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Abstract

In this study, we investigate grid-forming (GFM) control for dc/ac voltage source con-
verters (VSC) under unbalanced system conditions and unbalanced faults. To fully
leverage the degrees of freedom of VSCs, we introduce the concept of generalized three-
phase GFM control that combines individual GFM controls for every phase with a phase
balancing feedback. The proposed control allows trading off voltage and power unbal-
ance under unbalanced conditions, enables current limiting for each phase during unbal-
anced faults, and reduces to positive sequence GFM droop control in balanced systems.
High-fidelity simulations are used to illustrate the properties of the control and their
interaction with protection schemes of distribution system.
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1 Introduction

1.1 Motivation

Climate change is an ongoing crisis in our environment which is ubiquitously affecting
our lives. A counter measure to mitigate this comes from reducing carbon emissions.
Net-Zero by 2050, a mission overseen by Department of Energy, is a stride in this direc-
tion. Furthermore, the energy consumption is an ever increasing trend, which demands
more energy production. To meet this sustainability goal, we need steep renewable
power production integration. The majority of this renewable power is expected to be
contributed by wind farms and solar energy, which are predominately connected onto
the grid through power electronic circuits [3]. Collectively they are known as Inverter
Based Resources (IBRs)

At present, Synchronous generators (SGs) are the backbone of the large scale power
systems, and according to the DoE 40% of them are run from fossil fuels. Clean energy
IBRs are though to replace most of these SGs and to fulfill the energy gap by 2050. But,
decommissioning such SGs inhibits grid stability during contingencies and unbalanced
loading, which are key indicators of grid resiliency. Standard IBR controls available
in literature often overlook these nuance which can, jeopardize system reliability and
resilience. This poses a significant barrier for large-scale integration of renewables and
power electronics.

1.2 Literature review

There are two main control strategies for grid-connected power converters which are
grid-following and grid-forming. Grid-following (GFL) converters may provide grid-
supporting services but require other devices to form a stable ac voltage waveform that
GFL converters can lock on to [4]. GFL converter mainly acts as current source (fig. 1.1)
hence needs a phase locked loop (PLL) to inject power [4]. Typically, GFL converters
shut off power during a large disturbance and reconnect only after the rest of the grid
is restored. As IBR account for increasing shares of the overall electricity supply, GFL
control strategies are impractical to employ on them [5]. Grid-forming (GFM) converters
impose a well-defined and stable ac voltage waveform at their point of connection [1,2,6]
and the active and reactive power delivered by the converter are function of ac grid fre-
quency and voltage [4](fig.1.1). Depending on the type of control objective(for example
droop, VSM, VOC etc) it is possible to mimic SGs inertial response to some extant.
Additionally, this means that such converters can work in both grid-connected and is-
landed modes. Hence, GFM converters are envisioned to replace SGs as the foundation
of future sustainable power systems [7,8]. Key advantages of GFM control include its



fast response to contingencies [8] and potential for fast fault current injection. However,
these GFM converters are dc/ac voltage source converters and due to their comparatively
low current limits, they cannot emulate the fault response of synchronous machines [9].
In contrast, SGs provide a fault response that is constrained solely by the electrome-
chanical limits of SGs [3,10]. Consequently, the fault-response of a converter-dominated
power system may vastly differ from the response expected by today’s system protec-
tion [11]. As mentioned previously, GFL converters leverage constant current injection
to ride through faults [12]. But, the (self-synchronizing) voltage source characteristics
of GFM converters are not amenable to this approach.
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Figure 1.1: GFL converter acting as a current source (upper image), GFM converter
acting as a voltage source (lower image).

Specifically, GFM controls provide a balanced voltage reference that is tracked by
underlying cascaded voltage and current controllers. These loops control the dynamic
behavior of the LCL filter at the terminal of the converter, hence enabling desirable
voltage generation at the filter capacitor. Strategies for current limiting in GFM voltage
source converters (VSCs) include limiting the reference of the inner current controller [9],
virtual impedance [9,13,14], and projected droop control [15]. There is no control ar-
chitecture in the literature at this time which allows GFM converters to simultaneously
limit current and perfectly synthesis the grid. Nevertheless, GFM converters can ride
through faults with certain current limiting control strategies. Crucially, all the afore-
mentioned works assume a balanced system and balanced faults, the vast majority of
faults in high voltage systems are unbalanced [16].

Moreover, distribution systems typically exhibit significant unbalance that is not ac-
counted for in the standard GFM control design methods. The few works that con-
sider GFM control under unbalanced conditions [17,18] and faults [18] typically leverage
symmetrical components, e.g., implementing separate GFM controls for positive and
negative sequence. This approach is motivated by prevailing analysis methods for un-
balanced systems using symmetrical components and can effectively control the VSC
terminal voltage under unbalanced conditions. However, the relationship between the



converter phase currents and symmetrical components is highly nonlinear [18] and limit-
ing the phase currents through control of symmetrical components results in challenging
control design and analysis problems. Instead, we propose explicitly controlling the
phase voltages and currents in their original coordinates and apply droop control to
each phase individually with a phase balancing feedback. This results in a less complex
controller that can readily use standard current limiting algorithms and result in less
complex control design problems and analysis problems.

The contribution of this work is a generalized three-phase GFM droop control for two-
level dc/ac voltage source converters (VSCs) that leverages the capabilities of VSCs to
control individual phase voltages and currents during unbalanced conditions and faults.
To this end, single-phase GFM controls for every phase are combined with a phase
balancing feedback. Using this approach, the GFM control can provide an unbalanced
voltage reference under unbalanced conditions or unbalanced faults. Notably, the pro-
posed control allows trading off voltage unbalance and power unbalance and reduces
to standard balanced GFM droop control in balanced systems. The GFM voltage ref-
erences are tracked by individual inner current and voltage controllers for every phase
with phase current limiting. As a result, the proposed generalized GFM control sus-
tains control over the VSC terminal voltage waveform under unbalanced conditions and
phase currents under unbalanced faults. Finally, these features are illustrated using a
high-fidelity EMT simulation.

1.3 Outline

This study outlooks the details on the control logic used to develop a novel three-phase
grid-forming droop control. To explain this comprehensively we start with converter
model settings and coordinate frame utilized in ch. 2 and ch. 3 respectively. Then, once
we establish the hardware architecture, we elaborate on the converter control in ch. 4 and
the measurement manipulations involved into achieving the desired voltage magnitude
and angle at the filter capacitor in ch. 5. Furthermore, in ch. 6 we conduct steady state
analysis to observe how the average active and reactive power steady state values differ
under different settings. Ultimately, in ch. 7 we illustrate the theory discussed with case
studies involving high fidelity simulations. For the concluding remarks we summarize
the research conducted so far and shed light on the future work.



2 GFM converter setting

GFM converter is primarily composed of a VSC, dc source and filters with appropriate
measurements for it functionality execution.

2.1 Topology

Representative power inverter topologies for utility-scale photovoltaic plants are two-
level three-phase inverter, and three-level three-phase inverter and its variants. This is
due to two-level and three-level VSCs being more suitable and cost-effective VSCs for
low voltage or low power applications at the distribution level. While multi module
converters can be easily scaled to higher power and voltages, it is too expensive for such
low power applications. Besides being easier to implement compared to multi modular
converters, they are very well understood. In this study we are making use of two-level
three-phase dc/ac VSC to implement our GFM control.

2.2 Connection on the dc side

In this study, we are consistent with the standard GFM converter assumption that the
dc side is an ideal source, which means that the GFM converter needs another device to
stabilize the dc voltage or needs dc terminal to be an infinite dc bus. Accommodating
dc voltage conditions into the overall control objective is out of scope for this study.
Additionally, in our studies we have presumed the source is an ideal voltage source split
in half where the split contact is connected to ground (mid point grounding scheme)
as shown in fig. 2.1. This facilitates any zero sequence current to flow into the battery
when present. Such arrangement is equivalent to having a midpoint of split capacitor
grounded.

2.3 Filter configuration

Typically VSC are coupled with filter such as LCL or RLC to smoothen the voltage
output waveform of two-level inverters and to subdue the harmonics the modulation
may produce. In this study we have employed RLC circuit as our filter. Note that
the filter topology is three-phase star connected where RL is connected in series to the
output of the VSC and a capacitor is connected from the RL terminal to the neutral of
the star connection as per the fig. 2.1. This neutral point is then connected with the
midpoint ground of the dc side, hence closing the path for the zero current ot flow.

We have chosen this arrangement of filter since the control demands each phase be
controlled independently (sec. 3). The filter can also be connected in the A which then



allows the GFM control to reduce to a two-phase structure rather then a three-phase
since one of the phases would be dependent on the other two phases. This logic eliminates
the zero sequence current flow. Consequently, midpoint grounding at the dc side can be
eliminated.

Filter can also be used to make the network more inductive as seen form the converter.
This can be handy when the control logic is designed to work for inductive lines but the
system is deployed in a slightly less inductive and more resistive network. P — f and
@ — V droop equations work well only on the inductive network. Therefore by choosing
a filter with higher inductance this relation can be preserved. But note that this may
change the time scales of the dynamic response of the filter.

J/_ Contol logic

—
1
T |

Figure 2.1: GFM converter consisting of 2-level VSC with mid point dc grounding. Note
that the filter is in star configuration with its neutral point connected to
ground. The A transformer is used to connect GFM converter to grid.

2.4 Measurements

As per the Fig. 2.1 every control action GFM converter control logic takes is based on
the reading sent from measurement sensors. To capture the optimal information on
power flow and contingency, we use values of three-phase ac voltage vgw € R? modulated
by the VSC, filter current i € R3, filter capacitor voltage v € R?, and output current
i, € R3. Sensors are placed accordingly to reduce the measurement error and external
interference.

2.5 Transformer

The topology used in our study is AY: transformer where A is on the primary side
and the Y is on the secondary. This has to do with the arrangement of the filter.
Since filter is star connected we kept A configuration on the primary side to avoid zero
sequence current leakage into the rest of the system. Also it is essential to keep star
connection on the secondary side with the solid grounding on the neutral to help ground
any zero sequence fault current flow from the system. Depending on the filter (sec. 2.3)
arrangement this transformer topology can be relaxed.



3 Coordinate frames

It is imperative to discuss the coordinate frame in which the measurement signals
(sec. 2.4) are going to be fed into control logic. Although it is often presumed in lit-
erature that the signals are balanced, we will also look into the apt coordinate frame
to be used if the signal is not balanced. Ultimately, the philosophy behind using right
coordinate frame is to simplify calculations and consequently control logic.

3.1 Signals

Signals generated from the VSC or the ones captured from the measurements sensors
are time based signals. They have a value for the given time stamp. Let signal z(t) € R
be the value at time ¢t € R. If x(t) is sinusoidal and oscillates at a constant time period
with ||z(t)|| := & where || - || is euclidean norm, then considering the total time period as
27rad, the value at any time stamp of the signal can be represented as Z at a phase angle
0 where 6 € [0, 2w|rad. This is well known phasor representation which equivalently can
be represented as #e/? = #(cosf + jsin ), where j = /—1.

3.2 dq0 coordinates for balanced systems

When the GFM converter is operating in balanced condition, i.e if the loading is uniform
on all three-phases, then it is efficient to use dq0 transformation. This transformation is
composed of Clarke and Park transformation. The Clarke transform is isolating that part
of the vector which is common to all three phases of the vector and the Park transform
rotates a vector’s reference frame at an arbitrary frequency. Let x,(t) := &} cos(wpt +6,)
be a time domain ac signal of phase p € P with amplitude z, € R, at time ¢ € R. This
signal has a constant frequency w, € R and phase difference 6, € R. For P := {a,b, c}
we get,

2

xq(t) cos (wt)  cos (wt — ¢ cos (wt + 27) Tq(t)
z,(t)| = \/5 —sin (wt) —sin (wt 32?’7) —sin (wt + 3%”) xp(t) | - (3.1)
2o (t) V2 2 Y2 (t)

Here w is an arbitrary frequency. The output z4(t) and z4(t) have a phase difference
of /2 rad. If all the phases are balanced, one of the inference from (3.1) is that xo(t)
would be zero. Also, note that (3.1) modifies the time variant x,(t), zp(t) and z.(t)
signals into time invariant z4(t) and z4(t) signals, given that the former signals are
sinusoidally changing at the frequency w. If not, then z4(t),z4(t) and zo(t) are time
varying transformation of the input signal. It is important to point out that there are



studies which vastly makes use of dg0 transformation of the input signals to implement
control logic for GFM converter [4]. This can be attributed to its simplified calculations
and invariant nature of the variables involved to an extent. The 0 in dq0 is omitted
because usually input signals in these systems are balanced.

3.3 Unbalanced systems

3.3.1 Symmetrical components

Unlike dg-transformation, the symmetrical components make use of the phasor &, (cos 6,+
jsiné,) := x, where p € P. Symmetrical components for P := {a,b,c} can be repre-
sented as

xi] [T 1 1] [xa

xo| == (1 a a2 |xp]. (3.2)
3 2

X0 1 o « X

Here, a = ¢’ 2%, X1,X9 and X are positive, negative and zero sequence components of
phasors x,,%x; and x.. This method is used to split the unbalanced phasors into the
symmetric components. With balanced input signals, the negative and zero sequence
components are null. Therefore the balanced signals can be then reduced back to their
time domain signals which are inturn converted to dg-frame to be used in control logic.
This kind of control logic is often called the positive sequence control, since the balanced
input signals only consists of positive sequence components. In the cases where the signal
is unbalanced then it is possible to convert the positive, negative and zero sequence
signals separately into their corresponding dg-frame counterparts to be used in control
logic. However, this sort of control is complicated to implement and execute because of
its high non-linear nature (sec. 1.2). Besides, the symmetrical components needs input
from phasors which is not always possible to accurately calculate in cases where the
input frequency cannot be accurately determined which is true especially during faults.

3.3.2 Hilbert transform

Usage of the dq transformation is effective when applied to three phase systems for
balanced gird conditions. However, during unbalanced cases, the signals produced by
this transformation wont be constant, thus defeating its purpose. Nevertheless, the
essence of these established control logic can be leveraged even in unbalanced scenarios.
One such way is to apply these control logic to each phase separately and use the dg
transformation for the phase wise measurement of signals.

Let w, € R denote the GFM reference voltage frequency for phase p € P. Then, for
all p € P and any ac signal x,(t), we estimate the quadrature component xlf (t) € R of
zp(t) € R as

x;‘(t) =2yt — T 3). (3.3)




In other words, under the assumption that z,(t) is a sinusoidal signal with slowly chang-
ing frequency wy(t), the time shifting in (3.3) referred to as Hilbert transform in the
power electronics literature approximates a 90° phase shift. Notably, the Hilbert trans-
form can be interpreted as representing a3 components of an ac signal (i.e., (Zp.a, 2p3) =
(xp, wf;)) Let R(-) denote the 2D rotation matrix (Park transformation). Then, any ac
signal x,(t) can be represented in a dq frame with reference angle 6,(t) € S as

snan(®) = (22400 = gy | 720 (3.4)

Tpq(t) z

where %Hp(t) an arbitrary frequency. Moreover, for any ac signal z,(t) we can construct
the phasor

Xp(t) == xp.a(t) + jzpq(t). (3.5)

Since %Hp(t) = wp(t), the output signals from (3.4) are dc signals which are invariant.
Because of the modular implementation and better control logic associated with this
method and, in this study we employ sec. 3.3.2 to convert all measurement signals into
corresponding dg-frame signals.



4 Converter control

4.1 General tasks

The major idea behind developing the control strategy for this VSC is to match all the
possible corresponding features an SG provides. To this end, we identified the following
key control tasks for the GFM control to reproduce.

1. Voltage waveform - Impose a stable ac voltage waveform with tractable voltage
amplitude and frequency. This is the crucial feature for a GFM converter to
energize the system and to inject power. Additionally, it is beneficial for the
system, if the GFM control contributes to voltage balancing during unbalanced
loading.

2. Tracking - Asymptotically track a steady-state dispatch signal by a higher-level
controller under nominal system conditions. With this GFM converter can pre-
cisely track filter voltage v, output current ¢, and active and reactive power injected
to take optimal control action.

3. Primary control - Autonomously respond to contingencies as well as variations in
load and generation to stabilize the system. This acute feature can be attributed
to maintaining the resiliency of the grid when incorporated in GFM control.

4. Protection - Operate within the VSC limits (e.g., current limit). Unlike SGs,
converters are not electromechanical devices. Since each component used in VSC
have their respective rated capacity, such as, rated current for FETs or IGBTs,
the GFM control needs to protect VSC from crossing these hardware limitations.

These general tasks of the converter control is to replicate SG functionalities in almost
every way except during faults, because of the hardware limitations of the VSCs. Mean-
while, also utilize the these VSC hardware to its optimal potential to control voltage
magnitude and angle at each phase individually and swiftly.

To implement the above, we employ cascaded control technique where the above con-
trol tasks are achieved through cascading the response of inner control and outer control.
Inner control provides the VSC immediate references to track. In our case, this provides
the VSC the voltages magnitude and angle to follow as per 1st task. Furthermore, inner
control helps VSC reduce the error in its output waveform by including the corrections
necessary, as per the 2nd task. Outer control monitors the GFM converter to produce
the necessary primary response as per the control objective which is responsible to exe-
cute 3rd task. Protection blocks are usually separate blocks which are used to limit the
references passing from one block to other, making it certain that references provided
do not exceed the rated capacity of the VSC hardware, hence serving 4th task. Such



cascaded control when deployed as a standard GFM control can be illustrated as per
fig. 4.1

4.2 Standard (positive sequence) GFM control

The standard dual-loop GFM control architecture dispatches positive sequence voltage
waveforms at the VSC terminal. The reference voltage magnitude V&™ ¢ R and angle
08 ¢ S is generated from GFM control block which acts as outer control (sec. 4.1)
depicted in fig. 4.1. Voltage magnitude reference V&™ is then passed onto inner con-
trol which are voltage and current proportional-integral (PI) loops. They use dg-frame
attached to the angle #8™ to track the reference provided. A current limit block is
also utilized to limit the reference going into current control inner loop, which serves
as a protection block against overcurrent. Also, it is not uncommon to see the use of
virtual impedance to limit current instead of reference current limiting [13]. For the
inner control, outer control and protection block to function and track the references
precisely, the measurement signals vy, 7, v and i, for all three-phases are converted into
their respective dg-frame phasors by using the same reference angle 62,

GFM
current current |, voltage v
O L = <= )¥—— control
control | —Xx limit | ¢* | control K
pos. seq. reference
/]
. instantaneous dqO0 signals d 0 P,Q

’ abc/dq0 transform with positive sequence GFM voltage angle |

* ]
vl

instantaneous 3-phase signals

vsc ——AN/N 300 _‘Lio
L

(3-phase)| 4

USW

| <+

A% ;;

Figure 4.1: Standard dual-loop GFM control with inner controls tracking a positive se-
quence voltage reference provided by an outer GFM control (e.g., droop
control [1], VSM [2]).

For a balanced system keeping the control blocks in dg-frame is much simpler (sec. 3.2,
sec. 3.3.1). But as mentioned in sec. 1.2, most of the scenarios encountered in the system
are unbalanced (be it loading or contingency), which renders this method inadequate.
During severely unbalanced conditions such as faults, the VSC tries to impose balanced
voltage at its terminals, which is not met. Consequently, this leads to higher current
output from the VSC on the affected phase. This current is limited by the current
saturation limiter block. When the converter is operating in the current saturation
mode, the inner loops can no longer track the output voltage waveform at the capacitor
of the converter which leads to the distorted waveform shown in the sec. 7.3.1. Therefore,
using dg-frame is such scenarios may push the GFM control to produce response of a
low output power quality.

10



To handel unbalanced cases reliably, in this study we propose generalized three-phase
GFM control. This control structures enables three-phase voltage magnitude and fre-
quency to be controlled separately for each phase and additionally opens a new set of
possibilities of trade off between voltage and power unbalance (sec. 5.1).

11



5 Generalized three-phase GFM control

5.1 Control Overview

TTracking the voltage waveform in the best way is to track the individual phase quan-
tities separately which is possible by using the inner loops for each phase. To this end,
we need individual reference signals for each phase. This control structure of producing
references and tracking them for each phase individually comes with an added benefit
of additional degrees of freedom in the form of controlling voltage magnitude and angle
for each phase. Figure 5.1 shows the generalized three-phase GFM control architecture
proposed in this study that combines individual inner current and voltage controllers
for every phase, individual outer GFM controls for every phase and a phase balancing
feedback.

To enable control of individual phase currents and voltages, a reference frequency
w%fm € R, angle 0§fm € S and voltage Vpgfm € R for every phase p € P with P := {a, b, c}
provided by the outer GFM control is used to estimate phasors for the phase volt-
ages (sec. 3.3.2). Using these estimates, the inner voltage controller tracks the voltage
reference phasors for every phase by calculating corresponding current reference. The
resulting current reference for every phase is limited individually and tracked by individ-
ual inner current controller. We also discuss the implementation of virtual impedance
instead of reference current limiting. Amnalogously to positive sequence GFM control,
the gains of inner and outer loops need to be coordinated and chosen relative to the
network circuit dynamics to ensure performance and stability [6,19]. The outer GFM
control combines GFM droop control for every phase with a phase balancing feedback
that (i) ensures balanced references if the system is balanced, and (ii) allows trading off
voltage and power unbalances under unbalanced conditions and faults. The inner and
outer voltage control are in dg-frame for each phase individually.

5.2 Control description

In generalized three-phase GFM droop control the outer GFM control employs droop
control [1] for individual phases, with phase balancing feedback. To attain that, outer
control needs active and reactive power from each phase. Furthermore, the inner loops
also need complete information on measurement signals of v, 7, v and 7, for each phase
p. Using sec. 3.3.2 all the measurement signals are converter to their corresponding
dg-frame counterparts, i.e for all z,(t) € {vswp(t), ip(t), vp(t),i0p(t)} the corresponding
7 (t) where p € P is obtained. For the voltage v,(t) and current iy(t) for each phase
p, the average active power P, and reactive power (), over one cycle can be computed

using their corresponding current phasor i,(t), voltage phasor v,(t) and (5.6). Because

12



current current voltage GFM
control —( )¢ limiting §&—— control &—( )¢—— control
(phase a)| ~ I |(phasea)| ‘@ |(phase a) N |% | (phase a)
b phasors & complex power T balancing
S @, feedback
v (for each phase) ¢ a\/ cedbac
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Figure 5.1: Generalized three-phase GFM control with inner control for every phase
tracking a voltage reference provided by the outer GFM control (5.7) with
phase balancing feedback.

of controller sampling rate limits the time-shift (3.3) cannot be implemented to arbitrary
accuracy. This results in a double line frequency component in the measurements of P,
and @, that is removed using a notch filter with center frequency 2w,. These P, and Q,
are given as input to outer GFM control. Moreover, the phasors corresponding to the
measurement signals are computed to be used by inner controls and protection block.
In the remainder, we omit the time variable .

Py(t) = S Re(vyly) = § (up(8)ip(t) + v ()i (1)) (5.60)
Qp(t) = $Im(vyiy) = & (vp (Din(t) = 0p(8)i () (5.6b)

5.2.1 Generalized three-phase droop control

The main contribution of this work is a generalized GFM droop control that combines
single-phase droop control for every phase p € P with a phase balancing feedback. The
equation (5.7) is employed in outer control which generates references to be used by sub-
sequent voltage and current inner control. Considering («9}1’31,9}?31, gbal) == (0, %W, —%7‘()

and voltage setpoints V¥ € R>o, the GFM voltage angle and magnitude references

Hgfm = 5§fm Hbal and ngm = ngm + V)" are determined by the outer GFM control in
per unit.

G0 = w0 — D ke(G =07 4 mp(Fy = By), (5.72)
leP\p
VA = VAN = 3 ko(VA" - VA +mo(Qp— Q). (5.7D)
leP\p
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Here, Py € R and @ € R are the active and reactive power setpoints and wp € Rxg

is the nominal frequency. Moreover, w%fm = wp + %(5%&1 € R is the GFM reference
frequency for each phase p € P, mp € Ry is the P — f droop coefficient, mg € R+q is
the Q — V droop coefficient, 7 € R>o a lowpass filter time constant, and kp € R>( and
kg € R>q are the phase balancing feedback gains.

We emphasize that (5.7) reduces to three individual single-phase droop controls if
kp = 0, i.e., the GFM phase to neutral voltage frequency reference for each phase
p € P only depend on the active power measurements of phase p € P. In contrast,
if kp > 0, the phase balancing feedback trades off phase voltage frequency unbalance
and deviations from the active power setpoints for each phase. Finally, for large kp the
phase voltage frequency balancing is stiff and the response of generalized three-phase
droop control converges to the response of standard GFM droop control as kp — co. A
block diagram of the GFM control (5.7) is shown in fig. 5.2a. Similar trend is observed
when kg is varied where the effect is seen between phase voltage magnitude and reactive
power illustrated in fig. 5.2b.

s
D, +ﬁ?¥-s

(a) Generalized three-phase P — f droop. (b) Generalized three-phase QQ — V' droop.

Figure 5.2: Droop control structure of generalized three-phase GFM control.

5.2.2 Dual-loop current/voltage control and current limiting

We implement voltage and current dual-loop proportional integral inner control to track
the GFM voltage references provided by (5.7) for each phase (see fig. 5.1). To limit the
current reference provided voltage control block is under the inverter current rating, we
employ two main methods, notably current reference limiting and virtual impedance.
The voltage controller can be realized as,

T . f;
Zpejflq = ZO,p,dq + vapydq + GPI(S)(UI%,Z[I; - vp,dq)7 (58)
with PI controller Gpy(s), filter admittance matrix Yy € R?*2, and voltage reference

e R2 (where |08 = V;,gfm and Zv8™ = Hgfm) compute the filter current reference

Up,dg p,dq p,dq

14
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Figure 5.3: Virtual impedance Zy; := Ry + jw%meV] in the GFM control structure
and effective impedance emulation.

S lzT\/Itr
b
@ st+wp
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R Rrvi
Iin NX/R XTvi

suImn QRTVLsum

-ref]
eIk

V\IV/

Figure 5.4: Virtual impedance activation and control structure.

i;fgq for all p € P. Now, in the current reference limiting method, z';?flq

is limited by,

for phase p € P

. iref if sref <T
i;m = 'p sref 1 Hlfef” o ’ (59)
Zmaxélp if ||1p ” > Imax

where, Inax € Ry is maximum phase current magnitude for all phases individually.
Hence, inner current control receives igm as the reference to track. Notably, unlike
some commercial solutions, the current limiter (5.9) does not clip the current waveform,
but adjusts the magnitude of the sinusoidal reference current for every phase to avoid
introducing harmonics into the system

On the other hand, if virtual impedance is employed instead of reference current
limiting then its effective implementation can be illustrated using fig. 5.3. The voltage

drop across Zy; € R? where Zy | := Ryt + jw%meVI indicated in the fig. 5.3 is

v
VU dg V1 = [Uijzj , (5.10)
_ |Brvisum X1V | |lopd (5.11)
_XTVI RTVI,sum 'io,p,q . ’
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Here, as per the scheme suggested in [14], Rrvisum € Rso and Xtyi € Ry are de-
termined base on the the difference of i;ef € Ryg and I, € R as per fig. 5.4. Other
parameters like kg € Rsg and D € Ry are determined by the X/R ratio nx/r € R>o,

Imax and Iy,. Voltage vy, qq.v1 € R? is subtracted from the voltage reference vgfg;. Hence
the reference passed onto inner current control is

1 . f)
ipa = Topdg + YrUpdg + Gr1(8) (V5 g0 — Vp.dg V1 — Up.dg)- (5.12)

Finally, for each p € P we use the inner current controller

Vsw,p,dg = Up,dg + Zfipdg + GPI(S)(igfgq — ipdg)s (5.13)

where Z; € R?*2 denotes the filter impedance matrix and Usw,pdg € R? is the phase
voltage modulated by the VSC.

5.2.3 Discussion

The generalized three-phase droop control proposed in this section has three key fea-
tures. First, the balancing gains kp and kg adjust the trade-off between phase voltage
frequency unbalance vs active power unbalance and phase voltage magnitude unbalance
vs reactive power unbalance at the converter ac terminal. For example, kp allows to
adjust the contribution of a dc/ac VSC to mitigating angle unbalances in a distribution
system. Second, even for large values of kp/kg, a key feature of generalized three-phase
droop control is that it (i) tracks voltage frequency/magnitude references for every phase,
and (ii) can control and limit the phase currents individually through reference current
limiter (5.9) or virtual impedance (5.12) (iii) the control explicitly addresses sub-cycle
overcurrent by continuously estimating and controlling phase current phasors and lim-
iting their magnitude. Finally, from a theoretical point of view, the proposed control
reduces to standard GFM control if the system is balanced. Simulations performed to
compare (positive sequence) performance and stability to standard GFM control only
identified significant differences when using negligible phase-balancing gains kp/kq.
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6 Steady state analysis

6.1 Voltage magnitude and angle unbalances

In this section we illustrate how phase balancing gains and droop gains decide the stiffness
in the voltage magnitude and angle balancing at the output terminals of the GFM
converter. To make the notations less verbose we assign V;,, for Vég;m and ¢, for 5§fm for
allp e P.

6.1.1 () — V droop equation

Generalized three-phase GFM droop equation for Q — V' droop is given by (5.7b). By
expanding (5.7b) and by defining Qs,, := Q} — Q) where p € P, we have,

V;ia V;S,a 2 -1 -1 V;S,a Q5,a
TINVsp| == | Vap| —ko | -1 2 —1| |Vsp| +mq |Qsp| - (6.14)
‘/;5,0 ‘/;S,C -1 -1 2 VY(S,C Qé,c
=L

Laplacian Matrix can be defined as L. Therefore,

‘/;S,a V§,a Qé,a_
T4 | Vas| =~ + kL) |Vep| +mq | Qsp| (6.15)
Vé,c V;S,c Qé,c_
V6,zz V6,zz _Qé,a
T | Vip| = T + koL)T'T | Vsp | +moT |Qsp | - (6.16)
‘/5,0 ‘/5,0 _Qé,e
i1 1
3 3 3
Here, T is a transformation matrix defined as T := [1 —1 0 |. Simplifying (6.16)
0 1 -1
we get o - o
Vs 1 0 0 Vs Qs
T4 V| == |0 3kg+1 0 Vica| +mo | Qp_a| - (6.17)
Veop 0 0 kg + 1] | Veoy Qe
—_——
7VA7P

In (617)7 ‘/b;a = V;S,a - V;s,b = Va* 1Va - (Vl-;* - ‘/b)v Qbfa = Qé,a - Qﬁ,b = QZ - Qa -
(Qp — Qp), Vs = %Z;EP Vsi and Q5 = %Z;GP Qs References such as V¥ and Q}
are same Vp € P where P € {a,b,c}. Hence, we can simply write V,_, =V, — V,, and
Qp—a = Qp— Q. Looking closely at (6.17) we see that, the average voltage dynamics Vg
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depend on the droop gain m¢ and average reactive power deviation Q5. This behavior
is holds true in positive sequence droop control discussed in sec. 4.2. Since it imposes
balanced voltages on its terminal, the average voltage is similar to the per phase voltage
and this depends on the reactive power injected and the droop gain. On the other hand,
voltage magnitude difference between phases (not to be confused with line to line voltage)
such as Vj_, is dependent on its corresponding reactive power magnitude difference such
as Qy—q and kg. To determine steady state response, we simply substitute %VAJ, =0
in (6.17). Hence we get

Vs mQ 0 0 Qs

0 o 0
Vap| = T 3khotl o Qab| - (6.18)
‘/bfc 0 0 7W3'1 Qbfc

It is evident form (6.18) that as kg — oo, V,—y — 0 suggesting that the phase voltages
tend to be balanced.

6.1.2 P — f droop equation

Similar arguments holds for Generalized three-phase GFM droop equation for P — f
given by (5.7b). By defining Pj ), := Py — P, where p € P and by expanding (5.7a) we
get

5 2 -1 —17 [4, Psq
% op| =wol —kp|-1 2 -1 o | +mp P57b . (6.19)
60 _1 _1 2 50 P(sc

By defining ws,), := %517 — wp, we have

Ws.a 5(1 P6,a
wsp| = —kpL |0p| +mp | Psp| , (6.20)
Ws,c ¢ Pd,c
Ws,a 6a Pé,a
T |wsp| = —kpTLT T |6, | + mpT | Psp| . (6.21)
Ws,c 50 P§ c

Since, P is same Vp € P and by recalling §5.2.1, (6.21) reduces to

s 0 0 0 5 Py
we—b| = |0 —3kp 0 da—b| +mp | =Py p| - (622)
Wh—c 0 0 _3kP 5b—c _Pb—c

where, wy_p = Wqg — Wy, Py_p := Py — By, s := %Z;GP ws,i and Ps := %Z;EP Pg}i.
Similar to @ — V droop equation analysis, (6.22) shows that the average frequency
deviation ws is only dependent on average active power deviation Ps during steady
state. The frequency difference between phases such as w,_p, however, is dependent on
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its corresponding active power difference such as P, ;. Since wq_p := %(5&,1,, we have,

460ty = —3kpda_p — mpPay, (6.23a)
Sa_p(t) = e 3FrMs, _4(0) — %%fifng(l — e 3kr(0), (6.23b)
P

During steady state, i.e as t — oo, e 3¥P() — (. Therefore,

mp

da—b(t) = — 3p

P . (6.24)

Same holds true for the solution of §;_.(t). Hence, we can simplify (6.22) as,
ws = mpPs, (6.252)
5a—b :TTI; 0 Py
=— . 6.25b
|:6b—c:| |: 0 g,;% Pb—c ( )
From (6.25b) it can be inferred that as kp — 00, 04—y — 0 suggesting that the phase
voltage angles tend to be balanced as well. Therefore along with sec. 6.1.1, when the

balancing gains kp and kg are high enough we can expect the voltage magnitude and
angle to be similar to positive sequence droop control counterpart.

6.2 Unbalance factors

Let VT and V'~ denote magnitude of the positive and negative sequence voltage and
let P := %Zpep P, and Q = %Zpep @)p denote the average phase power of the VSC.
The standard voltage unbalance factor is given by Vyp == V'~ /V*. Moreover, for P,
and @, in p.u., we define the power unbalance factors Pyp = max,cp |P), — P|, and
Qur = max,ep |Qp — Q| that resemble standard current unbalance factors for electric
machines. In this section we want to demonstrate that for a given system with GFM
converter, it is possible to bound the voltage unbalance factor V7 of the GFM converter
with the given information of unbalance factors of the system.

6.2.1 Linearizing voltage unbalance factor

Since Vyr is a highly non-linear function with respect to V,, and 6, we are linearizing it
at a balanced operating point. To this end, we use 2nd order Taylor series expansion.
Forpe P,

vt L1 V,ella
Vel=3 |1 a 2| | Vel (6.26)
Vo 1 o2 « V,el0%
2 (V)2
Vg = e (6.27)
= f(x) (6.28)
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where © = (04,0, 0c, Va, Vo, Ve) and f : RS — R. Also recall from the sec. 5.2.1 that
dp =0, — Hgal. For v € (0,1), Taylor 2nd order expansion is given by

1) = F@0) + (Vf(20),y — 70) + (y — 20) V2 (w0 + 1(y — 20))(y — 20)-  (6:29)

2
For z¢ = [é‘;], we get f(zo) =0 and V f(zo) = 0. Hence we have
F() = 55— 70) TV (o +1(y — 0))(y ~ o). (6:30)

Now, we can omit the constant % and mark the right hand side as an upper bound.
Therefore,

F) < (y—20) "V f(0) (y — o). (6.31)

Still the the domain of the f is in 6th dimension. Making an attempt to reduce it we use

T 03X3]. Also, let 7 := Tz

coordinate transformation same as sec. 6.1.1. Let T :=
O3x3 T

Then, T~'% = 2. Substituting in (6.31) we get
Fly) < (Aa) (T2 f(a0)T ™ Ax, (6.32)
“DTV2f(20)T " we obtain,

where Az = T'(y—x¢). From the (6.32), simplifying H := (
[0 0 0

~:

|—=

(6.33)

Rell\) O@‘% o O
w
=

o O O o O
o O OO O

@\m@' cod§o

@@ o ow‘lew o
o @l‘% Ow\w@
w

Nello

Also, note that Az = (8,045, 0p—c, V, Va_s, Vo_e). In (6.33), the corresponding elements
of Az where the columns of H are zero can be omitted. Consequently the H can also be
shrunk. This is supported by the intuition that average values don’t affect the unbalance
factor. Hence,

2 1 9 VB
9 9 9
- _1 2 _ V3 0
= 09 _9@ 29 ik (6.34)
9 9 9
V3 g 1 2
9 9 9
(6.35)
and AZ := (0q4—p, Op—cy Va—bs Vo—c). Substituting H and A7 in (6.31), we get
Vip < (AZ)THAZ. (6.36)

Summarizing, (6.36) is linearized version of V75 near the balanced operating point of zg
with reduced dimension of the state vector from RS to R* with the help of coordinate
transformation 7'.
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6.2.2 Standalone GFM converter with unbalanced load

Y

VSC Vo *
P,Q

Figure 6.1: VSC of GFM converter is connected to an unbalanced load.

When the GFM converter is connected to the load which is drawing unbalanced powers
as depicted in fig. 6.1, the corresponding voltage magnitude and angle unbalance is
captured through through (6.18) and (6.22). Using (6.36) and recalling the relationship
between active power and power angle given in (6.25b) and reactive power and voltage
given in (6.18) we get

-
e s ST E S L S
Py 3kp > 3kp Py
V2, < ¢ P H P |
UF =1 Ques 0 0 g5 O 0 0 g3 O Qs
m m
Qe 0 0 0 g% 0 0 ThoaT | [Qoc
(6.37)
B Qm% m%, 0 \/gmme 7]
p T 81k%, - 81k% 2kpBho+) | rp
a—b m? 2m?, V3mpmg 0 a—b
< | Poec ST 81k, _27kp(32kQ+1) ) P_.
| Qs 0 _27\?7&me1) 9(3?cm§1)2 _9(31?%1)2 Qa-
P(3kq Q
Qbfc \/gmme 0 mé 2m% Qbfc
L 27kp (3kg+1) T 9(Bkg+1)2 9(3kg+1)2 |
(6.38)
Let,
2
_ Mmp 2 =11 | Pa-sp
N S (Pov Poc] [_1 2] [Pbc : (6.39)
2
m 2 —1] [Qa
Q a—b
= —— _ — 5 640
= e Qe @ [ 5] 8] (6.40)
2v/3mpmg 0 —1] [P,
= —_—— _ _ . 6.41
BT 9Tkp(3kg + 1) Qab Qo] [1 o] [Pbc (6.41)
Then, (6.38) can be equivalently be represented as,
Vip <m+72 + s (6.42)
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The objective is to maximize the (6.42) to determine the upper bound on V.

Since, the power imbalances are bounded by this their respective power unbalance fac-
tors, they serve as the constraints for the optimization problem. Recalling the definition
of PUF and QUF,

2 -1 —1]
R
Pyp > 319 1 1 P, (6.43)
1 -2 1 e
i 1 1 —2_
2 —1 —1]
-1 2 -1 —
1l-1 =1 2|, | F
1 -2 1 Py—c
i 1 1 —2_
[0 1 17
0 -2 1 —
110 1 =2 P
> g 0 -1 -1 P,y . (6.45)
0 2 —1| e
0 -1 2|
By removing the average element out of (6.45) we get
F 1 1
-2 1
111 -2|[P,_
Pur> 5|y ] [Pz_j . (6.46)
2 -1
__1 2 -

Reactive power unbalance power factor is also represented similarly by

1 1
-2 1
111 -2 a—
Qurzg | [gb_j : (6.47)
2 -1
-1 2

The constraint set (6.46) can be plotted as shown in fig. 6.2a for Pyp = 0.5. By
observation the constraints can be simplified and over-approximated as shown in fig. 6.2b.
Through equations, the simplified constraint set given in fig. 6.2b can be realized as
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(a) constraint set for Pyp = 0.5. (b) Over-approximated constraint set for
Pyr =0.5.

Figure 6.2: Constraint sets for the maximization of voltage unbalance factor.

1 0
110 1][P._
Pur>5 |y [Pb_j' (6.48)
0 -1

Similar procedure can be performed to simplify the constraint set (6.47) which leads to,

1 0
Qur 2% _01 é [g‘;:”} (6.49)
0 -1

For quick identification let us define constraint set given in (6.46) and (6.47) which is
indicated in fig. 6.2a as X’ and the set given in the (6.48) and (6.49) indicated in fig. 6.2b
as X. Then, the optimization problem can be represented as

max(y1 + 72 + 73)- (6.50)
reX

The upper bound on the optimization problem (6.50) can be written as,

max 7y + MaX 2 + max 3. (6.51)
For the optimization problem with objective function «; and ~» and the constraint set
X, there exists a straight forward solution, since the number of variables in each of these
problems are only two. However, the solution is complicated to achieve with objective
function ~3 and the constraint set X', since the number of variables in the optimization
problem raises to four. To arrive at the solution faster we can use the fact that X < X.
Hence we get

max y3 < max-ys. (6.52)
reX rEX

23



Therefore, the upper bound on the (6.51) can be obtained as

max -] + max -y, + max-ys. (6.53)
TEX TEX zeEX

The solution to the optimization problem given in (6.53) is given by

m2 16V/3mpm
Q 2 P Q)PUFQUF. (6.54)

2m?
Vip < o Pip + a5 Q0F + 52—t
27k 3(3kg + 1)2 2Tkg(3kg +1

This bounds the voltage unbalance factor of the GFM converter through power unbalance
factors of the load in a standalone GFM converter with an unbalanced load system.

6.2.3 GFM converter connected to unbalanced grid

Y PQ

Vs, VLo,

VSC

Figure 6.3: VSC of GFM converter is connected to an unbalanced load.

It is an interesting case to bound the voltage unbalance factor of the GFM converter
with the voltage unbalance factor of the unbalance grid. Since the power pushed from
the converter is a function of the voltage magnitude and the angle of the grid, there is
an expectation to achieve the voltage unbalance factor bound on the GFM converter
through the given value of voltage unbalance factor of the grid. As per the system given
in fig. 6.3,

Vi a—b:| 312?2%1 0 [Qa—b]

’ = — m ) 6.55
|:V1,b—c [ 0 %% Qb—c ( )
51 a—b g/?; 0 :| |:Pab:|

a=bl _ _ o . 6.56
[51,”] [ 0 grpl LPb—c (6:36)

By linearizing reactive power near nominal point V* and §* we get

[VLa—b] _ 3@31 n? |:b(vl,a—b — VQ,a—b):| (6.57)
Vip—e 0 %Q% b(Vip—e — Vop—e) |’

bm
|:‘/Y1,ab:| — [3/{:Q+bﬁQLQ+1 , 0 |:‘/é,ab:| . (658)
Vl,bfc O WT?LQH VYZ,bfc
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Similarly by linearizing active power we obtain,

51 a—b:| |:?7)T’l€1; 0 :| |:b(51 a—b — 52 a—b):|
) [ ’ ’ y 6.59
[61,1)_0 0" 2] 661y — 02 ) (6.59)
bm
l:gl,ab:| _ m brgp |:§2,ab] ) (6.60)
1,b—c 0 3kp+bmp 2,b—c
Combining (6.58) and (6.60) we get,
bmp
51,a—b 52,(1L—b 3kp+bmp b 0 0 0
1.b—c | __ 2,b—c _ 3kp+bmp
’ =F I = bmg
WVia—b Vaa—b 0 0 kg tmg 1 0
Vip— Vo bm,
1,b—c 2,b—c 0 0 0 W
(6.61)
Using (6.61) to bound the voltage unbalance factor, we get,
Viup < 25 Hpz, (6.62)
where,
52,a—b
Hp:=FTHF, z = 02,p-c . (6.63)
VQ,a—b
V2,b—c
For a given value of V5 iy we have
V227UF = ¢z Hzy,c € R. (6.64)

In a case where 2o € N(H), Vi, = 0. In such cases if the 2o ¢ N (Hp) then V2, # 0
which means that the GFM gzoltage unbalance factor bounds cannot be determined
with the given grid voltage unbalance factor. On the other hand, if 20 € N/ (ﬁ r) then
V127UF = (. This also means that H and Hp have the same null space. One such way to
force them to have the same null space is when all the element in F' are same. This is
true when,

bmg B bmp
3/€Q —I—me +1 3kp +bmp’

(6.65)

Hence, only in the cases where N'(H) = N (Hp) (where N(-) is nll space of a matrix),
the bounds on the GFM voltage unbalance factor becomes,

1 bmp 2
V2 <= ———— ) Vi m. 6.66
tor < 3 () Vior (6.66)

Equation (6.66) is bounding the voltage unbalance factor of the GFM converter through
voltage unbalance factor of the unbalanced grid.

25



7 Case study

Description Value
Phase balancing gain kp leb p.u.
Phase balancing gain kg leb p.u.
Phase balancing gain kp = kg := ks leb p.u.
Inverter base power S le6 W
Inverter base voltage V}, 480 V
Inverter filter capacitor 0.05 p.u.
Inverter filter inductor 0.1 p.u.
Inverter filter resistor 0.01 p.u.
Inverter active power set point per phase 0.1 p.u.
Inverter reactive power set point per phase 0p.u
Inverter voltage set point per phase 1 p.u.
Threshold current limit I, 1 p.u.
Absolute current limit I ax 1.2 p.u.
TVI constant kgr 0.817

TVI constant D 15.66

TVI constant nx,/g )

TVI HPF cut-off frequency wp 100 Hz

P — f droop mp 0.05 p.u.
@ —V droop mg 0.05 p.u.
Base frequency wy 2760 rad/s
Time constant 7 017(0) S
Medium voltage line resistance 0.21 Q/km
Medium voltage line inductance 17e-4 H/km
Medium voltage line capacitance le-8 F/km
Medium voltage line base voltage 4.16e3 V
Medium voltage line length 1 km

High voltage line resistance 0.03 ©/km
High voltage line inductance 7.95e-4 H/km
High voltage line capacitance 10e-9 F/km
High voltage line base voltage 230e3
High voltage line length 10

Table 7.1: Parameters used in the model illustrated in fig. 7.1
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7.1 System description

To illustrate the results, we use a high-fidelity EMT simulation of a two-level dc/ac VSC
connected to an infinite bus through a 1 km medium voltage line, a 40 km double circuit
high voltage transmission line, and step up transformers. The system parameters are
tabulated in Table. 7.1 and the control is implemented at a sampling rate of 10 kHz.

f=60 Hz
T °

480V /4.16 kV 4.16 kV /230 kV

4
_ @oﬁ I1 A-G fault
e I [1 |
=1 _ —
: 1MW  1km, R/X=0.327 40km, R/X=0.1
V.= 480 V ¢ s o

Figure 7.1: Test system with a low-voltage VSC connected to a weak ac system through a
distribution line, double circuit transmission line, and a step up transformer.

From sec. 2.5 we can recall that the A side is connected to the inverter and the Wyegnd
side is connected to the rest of the system. The unbalanced load of IMW cumulative
is placed at the bus where inverter is attached for the inverter to closely observe the
load unbalance. The fault is simulated on the upper transmission line among the double
transmission line due to the breaker presence on its either side. Lastly the system is
connected to infinite bus through an impedance which has an arbitrarily controlled short
circuit ratio (SCR).

7.2 Unbalanced load

To illustrate the role of the phase balancing gain kp and kg, fig 7.2 shows the steady-
state voltage and power unbalance factors at the VSC terminal for an unbalanced delta
connected constant impedance load! at the VSC bus (see fig. 7.1). The results show the
expected trade off between voltage unbalance and power unbalance, i.e., increasing the
phase balancing gain kp = kg := ks reduces voltage unbalance Vyp but increases power
unbalance Pyr and Qur.

This is evident from the equations (6.18) and (6.25b) which is analytically obtained
from steady state analysis. As k¢ increases, the voltage imbalance between the phases
reduces irrespective of the reactive power imbalance. Similarly, as kp increase the angle
difference between different phases also abets irrespective of the active power difference.

7.3 Single line-to-ground fault

To illustrate the impact of separate voltage/current control and current limiting for every
phase on unbalanced fault ride through, we disconnect the load at the VSC terminal and

IRelative to the load between phase a and b, the load between phase b and ¢ is 20% lower and the load
between phase a and ¢ is 20% higher
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Figure 7.2: Steady-state unbalance factors for an unbalanced load at the VSC terminal
and various phase balancing gains k.

consider a zero impedance line-to-ground fault for phase a of a transmission line (see
fig. 7.1). Figure. 7.5 and fig. 7.7 show the resulting VSC terminal voltage magnitude
Vp = ||vpll, VSC phase current magnitude I, = [i||, active power P,, and reactive power
Q, for every phase p € P. Because the magnitudes of phase currents and voltages are
not well-defined within a cycle, the maximum magnitude over one cycle is shown. We
use ks = 10° p.u., i.e., the outer GFM control is configured to resemble standard droop
control (sec. 4.2), and the fault is applied at ¢ = 1.5 s and cleared after ten cycles by
disconnecting the faulted line. Notably, due to the transformer connection, the fault
applied to phase a of the transmission line, is effectively mapped to phase b at the VSC
terminal.

7.3.1 Current saturation algorithm (CSA)

It can be seen that the current reference limiter (5.9) and PI current control (5.13)
successfully limits the current magnitude to I,.x = 1.2 p.u. within each cycle. Notably,
by controlling the current phasor for every phase, the proposed control explicitly handles
sub-cycle overcurrent. Once the fault is cleared a significant resynchronization transient
is observed that can be attributed to controller windup in the voltage loop (5.8) and
GFM angle dynamics (5.7a).

To further illustrate the positive impact of the generalized three-phase GFM control,
the simulation study has been repeated with standard droop control using the dual-loop
inner control structure. In this case, the current and voltage waveforms are severely dis-
torted because the VSC aims to impose balanced phase currents and a balanced voltage
at its terminal. However, under its current limits, the VSC cannot maintain a balanced
voltage at the terminal during the unbalanced fault. Terminal voltage waveforms for
both controls are shown in fig. 7.3. It can be seen that the proposed control successfully
imposes a sinusoidal ac voltage waveform at the terminals of the VSC that is unbalanced
to limit the current. In contrast, standard droop control results in a highly distorted
voltage. The reason for this distortion lies in dg transformations of such distorted wave-
form agreeing with the output voltage generated by the converter. In such cases the dgq
transformation alone is not sufficient to distinguish if the waveform generated is actu-
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ally sinusoidal. On the other hand dq transformation applied to each phase individually
produces finer waveform since the control structure has better visibility on the signals
generated and also the means to correct it in a much finer level (by controlling voltage
magnitude and angle instantaneously) which results in the smoother waveform.

Once the fault is removed it is observed that system returns to normal state but the
power dispatch per phase of the GFM converter is slightly off from the power set-point.
Considering 5% deviation of the power set-point per phase as an unstable response we
captured the critical clearing time of the fault for the GFM converter operated at different
values of phase balancing gain ks. While doing so, we also varied the SCR value of the
grid to observe the trend of critical clearing time from weak grid to strong grid, where
higher SCR means stronger grid and lower SCR means weaker grid. Figure. 7.4 shows
that as ks increases the critical clearing time reduces. This sheds light on the limitation
of standard GFM control since the with higher value of ks the voltage balancing gets
more stiffer. Additionally, as SCR increases the critical clearing time increases due to
strength of the grid aiding in the fault recovery. The vertical axis is critical clearing time
mentioned in terms of ac cycles at nominal frequency.

R

1.5 1.52 1.54 1.56 1.58 1.6 1.62 1.64 1.66 1.68

T

Voltage [p.u.|
o

Figure 7.3: VSC voltages during a phase a to ground fault using generalized three-phase
droop control with dual-loop current/voltage control for every phase (top)
and standard droop control and dual-loop current/voltage control (bottom).
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Figure 7.4: Critical clearing time vs phase balancing gain kg for different SCR values.
The vertical axis is critical clearing time mentioned in terms of ac cycles at
nominal frequency.
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Figure 7.5: Response of generalized droop control to a phase a to ground fault on a
transmission line at ¢ = 1.5 s with CSA current limiting. The fault is cleared
after ten cycles by disconnecting the faulted line.
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7.3.2 Threshold virtual impedance (TVI)

The TVI is implemented as per (5.10) per phase individually?ft:gtech. The response of
the GFM converter is captured in the fig. 7.1 when A-G fault is applied at the fault
location. It is notable from fig. 7.7 that the fault current is limited more aggressively
compared to that of CSA and consequently the voltage overshoot after the fault is
removed is is also lower. As the downside, the power, both active nad reactive, are
more distorted and noisy. Nevertheless, TVI provides an improved fault ride through
response. One more advantage of using TVI is that it has shown to have longer critical
clearing durations, at least many times than that observed in CSA method.

Notice how in both fig. 7.5 and fig. 7.7 after the fault is removed at ¢t = 1.67s there is an
exponentially decaying ringing in the inverter response. We wanted to measure, which
combination among SCR, current limiting method among CSA and TVI and phase
balancing gain values allowed the GFM to come to its nominal operating conditions
quicker. To this end, we recorded the duration from the time the fault is removed to the
time the response is less than 5% deviant from its nominal value. Figure. 7.6 shows that
while there is no obvious trend of resynchronization time with respect to SCR and current
limiting method, it is definitely reducing with the increase in phase balancing gain gain
ks. Therefore, along with the tradeoff between the power and voltage imbalance, kp
and kg also help is trading off between resynchronization time and critical clearing time
provided CSA current limiting method is used.

015 I A1 I“"_'.“ =—tgp=— SCR=5 CS
—4— SCR=10 CS
SCR=20 CS
\ I «a4¢ == SCR=5 TVI
= NN PR e -+ # . SCR=10 TVI
o 0.1 B &.c IR N { SCR=20 TVI
%® > >
é = - VU RN 3 nule s dnld ¢ = nlahla x
0.05 | i
’
T o TR

10 10" 10* 10® 10* 10°
Balancing gain ks [p.u.]

Figure 7.6: Resynchronization time vs phase balancing gain k. Dotted lines employ TVI
for current limiting while solid lines employ CSA.

2This study was conducted with the help of Maryam Saeedifard and zexian Zeng from Gerogia institute
of techonology
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Figure 7.7: Response of generalized droop control to a phase a to ground fault on a

transmission line at ¢ = 1.5 s, with TVI current limiting. The fault is cleared
after ten cycles by disconnecting the faulted line.
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7.4 |EEE 13-bus system

To investigate on the GFM converter performance on the existing protection relays, a
distribution system such as an IEEE 13 bus system is used?. As per fig. 7.8 the IEEE 13
bus system consists of multiple protection relays in the system marked in orange color.
To capture Relay 1 and Relay 2 trip responses for an ABC-G, we simulated a fault
between them, where a part fault current comes from GFM converter through Relay 2
and the rest comes from grid. Considering Relay 1 and Relay 2 of same rating, since
GFM converter power rating is limited, during the fault, the Relay 1 trips but the Relay
2 continues to operate as shown in the responses fig. 7.9 (a) and (b) respectively. While
the black dotted line suggests the trip limit of the relays the blue and the pink dotted
lines indicate the magnitude of the current at which the relay takes the specified time to
trip. Notice that as the current magnitude increases the time taken for the relay to trip
also reduces depicting the inverse time relay characteristics. To avoid the GFM current
flow into the fault, the Relay 1 and Relay 2 settings is changed to 70% of their original
rating to make it trip at lower current than before. This change makes both of them
trip which is captures in fig. 7.9 (c) and (b). Lastly, if the relay settings are kept at their
original settings, by increasing the GFM converter rating to 1.4x, the Relay 1 and Relay
2 trips which is indicated in fig. 7.9 (e) and (f) respectively. Therefore it is essential
to look at existing infrastructure on the protection and their ratings before including
the GFM converters into the distribution system in large scale to make the system ride
through faults better.

————— Single Phase Distribution Line
-------------- Two Phase Distribution Line

Three Phase Distribution Line Grid
646 645 632 633 634
S A L L (O ]
[ [ R | I
Relay 1
- XFM-1
L646 L645 {> L671 PP piic el L634
ABC-G fault\ 4.16kV/480V
611 684 671 ety 692 675 e
| 1 . : -
L _| __ |4 il I | 1 1 |
cel1 o ' v " T C675
L 652 i 680 _L_V Lé671 Lo2 i

L652%7 @

Figure 7.8: IEEE 13 bus distribution system with GFM converter. Fault is simulated
on the indicated spot to determine existing inverse time relay (indicated in
orange) responses.
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8 Conclusion

This study considered grid-forming control for three-phase dc/ac voltage source con-
verters under unbalanced conditions and faults. In this context, we proposed a novel
generalized three-phase droop control that combines individual GFM controls for every
phase with phase balancing feedbacks. This generalized GFM control fully leverages
the degrees of freedom of the VSC and allows trading off voltage and power unbalance
under unbalanced conditions and reduces to standard droop control in balanced systems.
Moreover, the voltage references generated by the outer GFM controls are tracked by
inner dual-loop current and voltage controls for each phase that enable direct limiting of
phase currents without clipping the current waveforms through major current limiting
methods in literature. In contrast to standard GFM controls, this approach maintains
full control of the VSC terminal voltage during unbalanced faults and enables effective
limiting of phase currents during unbalanced faults. A high-fidelity case study is used
to demonstrate the effectiveness of the proposed control under unbalanced low voltage
loads and unbalanced faults and interactions of GFM control with legacy protection
systems.
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