capacitor
voltages according to [32], [33]. The inputs to the control
block representing the balancing and modulation are the
reference signals for the voltages driving the ac-side currents
and the circulating currents [34]. These voltage signals are

Generalized Integrator configured for Quadrature Signal
Generation (DSOGI-QSG) according to [37]. The DSOGI-
QSG generates the in-phase and in-quadrature signals required
for the positive and the negative sequence calculations
(PNSC). However, differently from [37], frequency adaptivity
is achieved by using the VSM speed as input to the DSOGI-
QSGs instead of a frequency estimation based on the voltage
measurements.

By obtaining the positive and negative sequence
components of the measured voltages and currents, it is
possible to isolate the oscillating terms and the constant terms
of the active and reactive power [38]. The constant terms, p,
and ¢,, also referred to as average values or dc-components,
are calculated in per unit quantities as

generated separately by an ac-side current controller and a p,=vi iV V) AV,

. . . o o,a 0B’ Vﬁ 0. "v.jp

circulating current controller. The ac-side current references _ N ~ . (1)
consist of a positive sequence component and a negative 9= Vou" tp"'Vup .t _Vu,a vﬂ +V, 50,

sequence component that are provided by the electrical model
of the VSM-based control strategy and generated to shape the
response to the unbalances, respectively. The circulating
current references are generated by outer loop energy
controllers developed from [34], [35], as further documented
in [36]. The electrical configuration and the individual control
blocks are described in more detail in the following sections.

A. Sequence separation and power calculation under
unbalanced conditions

Under unbalanced conditions the magnitudes of the voltage
and current vectors, as well as the instantaneous active and
reactive power flow, present oscillations at twice the
fundamental frequency. In this paper, voltage and current
measurements are separated into positive and negative
sequence components by the use of a Dual Second Order

These average active and reactive power components are then
used as feedback signals in the VSM-based control as
indicated in Fig. 1. Instead of feeding back the instantaneous
active and reactive power signals as in [21], [24], this
approach avoids the influence from double frequency
oscillations on the virtual swing equation and the reactive
power droop [31].

B. VSM-based generation of positive sequence current
references

The evaluated VSM-based control strategies synchronize to
the positive sequence component of the ac voltage by
responding to the dc-component of the active power flow,
while the ac voltage or reactive power control is based on the
dc-component of the reactive power flow. The control scheme
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with an ideal frequency droop as a 'governor' function

includes a simplified SM model, which reproduces the inertial
behaviour and the quasi-stationary effect of the equivalent
stator impedance. The implementation of these control
functions is adapted from [39], [40] and [31].
1) Inertia emulation and active power droop
The inertia emulation and grid synchronization
mechanism of the VSM is provided by a virtual swing
equation as shown in the right-hand side of Fig. 2 [20]. The
swing equation is linearized with respect to the VSM speed,
wyswm, so that the power balance directly gives the acceleration
of the inertia. Moreover, the frequency droop emulating the
steady-state characteristics of a traditional “governor” for a
synchronous machine is represented in the left-hand side of
Fig. 2 [40]. Thus, the dynamic equation representing the VSM
speed can be expressed as
T da)VSM
dr
where T, is the mechanical time constant, and %, is the droop
gain acting on the difference between the frequency reference
®"ysy and wysy. The internal damping power of the virtual
swing equation is defined by the damping coefficient k; and
the difference between wysyy and the grid frequency, wprr,
provided by a phase locked loop (PLL) [40]. In this case, the
grid frequency detection by the PLL is based on the positive
sequence component of the measured voltage [31]. Finally, p,”
is the external power set-point for the VSM swing equation.
The phase angle @ysy is resulting from integration of wysy
and is used for transformations between the stationary
reference frame and the positive sequence dg frame in the
control system. Furthermore, —0ys) is used for transformation
to or from the negative sequence dg frame. It should also be
noted that the phase angle dysyy between the reference frame
defined by the VSM and the orientation of the positive
sequence voltage v,* can be expressed as
Fysur :J-a)b(a)VSM_a)g)dtzeVSM_ag’ 3)
where @y is the grid frequency and 6%, is the phase angle of
the positive sequence input voltage component v,*.
2) Electrical model
To emulate the stator impedance of the synchronous
machine, a quasi-stationary electrical model is implemented
according to [39]. It is worth to highlight that this electrical
model is not representative of any real physical system and is
not affected by parameter uncertainties or need for a prior
system identification. As discussed in [24], [31], this virtual
impedance is only applied to the positive sequence
components. Thus, the positive sequence current reference
iV =i,4"tj iy, is calculated as

:km(a’;SM _wvw)"‘kd (a)l/SM _a)PLL)+p: —P,» (2

ApE

+
V{’ _v(]

=

Lot jogl;
where v."" is the internal positive sequence voltage amplitude
provided by the reactive power control and an internal voltage
amplitude limitation. Furthermore, v, is the positive sequence
component of the measured voltage represented in the positive
sequence dq reference frame defined by the virtual swing
equation. The positive sequence virtual resistance and
inductance are given by ry;" and /)%, respectively, while the
frequency dependency of the reactance is ensured by a
multiplication with the VSM speed. It should be noted that the
positive sequence current references can be limited to safe
values at the input to the current controllers without interfering

with the virtual impedance.

3) Voltage reference limitation and reactive power droop
From (4), it can be understood that a high value of v,""
combined with a drop in the positive sequence grid voltage
will lead to a high reactive current flowing in the virtual
impedance of the VSM, and a correspondingly high reactive
power flow to the grid. Furthermore, under unbalanced
conditions, reactive power injection for increasing the positive
sequence voltage component can lead to over-voltage in the
phase(s) with high remaining voltage (i.e. resulting in
[Vo'[+|Vo [>1). In order to avoid such over-voltages, the
internal positive sequence voltage magnitude is limited in

relation to the amplitude of the negative sequence voltage by

<P <k, -(1-|v:)), (5)

v,lim
where k,im is the voltage limiting factor. Thus, k,im can be
selected depending on the virtual impedance to ensure that the
voltage reference is kept within a range that will provide a
reasonable maximum reactive current.

When the limitation in (5) is not active, the internal voltage
reference for the VSM is given by a reactive power droop.
Thus, v, is then calculated as

==k, (4,-7,) (6)
where V" is the external reference for the voltage amplitude,
go" is the reactive power reference, ¢, is the average reactive
power flow according to (1) and 4, is the reactive power droop
coefficient [31]. Alternatively, a closed loop voltage control
could be introduced after the reactive power droop, as applied
in [39]. However, this would imply the need for anti-windup
protection of the controller when the limitation in (5) is active,
and is not further discussed in the following.

4)

Vo

III. STRATEGIES FOR NEGATIVE SEQUENCE CURRENT CONTROL

While the implementation presented in section II. provides
a general VSM-based strategy for the control of the positive
sequence components, there are several options for controlling
the negative sequence quantities in response to unbalances in
the ac-grid. Thus, several different strategies for operation
under unbalanced conditions can be obtained by considering
different objectives for the Negative Sequence Current
Reference Generation (NSCRG) indicated in Fig. 1. For
understanding and assessing the different strategies for
controlling the negative sequence currents, it is useful to start
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from the definition of the six different power flow components
that can be identified under unbalanced conditions [24], [38],
as given by

ﬁ, v;,d v:,q V{;d Vf;q
Poro Voa Vou V;,d V;,q i:,d
Psro _ Vo_,q _V;,d _v;r,q V:,d i:,q (7)
q, V:,q _V:,d Vou o Vou || bua .
920 V;,q _V;,d V:,q _V:,d i;,q
1920 ] | Vor Vog Vo V;,q ]

In these expressions, p, and ¢, correspond to (1), although
calculated from current and voltage components defined in the
positive and negative sequence synchronous reference frames
[24], [38]. The other active and reactive power components in
(7) represent the amplitude of double frequency oscillations,
where pc2, and gq, are components depending on cosine
terms while ps2, and g2, are components depending on sine
terms. It should be noted that (7) identifies six unique power
components, while there are only four controllable current
components (i.e. the d- and g-axis components of the positive
and negative sequence currents). Thus, only four of the
defined power components can be explicitly controlled.
Furthermore, since i*,,4 and i*,, will be generated by (4) with
a phase orientation resulting from the virtual swing equation in
(2), p, will settle to p,” in steady state, while ¢, will be
implicitly defined by v.'". Therefore, only two of the
oscillating power components can be directly controlled by
selecting the negative sequence current references. However,
the negative sequence current references can also be selected
to obtain other objectives. In the following, five different
strategies for generating the negative sequence current
references are introduced and evaluated.

A. Balanced Positive Sequence Current (BPSC) control

The simplest approach for controlling the VSM operation
under unbalanced conditions is to set the negative sequence
current references to zero. Thus, the strategy for providing
Balanced Positive Sequence Currents (BPSC) can be directly
defined by [24], [31], [38]

i 0
U gpse = i~ = ol 3

9 ABpsc
This strategy ensures that the VSM can operate with balanced
currents independently of unbalances in the ac-grid. However,
it can be seen directly from (7) that the interactions between
the balanced positive sequence currents and a negative
sequence voltage component will cause oscillations in both the
active and reactive power flow. Considering that the sine and
cosine terms in (7) are 90° phase shifted, the amplitude of the
active and reactive power oscillations can be calculated as

A 2 2 A 2 2 :
p2a) = \' cha) + psZ(a and q2a) = VqCZ(u +qs2(u 4 respectlvely.

Furthermore, the positive sequence current components
corresponding to a certain average active and reactive power
flow given by p, and ¢, can be calculated from (7) as a
function of the voltage components. Then, by substituting the

resulting positive sequence current components into the
equations for perw, Psre, Ge2o, and ¢s2q, the amplitude of the
oscillating components can be derived as

VO p— p—
Do 8rsc = 9a0,8Psc =|V_+‘\/ p{)2 +q{12 . Q)

o

It can be seen from (9) that the active and reactive power
oscillations for a given combination of average active and
reactive power flow is proportional to the amplitude of the
negative sequence voltage and inversely proportional to the
positive sequence voltage amplitude.

B. Constant Active Power (CAP) control

As discussed in [22]-[24], [31], the negative sequence
currents of a VSM can be controlled to eliminate the double
frequency oscillations in the active power flow. This can be
achieved by setting p.> and p;. in (7) to zero and solving the
two corresponding equations for i, and i 4. The resulting
expressions allow for calculating the negative sequence
current references from the positive sequence currents and the
measured positive and negative sequence voltage components:

Y

I -1

¥
U cpp =| .= =TT 3 1
l‘{ cap (V;—,d) +(V;:fi)
+

_ -
. Vo,dvo,d _vo,qvo,q
L

+ - + -
vo,qvo,d +Vo,dva,q vﬂqq 0.9 -

. . _or. 1-(10)
Vo,qvo,d +vo,dvo,q lv,d

+ - -+
Va,dvo,d lv,q
While this expression ensures elimination of the active power
oscillations, the amplitude of the reactive power oscillations
will increase with the power flow and voltage unbalance. By
introducing the expressions from (10) into the equations for
gc20 and g2, in (7), the total amplitude of the reactive power

oscillations can be calculated as
—2 —2
~ - po qo
q2w:2'|VO|'|V2| I 2 2 7t 2 2\2
_ N _
WF ) (if <)

It can be noted that the control for eliminating active power
oscillations can be especially relevant for 2-level VSCs with
small dc-link capacitor, as further discussed in [41]. However,
this issue is less critical for the MMC topology, since the
internal capacitors in each arm always have to be designed for
handling the voltage oscillations corresponding to the
maximum allowed phase currents.

an

v

o

C. Constant Reactive Power (CRP) control

The same approach as used for obtaining (10) can also be
used to derive the negative sequence current references that
will eliminate the double frequency reactive power oscillations
during unbalanced conditions. Thus, by setting ¢.> and ¢, in
(7) to zero and solving for the negative sequence current
components as a function of the voltages and the positive
sequence currents, the following expression can be obtained
[22]-[24], [31]:
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*

. I 1
i — —
CRP | T2 + N2
9 _crp (VO,d ) + (VO,q )
(12)
oy =iy +v' i
3 vo V vo qvo q vo qvo d o,d v,d
+ i
vo qvo d Va dvo .q vo qvo q vo,dvo,d lv,q

It should be noted that this expression is equal to the
expression in (10) multiplied by —1. Then, introducing the
negative sequence current components resulting from (12) into
(7) results in expressions for the active power oscillations pc2,
and ps2,. The amplitude of the active power oscillations can
then be expressed as

—2 —2
V:; po 5 + qo
2 2
(EREIN
D. Negative sequence virtual impedance (NSVI) control

While the BPSC, CAP or CRP strategies are designed to
impose a specified power flow characteristic to the VSM (i.e.
balanced currents, elimination of active power oscillations or
elimination of reactive power oscillations), it is also possible
to let the VSM respond to unbalanced conditions by a
exhibiting a negative sequence virtual impedance (NSVI) [29],
[31]. By applying a similar quasi-stationary representation as
in (4), a NSVI-based strategy for generating the negative
sequence current references can be directly obtained.
Expanding the equation for the negative sequence d- and g-
axis components results in:

132(0:2.‘/0 (13)

\Y

4
V o

o

i ( Vea ~ Vo d)rVI (V )stwlv;l

! (rVI) (wVSM VI) (14)
o ( eq ()q)rVI (V ud)wVSMll;l

' (rVI )2 + (a)VSMlljl )2

By setting the internal negative sequence voltage of the VSM
to zero (i.e. v"es= v "oy = 0 in (14)), the generation of the
negative sequence current references can be illustrated as
shown in the right hand side of Fig. 3. The active and reactive
power oscillations resulting from the NVSI-based control can
be directly obtained by introducing the currents resulting from
(4) and (14) into (7).

The use of a NSVI inherently provides impedance-based
sharing of unbalanced load in the system and could thereby
contribute to the reduction of the voltage unbalance in the
grid, according to the desired requirements for grid forming
converters [7]. However, the resulting negative sequence
currents will depend on the negative sequence voltage in the
grid and on the virtual impedance. Thus, for operation under
severe voltage sags, the selection of the negative sequence
virtual impedance should be coordinated with the strategy for
current limitation and for priority between positive and
negative sequence current components, which is outside the
scope of this paper.

E. Negative sequence voltage control (NSVC)
A fifth possible strategy is to introduce closed loop

. .| Negative Sequence Virtual Impedance
[0 P

~H

Fig. 3 Block diagram of the NSVI and NSVC

control of the negative sequence voltage components
measured by the converter [30], [31]. As proposed in [31],
such negative sequence voltage control can be obtained by
introducing PI-controllers for providing the internal negative
sequence d- and g-axis voltage components v., * and v,
used as input to the NSVI implementation from (14). This is
indicated in the left hand side of Fig. 3.

IV. POWER FLOW CHARACTERISTICS AND POWER TRANSFER
LIMITATIONS UNDER UNBALANCED CONDITIONS

The ac-side power flow characteristics of the different
strategies and the dependency on the grid voltage are studied
in the following for all cases of negative sequence current
control except the NSVC, which always imposes a balanced
local voltage (within its current limitation) Furthermore, the
maximum average power that can be transferred within the
current limitation of the converter is derived for the different
strategies to obtain corresponding ac-side capability curves for
the converter.

A. Comparative evaluation of active and reactive power
flow characteristics

In the following, the reactive power droop is ignored so that
the internal positive sequence voltage amplitude v." is
independent of the converter operation. By representing the
positive and negative sequence voltages in the reference frame
defined by the VSM, the operating conditions in steady state
can then be fully determined. The expressions for the positive
sequence components are given as

yho=

o |sin g,

VsMm (15)
The first step of the analysis is to utilize (4), (15) and the
expressions for the negative sequence currents from (8), (10),
(12) or (14) to eliminate the currents from the equations for
the average active and reactive power in (11). Then, p, and ¢,
can be expressed as function of |vo'|, |vo| and Jdysu. As an
example, the expressions for BPSC control are given as:

.
,|C08 gy v, , =

N
@y, V. SIN S, + 17V, €COS Sy, — V,|v |

() (st )

(16)

Pogpsc = |V |
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Fig. 4 Calculated power flow characteristics with BPSC, CAP, CRP and NSVI control. Solid lines represent the numerical calculation of the accurate
expressions while dotted black lines represent the corresponding simplified expressions obtained with "= 0 and v~ = 0, as presented in Appendix A.
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where dysy is the only unknown.

Imposing the power flow to be equal to the power reference
Do, (16) can be solved for dysy. The result can then be used to
calculate the average reactive power flow with BPSC as a
function of the power reference by (17). The average active
and reactive power can be further substituted into (7), or
directly into (9), for calculating the amplitudes, p», and ¢2,, of
the active and reactive power oscillations. It should be noted
that by setting ;" to zero, (16) and (17) simplifies to the basic
equation for power transfer between two voltage sources
separated by a series inductance. This significantly simplifies
the expressions for o, P2, §20. Corresponding expressions for
the CAP, CRP and NSVI control strategies can also be
obtained, as documented in Appendix A.

For comparing the different strategies for negative
sequence current control, ¢,, P2, and ¢z, are plotted as a
function of the negative sequence voltage amplitude in Fig. 4,
a), b) and c), respectively. For these plots, it is assumed that
the per unit positive sequence voltage amplitude is given by
[Vo'| = 1.0 — |vo |, and that the virtual impedances are set to
ry=0.01, 1/"=0.3, ry;=0.01, [y =0.4. Furthermore, the
voltage reference limitation in (5) is taken into account with
kviim = 1.05 , by setting ¥."* = 1.05|v,"| when ¥." > 1.05|v,"].
The effect of this limitation is clearly seen from the plot of ¢,
in Fig. 4 a), as a sudden change of slope. Indeed, without this
limitation the reactive power injection would become very
high with reduced positive sequence voltage amplitude. The
dotted lines show the impact of neglecting the resistances as
assumed for the analytic expressions in Appendix A.

The results in Fig. 4 b) and Fig. 4 ¢) also show how pa,
remains zero for the CAP control while ¢». is always zero for
the CRP control. However, ¢, is increasing towards infinity
for the CAP control. This is expected since infinitely high
unbalanced currents would be necessary to transfer non-zero
average power without active power oscillations when the
amplitudes of the positive and negative sequence voltages
approach equal values (corresponding to single-phase
operation). It can also be seen from Fig. 4 b) and Fig. 4 c) that
the active and reactive power oscillations are significantly

- (17)

V()

higher with the NSVI than with BPSC. However, the
oscillating components with the NSVI are depending on the
virtual impedance values, which could be selected according
to how the VSM should contribute to the sharing of negative
sequence loading in response to unbalanced conditions.

B. Power transfer capability under unbalanced conditions

A similar approach as presented for evaluating the power
flow characteristics of the BPSC, CAP, RPC and NSVI
control can also be applied to calculate the power transfer
capability of the converter within a specific ac-side current
limitation. For simplicity, a vector amplitude limitation (and
not a phase current limitation that would depend on the phase
angle of the negative sequence current) is considered as:

I N T L T Y U T S ¢ 1)
Utilizing (4) and (15) to express the positive sequence currents
and applying the expressions for the negative sequence
currents from (8), (10), (12) or (14), results in an equation
with only dysy as unknown. Thus, it is possible to solve for
ovsu as a function of the current limitation and the positive and
negative sequence voltage amplitudes. Substituting this angle
back into the expression for the average power flow results in
a capability curve for the ac-side of the converter within a
current limit. The resulting characteristics of the BPSC, CAP,
CRP and NVSI control strategies are plotted in Fig. 5, when
assuming |[vo'| = 1.0 — |v, |. Again, the coloured lines represent
the different cases with accurate parameters, while the black
dotted lines correspond to the results from ignoring the virtual
resistances.

From the curves in Fig. 5, it is clearly seen how the power
transfer capability with the CAP control approaches zero,
when |v, [=|v,"[=0.5 pu, as expected. Furthermore, the power
transfer capability with the BPNC control is decreasing
linearly with the positive sequence voltage amplitude, while
the CRP control enables a higher power transfer capability in
this case. The main reason for this higher power transfer
capability of the CRP is that the negative sequence currents in
this case contribute positively to the average power transfer.
Finally, with the assumed parameters, the case with the NSVI
has the lowest power transfer capability due to the high
resulting negative sequence currents. Indeed, with the assumed
value of /y;=0.4, a negative sequence voltage amplitude of 0.4

I
=]+

lV
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1 T T T T T T T TABLE I — PARAMETERS FOR THE SIMULATION
09 b MMC data
08l Nominal power , Pom 1000 MW
= Nominal line-to-line grid voltage, Vg om 333 kV
f: 07 Nominal dc side voltage, Vpc 640 kV
% 06l ] Number of modules per arm, N 400
§ Arm inductor, Iy 50 mH
8 05] Submodule capacitance, Csy 10 mF
g 0al ] Transformer inductance Ly 28.2 mH
5 Transformer resistance Ry 09Q
§ 03 1 Control parameters
02l BPSC J Frequency droop gain, &, 20 pu
cAP VSM damping coefficient, k; 200 pu
o1r N 1 Virtual inertia, T, (=2H) 10s
o i . . ) . ) . . Reactive power droop gain, &, 0 pu
0 005 01 015 02 025 03 035 04 045 05 Voltage limiting factor, &, m 1.05
Negative sequence voltage amplitude, |v_| [pu] Positive Sequence Virtual Impedance, Iy, " ry* 0.2 pu, 0.01 pu
Fig. 5 Power transfer capability curve within current amplitude limitation of Negative Sequence Virtual Impedance, 1y, 7y~ 0.4 pu, 0.02 pu
Lim = 1.0 pu, for BPSC, CAP, CRP and NSVI control. Solid lines represent PR Current Controller gains, k. p, k.z 0.8 pu, 0.3 pu
the accurate solution with the assumed parameters while dotted black lines Negative Sequence Voltage Controller gains
represent the results obtained with 7" = 0 and 7~ = 0. kpns, kins 0.3 pu, 5 pu
Circulating Current Controller gains, k..p, kcc,, 0.9 pu, 630 pu
pu results in approximately 1.0 negative sequence currents. - keerow kecrow 0.06 pu, 0.08 pu
This implies that there will be no remaining current capability Sum Energy Controller gains, kr.» k; » 0.5 pu, 6 pu
Difference Energy Controller gains , kp ki 4 0.6 pu, 6 pu

for transferring active power, as seen in Fig. 5.

V. SIMULATION RESULTS

To assess the performance of the 5 studied strategies for
control of the negative sequence currents, numerical
simulations under unbalanced conditions have been
conducted. A MMC has been selected as a VSC to illustrate
that the functionalities of the negative sequence control
approaches are generally applicable to HVDC systems and
other large converter units in the transmission system. Indeed,
the analysis in the previous sections is generally independent
of the converter topology when only ac-side variables are
studied. The simulation results are obtained with a single
MMC-based terminal of an HVDC transmission system while
assuming a constant dc-side voltage and include the response
to an islanding event with a local load. As already mentioned,
the implementation of the circulating current control and the
energy balancing control indicated in Fig. 1 are documented
and discussed in [36].

A.  Simulation results

The parameters used for the simulations is shown in Table
I, where the circuit parameters are obtained from [42]. In the
following, results of different simulations are shown to
highlight the response of the systems to an islanding event and
to load steps in islanded mode.

1) Islanding event

A dedicated simulation has been performed to test the
performance of the VSM-controlled MMC when transitioning
from grid-connected to islanded mode under unbalanced
conditions. For these simulations, unbalanced conditions
under islanded operation 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. Fig. 6 shows the three phase voltages and

currents as well as the active and reactive power flow from the
converter with the five different strategies for controlling the
negative sequence currents as discussed in section III. At time
t = 0.03 s the ideal grid voltage is disconnected, and the
system starts operating in islanded mode.

From Fig. 6 a) it can be confirmed that the BPSC is
injecting balanced currents even with the unbalanced load.
However, this causes unbalanced voltages and corresponding
power oscillations. Thus, this strategy should not be preferred
for islanded operation. As shown in Fig. 6 b) and c), the CAP
and CRP strategies allow for eliminating oscillations in the
active and reactive power, respectively. However, this also
results in unbalanced voltages and currents, although the CAP
contributes to a reduction of the voltage unbalance while the
CRP clearly aggravates the voltage unbalance. It should be
noted that the power flow is significantly reduced for the CRP
strategy, since the positive sequence voltage is limited to
avoid generating over-voltages in the phase with the lowest
load, as explained in II. B. As for the BPSC, the CAP and
CRP strategies are not recommended for islanded operation.

The results in Fig. 6 d) show how the NSVI is significantly
reducing the voltage unbalance by supplying negative
sequence currents. Since there is no closed loop control on the
voltages, the NSVI cannot eliminate the voltage unbalance but
provides an inherent capability for sharing of negative
sequence load. Finally, the results with the NSVC are shown
in Fig. 6 ) and demonstrate how the closed loop control can
ensure balanced voltages at the local load. However, this
requires a higher negative sequence current and results in
higher double frequency oscillations in the power since the
unbalanced loads are supplied by the rated voltage in all
phases. It should be noted that the NSVC would not be
applicable in grid connected operation with a low equivalent
grid impedance since negative sequence current injection from
the converter would not have significant influence on the local
grid voltages.
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Fig. 6. Simulation of islanding event with unbalanced load and negative sequence current control by a) BPSC, b) CAP, ¢) CRP, d) NSVI, e¢) NSVC

600 Inertial response voltage, is applied at time =1.1s. The resulting dc-component

R vess of the active power flow and the virtual speed of the VSM

S a00f swing equation are shown in Fig. 7. The initial values of the

s I BPsC active power flow and the speed are different among the

g cap | different strategies since they depend on the response of the
0® 200 F CRP . 4 .

NSV control strategy to the islanding event from Fig. 6. However,

NSVG the step in the power absorbed by the load and the resulting

0 1 12 » P 18 2 inertial response of the VSM speed can be clearly seen for all

the different strategies. This demonstrates how the grid
forming control relying on the virtual swing equation retains

50.6 prsc the intended operation independently of how the unbalances in
N e crp | the isolated system are managed.
L 502 NSVI
= I R e S NSVC|
2 sop VI. EXPERIMENTAL VERIFICATION
408 —— S The operation of the proposed VSM-implementation and
e . [ ‘ ‘ | the performance of the five different strategies for negative
1 12 14 16 18 2

sequence current control under unbalanced conditions has
been verified in grid connected mode by experimental results
with a small-scale laboratory setup.

Time [s]
Fig. 7. Simulation results showing inertial response for load perturbation in
islanded mode under unbalanced load.
2) Load step change A.  Experimental setup
To test the dynamic behavior of the islanded system The experimental setup consists of a 50 kW MMC

.controlled with the. different strategies, an additional prototype designed for operation with ac-side line voltages up
impedance load, equivalent to 0.1 pu (100MW) at rated  (; 400 Vv RMS. The MMC prototype has 12 half bridge
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TABLE Il - PARAMETERS OF EXPERIMENTAL SETUP

Rated power 50kVA
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

Fig. 8

.. Photo of MMC used in the experimental setup

Modular Multilevel Converter
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Fig. 9. Schematic overview of experimental setup

modules per arm and the most relevant characteristics are
summarized in Table II. A picture of the converter setup with
indication of the main elements is shown in Fig. 8. The local
control of each arm is implemented on a PicoZed mezzanine
board containing a Zynq 7030 chip by Xilinx and includes
functions for the arm balancing and modulation, as indicated
in Fig. 1. The balancing of the modules within one arm is
obtained by means of a sorting algorithm according to [33],
while the modulation technique is the phase-disposition PWM
(PDPWM) applying the PWM signal only to one module per
arm at a time. Further details on the distributed control of the
modules in each arm are provided in [32]. The insertion
indices for each arm are calculated from the voltage references
V," and V" according to [34].

j=d
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5 CAP
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Fig. 10. Experimental results showing response to change of power reference
under unbalanced conditions
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Fig. 11. Experimental results showing response to frequency perturbation
under unbalanced conditions

The voltage references for each arm of the MMC are
provided by an OPAL-RT platform used to implements all the
remaining control features. Furthermore, an EGSTON
COMPISO switch-mode amplifier is used as a grid emulator
to impose perturbations in the ac-side of the MMC. Two
available channels from the same amplifier are also providing
the dc voltage to the MMC prototype. A schematic overview
of the experimental setup is shown in Fig. 9.

B.  Verification of inertial response to power and
frequency perturbation under unbalanced conditions

A complete set of experiments has been conducted to verify
the performance of the different methods for generating the
negative sequence current references. The tests are performed
with a 25% voltage unbalance imposed by the grid emulator.

First, the transient response of the VSM-based control
system has been tested for a variation of the power reference
and with a disturbance in the grid frequency under the
unbalanced conditions. The response to a step of the power
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Fig. 12. Experimental results demonstrating VSM-based operation under unbalanced conditions with a) BPSC, b) CAP, ¢) CRP, d) NSVI

reference from 5 kW to 7.5 kW is shown in Fig. 10. The
transients in the average power according to (1) and the virtual
speed of the swing equation highlights the inertial behavior of
the VSM control. Moreover, the effect of the negative
sequence currents is marginal and the four control strategies
provide almost identical responses.

The response to a perturbation in the grid frequency
imposed as a step from 1 pu to 0.999 pu (i.e., from 50 Hz to
49.95 Hz) in the frequency imposed by the grid emulator is
shown in Fig. 11. This frequency disturbance triggers the
reaction of the virtual inertia, and the converter reacts with an
increase in the power transfer. The rotating speed of the virtual
inertia follows a similar transient and settles at the new grid
frequency after a well damped inertial response. The effect of
the negative sequence control is again negligible.

C. Verification of negative sequence current control under
unbalanced conditions

Experimental results at steady state conditions for four
different strategies for controlling the negative sequence
currents (i.e. BPSC, CAP, CRP, NSVI) are shown in Fig. 12.
The results clearly indicate that the control objectives are
fulfilled, and that the converter operates as expected. Indeed,

the output currents exhibit unbalances except for the BPSC
where only the positive sequence is present. It is also clear
how the oscillations in active or the reactive power flow are
eliminated with the CAP and the CRP strategies, respectively.
The amplitudes of the power oscillations also correspond to
the analytical evaluation from section II. The case with the
NSVI shows a negative sequence component proportional to
the imposed negative sequence voltage. The NSVC strategy is
not tested since the system is operated in grid connected mode
with negligible grid impedance beyond the transformer. Thus,
the NSVC would not be applicable since the ac-side voltages
cannot be balanced by negative sequence current injection
from the MMC.

VII. GENERAL CHARACTERISTICS AND APPLICABILITY OF
EVALUATED STRATEGIES FOR NEGATIVE SEQUENCE CURRENT
CONTROL

To provide a comparative assessment of the different
investigated strategies for controlling the negative sequence
current components of a VSM, the general characteristics and
the experiences from the simulations and laboratory testing are
summarized in Table III. The entries of the table highlight
how the three strategies for calculating the negative sequence
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TABLE III - COMPARISON OF CHARACTERISTICS AND APPLICABILITY OF DIFFERENT VSM-BASED STRATEGIES FOR NEGATIVE SEQUENCE CURRENT CONTROL

Control General characteristics and applicability under unbalanced conditions
Strategy Grid connected in strong grid Grid-connected in weak grid Islanded
BPSC e Balanced three phase currents Same as for strong grids e Maintains balanced currents without
e Active and Reactive power oscillations supporting unbalanced loads
Suitable for: Maintaining balanced e Worsens voltage unbalance
currents in all conditions Not practically relevant
CAP e Unbalanced currents with highest | Same as for strong grids, with the following | e Attempts to control active power
current in the phase with lowest voltage | additional implications: without considering voltage unbalance
o Eliminated active power oscillations and | ® Reduces voltage unbalance when | ¢ Can reduce voltage unbalance when
high reactive power oscillations injecting power injecting power depending on load
e Not applicable for severe unbalanced | ® Worsens voltage unbalance when characteristics
faults with zero remaining voltage in consuming power Not practically relevant
faulted phase
Suitable for: transferring constant active
power to the PCC under moderate
unbalances
CRP e Unbalanced currents with phase current | Same as for strong grids e Attempts to control reactive power
amplitude proportional to the phase without considering voltage unbalance
voltage amplitude e Will imply highest currents in the phase
e Eliminated reactive power oscillations with  the highest voltage, and
and high active power oscillations significantly worsened unbalance
Suitable for: Maximum power transfer to Not applicable
the PCC
NSVI e Negative sequence current proportional | Same as for strong grid, with additional | e Impedance-based sharing of unbalanced
to negative sequence voltage advantage of: loading in the grid
Suitable for: Handling large variations in | e Impedance-based contribution to sharing | e Attenuates but cannot eliminate voltage
operating conditions and grid impedance of unbalanced loading in the grid unbalances
o Inherently suitable for parallel operation | Suitable for: Handling large variations in
with other similar units operating conditions and load impedance
NSvC e Controller will saturate when negative | e Provides unbalanced currents to balance | e Can eliminate local voltage unbalances
sequence current cannot influence the the local voltage for all loadings within the converter
local voltage unbalance e Can eliminate local voltage unbalances rating
Not applicable if the equivalent grid impedance is large | e Parallel operation of multiple units will
o Not inherently robust for large variations require droop-based control or other
in grid impedance mechanisms for load sharing
Suitable for: Eliminating local voltage | Suitable for: Providing balanced voltages
unbalances when grid impedance will | in islanded systems with unbalanced
always be high loads

current references to shape the power flow characteristics, i.e.,
the BPSC, CAP and CRP, are suitable for grid connected
operation, but not directly applicable in islanded conditions.
However, the CAP strategy is only applicable for limited
unbalances, as elimination of power oscillations will not be
possible for severe unbalances when the three-phase grid is
approaching single-phase operation. Similarly, the NSVC is
most relevant for islanded systems, and unapplicable for grid
connected operation in strong grids, even if it can be relevant
for operation in very weak grid conditions when the local
voltage unbalance can be regulated by the converter. The
NSVl is generally applicable in all operating conditions, but in
strong grid condition this strategy can result in high negative
sequence currents without fulfilling any specific objective for
the converter operation.

The presented results and discussions show that there is no
single strategy that will be most suitable for all conditions.
This implies that further attention should be dedicated to the
optimal selection of the negative sequence current control
strategy under changing operating conditions, or during
changes between grid-connected and islanded operation.

VIII. CONCLUSIONS

This paper presents a detailed assessment and comparative
evaluation of virtual synchronous machine-based control
strategies designed for operating under unbalanced grid
conditions. Five different alternatives for controlling the
negative sequence currents have been considered and
compared, theoretically, by simulation, and by experimental
validation with a Modular Multilevel Converter. The strategies
for controlling the negative sequence currents define the
response to grid voltage unbalances or load unbalances and
include control objectives for obtaining: i) Balanced three
phase currents, ii) elimination of second harmonic oscillations
in the active power flow, iii) elimination of second harmonic
oscillations in the reactive power flow, iv) a negative sequence
virtual impedance for sharing of negative sequence loading
between the VSM and the rest of the grid or v) closed loop
control for elimination of negative sequence components in
the local ac voltage. The applicability of these strategies when
connected to a strong grid, a weak grid with high equivalent
impedance or a stand-alone system with local loads have also
been discussed. Results from theoretical analysis, numerical
simulations and experimental testing demonstrate how the

2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://WWW.ieee4orslgublicationsﬁstandards/ ublications/rights/index.html for more information.
Authorized licensed use limited to: Politecnico di Milano. Downloaded on June 14,2022 at 15:19:

9 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2022.3175169, IEEE

Journal of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS

presented control strategy can fulfill the selected control
objectives. The power flow characteristics and the power
transfer capability with the different strategies have also been
analyzed. Further work related to the presented control
methods will be focused on development of coordinated
strategies for limitation of the current references and for
maintaining the grid-forming functionality of the VSM-based
control in case of severe fault conditions.

APPENDIX A: SIMPLIFIED ANALYTICAL EXPRESSIONS FOR
POWER FLOW COMPONENTS UNDER UNBALANCED
CONDITIONS

The analytical expression resulting from further evaluation
of the different strategies for negative sequence current control
in section III. are presented in the following.

A. Balanced Positive Sequence Current (BPSC) control

Setting ry,/=0 in (16), and simplifying the expressions by
defining the virtual reactance as xy;"=wysy ly;i*, the equation
can be easily solved for dysy, as given by

5 =sin| 2ulo_| (19)

vsm LN

e o

Thus, the average reactive power flow under the assumption
of r7"=0.01 can be expressed as
v

2 e L
- Al - el o

"
Xyr

+

Finally, an expression for the amplitude of the active and
reactive power oscillations can be obtained as:

A 0 AE A
p2w QZa) + \/ ve +| | _2\/

B. Constant Active Power (CAP) control

The detailed expressions for the average active and reactive

power flow in this case can be obtained as:
2

+

(xp) e

12
v —|v

N
5 =% U x,,,v "sindyg, +7 0 €083, — 1 V2 )
(2 + +\2 2

v (i) + ()
v +|v| P c0S g XW|V 7T sindg,
q, = N 2 2 . (23)
v (r) +()

Setting ry,"=0 in (22) and solving for dys, when assuming
the average active power flow to be equal to the reference
results in:

+

+ .
Xyr

V+

o

2
N -
vo| —|v,

o

\sm : ok 2 po . (24)
Kkl

Thus, the average reactive power flow can be expressed as:
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While the double frequency active power oscillations in
this case are controlled to zero, the amplitude of the reactive
power oscillations can be calculated as:

2|v 2 2 x p
A _ o AE + At 4 Vi o
Gro = (vé, ) +|vi| =2v" vl |1- 7+* R .(26)
x[/[ v(.’ ( VU _|v0| )

C. Constant Reactive Power (CRP) control

The detailed expressions for the average active and reactive

power flow in this case can be obtained as
2

v+ v;z xV,v "sindyg, +70 0SS, — 1y (V)
b, = N 2 2 (27)
v (Vw) +{x)
P o
(V" |V"| ) XVI V1 e X Ve COSéVw

C_]o = - ’ 2 2 .(28)
(1) +(xw)

v
0 in (27) and solving for dysi results in

Setting I"V1+:

+

. + *

5. =sin! | WelPo
vsm - e 2
||V +|V0|

o

(29)

The expression for the average reactive power can then
be simplified to

L2 2 5 2
V.| —Y, W* X [?*
g =-" JI1— || == | | ¥
q, = + 1 + NE 12 . (30)
Xy1 Vo Vil +v,

While the double frequency reactive power oscillations in
this case are controlled to zero, the amplitude of the active
power oscillations can be calculated as

2lv; 2 2 X |v’ p*
A2 o Ak . TN 1 |Yo|Po (31
Do = (vi, ) +vo| =2v v | |1— Y ICITEE (31
Xyp v, (VO +‘VD‘ )

D. Negative Sequence Virtual Impedance (NSVI) control

By defining xy7 =wysi Iy, the detailed expressions for
the average active and reactive power flow with the NSVI
control are given by (32) and (33), respectively. However, if
the negative sequence virtual resistance ;= 0, the negative
sequence currents will not transfer average active power.
Thus, only the positive sequence components will contribute
to the average power transfer and the power balance reduces
to the same expression as for the BPSC control. Thus, utilizing
(19), the magnitude of the power components can be derived
analytically as for the other cases. The resulting average
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and the amplitudes of the double frequency oscillations in
active and reactive power are given by (35) and (36),
respectively.
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