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Abstract—Electrical power systems are transitioning from
fuel-based generation to renewable generation and transmission
interfaced by power electronics. This transition challenges stan-
dard power system modeling, analysis, and control paradigms
across timescales from milliseconds to seasons. This tutorial
focuses on frequency stability on timescales of milliseconds to
seconds. We first review basic results for grid-following (GFL)
and grid-forming (GFM) control of voltage source converters
(VSCs), typical renewable generation, and high voltage direct
current (HVdc) transmission. In this context, it becomes ap-
parent that GFL and GFM control functions are needed to
operate emerging power systems. However, combining GFL
resources, GFM resources, and legacy generation on the same
system results in highly complex dynamics that are a significant
obstacle to stability analysis. The remainder of the tutorial
provides an overview of recent developments in universal GFM
controls that bridge the gap between GFL and GFM control
and provide a pathway to a coherent control and analysis
framework accounting for power generation, power conversion,
and power transmission.

I. INTRODUCTION

The rapid integration of renewable generation and power
electronics into electric power systems challenges standard
system models, controls, analysis methods, and operating
paradigms [1]-[4]. A much-discussed barrier to a sustain-
able power system is the intermittency and variability of
renewable generation, such as wind and solar. The resulting
challenges on time scales of seconds to seasons are generally
expected to be addressed through a mix of energy storage
[2], demand side management [5], and leveraging geographic
diversity of generation and load [6]. However, unlike past
evolutions of power systems, the transition to converter-
interfaced renewables replaces the very foundation of electric
power systems (i.e., synchronous machines) with technolo-
gies with significantly different properties (i.e., power elec-
tronics). This unprecedented transition results in significantly
different dynamics on time scales of milliseconds to seconds
and jeopardizes system stability and reliability [1], [3], [4].

The existing literature has largely framed the resulting
challenges from the viewpoint of (i) control of individual
power converters when abstracting power generation and
power systems as ideal voltage sources [7], (i) power system
dynamics [1], [8] and system-level stability analysis [4],
[9], [10] when abstracting power conversion and (renewable)
generation as controlled voltage or current sources, and (iii)
control of renewable generation when abstracting power
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converters as controlled current sources feeding power into
a power system that is not explicitly modeled [11]-[13].
Although these perspectives have proven useful for develop-
ing controls for power electronics and renewable generation,
they do not provide a complete view of the interactions of
heterogeneous power generation (e.g., steam turbines, solar
PV, wind turbines), power conversion (e.g., machines, power
electronics), and power transmission (e.g., ac and HVdc).

Today, most renewables are interfaced by dc/ac volt-
age source converters (VSC) using so-called grid-following
(GFL) control to control their power injection and stabilize
the power source of the converter at an operating point that
maximizes renewable energy generation or minimizes HVdc
losses. This class of controls assumes a slowly changing grid
frequency and voltage irrespective of the power injection
by renewables and, ultimately, jeopardizes grid stability [3].
In contrast, so-called grid-forming (GFM) VSCs impose ac
voltage dynamics at their grid terminal that self-synchronize
through the power network and are envisioned to be the
cornerstone of future power systems [3], [4]. However,
loosely speaking, standard GFM controls require a fully
controllable dc power source and may destabilize the system
due to power source dynamics or limits [14], [15].

From this viewpoint, standard GFL and GFM controls
provide complementary functions that are needed to operate
power systems that contain a mix of converter-interfaced re-
newable generation and transmission as well as conventional
generation. However, the resulting system dynamics can be
highly complex and interoperability of converter-interfaced
resources and system stability are a major concern. More-
over, analytical methods typically only consider networks of
GFM VSCs with ideal power sources, or individual GFL
VSCs interfacing renewable generation to an idealized grid.
Thus far, only numerical works considered (i) the interactions
between various power conversion technologies and their
controls through the power system [8], [16], [17], or (ii) the
interaction of renewable generation with limited controlla-
bility, power converter controls, and aggregate power system
frequency dynamics [15], [18], [19]. These works highlight
the need for control design and end-to-end analysis methods
that account for the key salient features and interactions of
power generation, power conversion, and their interaction
through power transmission. This tutorial provides (i) an
introduction to modeling of solar PV, wind power, and HVdc
from a control point of view, (ii) applications of GFL and
GFM control, and (iii) an introduction to recent work on
universal GFM control that unifies key functions of GFL and
GFM control for renewable generation [20], [21] and HVdc
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analysis using reduced-order models [21], [24].

II. DEVICE AND SYSTEM MODELS

To clarify the role of different technologies, we first
review standard models for renewable and legacy generation,
machines and power electronics, as well as ac and dc
transmission.

A. Legacy and renewable power generation

Legacy bulk power generation is based on different turbine
technologies (e.g., steam, hydro) and speed governors that
are commonly represented using the reduced-order model

T Pn = —Pn + PiKn(w — wo), (1)

with mechanical power P, € R, power setpoint P € R,
turbine time constant 7, € R, and speed governor gain K, €
R+ ¢, turbine speed w € R, and nominal speed wy € R. While
(1) is commonly used for system-level stability analysis, it
neglects turbine dynamics that result in additional low pass
filtering and, in the case of hydro turbines, non-minimum
phase dynamics [25, Ch. 9].

The mechanical power P, € R generated by the wind
turbine (WT) blades is typically modeled by [11]

Py = Cp(X, B)3pm R*0, 2)

with blade pitch angle 5 € R, density of air p € R+, rotor
radius R € R~(, and wind speed v,,. Moreover, using the
WT rotor speed w, we define the so-called tip speed ratio
A = Rw/vy, and function C), : Ry¢ x Ry¢g — Ry that
models the mechanical power on the WT rotor as a fraction
of the available wind power [11]. Strictly speaking, (2) is
only valid in steady-state. Dynamics arising from dynamic
inflow may be captured by including lead-lag filters [26].
The pitch angle /3 is controlled by a motor with control input
ug € R typically modeled as a lowpass filter [11].

Finally, the current generated by photovoltaics is given by

( Vde+ Rs py )

. o + Ry
ipy = i1, — o (exp o) — 1) — et et 3)

R,

where v4. € R>( denotes the dc voltage applied to the PV
panel and i, € R>( denotes the photogenerated current. Here
g € Rzo, vy € Rsg, Rs € Ry, Rp € Ryg, and a €
R~ denote the saturation current, thermal voltage, series
and parallel resistances, and diode ideality factor [27]. The
nonlinear characteristics of PV and a WT are shown in Fig. 1.

B. Electromechanical power conversion

For conventional generation (1), synchronous machines are
used to convert mechanical power to electrical. Synchronous
machines induce a (balanced) three-phase ac voltage v, €
R?3 behind the machine stator impedance (see Fig. 2a) with
phase angle Zvy, = 6, and magnitude V;,, € R>( (controlled
through an excitation system). The machine speed %Gm =
wm € R is commonly modeled by the swing equation

meO%wm = _mem + Pm - Pac (4)

with inertia constant J,, € Ry, damping constant D, € R
that models windage losses, and active (electric) power P, €
R flowing into the grid. While this reduced-order linearized
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Fig. 1: Power generation of PV (left) as a function of dc
voltage and irradiation (i.e., 7;) and a wind turbine (right) as
a function of rotor speed and wind speed (zero blade pitch).
Circles and triangles indicate the maximum power point
(MPP) and typical operating points with 10% curtailment.

model is useful for analyzing and understanding frequency
dynamics, its validity has always been a subject of debate.
Please see [28], [29], [4, Sec. 2.2.1] for a detailed discussion
of machine models and further references.

C. AC/DC power conversion

While the controls in this tutorial apply to more complex
topologies (see [22]), we focus on two-level VSCs. Two-
level VSCs are controlled by a modulation signal m €
{—1,1}3 actuating on/off states of semiconductor switches
[30, Ch. 5] that modulate a dc voltage vy, into a three-
phase voltage vy = mug.. The resulting switching ripple
is commonly suppressed by an inductive-capacitive output
filter (see Fig. 2b). The dynamics of the VSC dc-link voltage
with dc-link capacitance cqc € Rs( are modeled by

d
Cdcv:j(c&vdc = Pdc - Pac- (5)

In practice, modulation techniques (e.g., pulse width modu-
lation) are used to compute the discrete switching signal m
at high switching frequencies' to, on average, approximate
a continuous reference for wvg,. Assuming a high enough
switching frequency relative to the remaining system dy-
namics, the converter voltage vy, € R? is typically averaged
over one switching period to obtain an averaged model that
is tractable for control design and analysis [30, Ch. 2.5].

ITypically ranging from 1 kHz for high power/medium voltage two-level
VSCs to 10 kHz for low power/voltage two-level VSCs.
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Fig. 2: System-level models of a synchronous machine (a)
and a two-level voltage source converter (b).
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Controls that have been designed using averaged models can
often be directly applied by, e.g., using notch and lowpass
filters to remove the remaining ripple at the switching
frequency from voltage and current measurements. However,
care needs to be taken when investigating phenomena on
fast time scales (e.g., response to electrical faults) for VSCs
with low switching frequency. Moreover, VSCs are typically
controlled using inner control loops (see Fig. 3) to either (i)
track a voltage reference with phase angle # and magnitude
V< %vde on their filter terminal, or (ii) control the power
injection P, [7].

D. Controllability and inherent energy storage

Overall, it can be seen that both synchronous machines and
voltage source converters convert power between different
domains. Synchronous machines typically store significant
kinetic energy %wan (i.e., in the range of 2 s to 12 s times
rated power) but can only be actuated at low bandwidth
through (i) the mechanical power P, € R, and (ii) the
excitation system that controls the voltage magnitude V;, €
R. In contrast, the energy scqcvl, stored in the de-link
capacitor of VSCs is relatively small (i.e., in the range of
5 ms to 70 ms times rated power) but the VSC ac voltage
can be fully actuated with high bandwidth through the control
input m.

E. Network topology and power exchange

It remains to model the ac and dc power exchange through
ac and dc networks as a function of the ac and dc voltages
applied by the power conversion devices (i.e., synchronous
machines and VSCs). Arguably, the most accurate model
represents the network as distributed parameter system [31].
However, this model is generally seen as intractable for
simulation and analysis beyond highly stylized systems.
Thus, for stability analysis, the power network is typically
modeled by an undirected graph G = (N,&) with node
set A\ representing buses (i.e., locations at which devices
and/or circuit branches interconnect) of the power system
and edge set NV C & X & representing circuit branches
(i.e., machine stator, converter output filter, transmission line,
cables, and transformers). In this framework, a potential
(i.e., voltage) is associated with every node [ € N and a
flow (i.e., current or power) is associated with every edge
(I, k) € €. Models of various fidelity can be associated with
the nodes and edges. For example, fitted frequency domain
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Fig. 3: Cascaded inner VSC control that tracks a voltage
reference provided by an outer GFM control.

models that accurately capture the dynamics of ac and dc
transmission for frequencies up to 1 MHz are commonly
used when detailed simulations are required [32], [33].
In contrast, commonly used first-principles models often
account for network circuit dynamics by modeling branches
and buses through ordinary differential equation models of
inductors and capacitors or generating units [34], [35]. The
vast majority of the literature neglects the circuit dynamics
and models the network through power flow models that
model the steady state of the underlying network circuit dy-
namics. This model is commonly justified by the pronounced
timescale separation between synchronous generators and
circuit dynamics [4], [36]. Moreover, for analysis of high-
voltage ac systems power flow models are further simplified
by neglecting transmission losses. This results in the lossless
ac power flow model

Pt =D e, ViVibrisin(0n = 0x) + Pages, (6)

where by; € Ry( denotes the susceptance of the ac line
(k,1) € Eae CE, Exe € Nye X Ny denotes the set of ac lines,
and Py, € R models load. Moreover, with a slight abuse of
notation relative to the device models, we use 6; and Vj to
denote the voltage phase angle and magnitude at bus I € N,
where M,c C N denotes the set of ac buses. Similarly, using
Ny to denote dc buses, Vge,1 to denote the voltage of dc bus
1 € Ny, and gk,1 € R>( to denote the conductance of a dc
line k,l € g C € with & € Ny x Ny, results in [37]

Pac,l = Vdc,1 Z(k Dee 9,1 (Vde,l — Vde,k)- @)
) dc

We emphasize that (6) and (7) neglect losses and the
circuit dynamics of the network. While this assumption is
commonly made in control design and stability analysis of
grid-connected power electronics, this model cannot capture
instabilities that arise from interactions of the network circuit
dynamics with VSC controls [38]-[41]. Neglecting the net-
work circuit dynamics is typically justified for high voltage
and power levels [41]. In contrast, at lower power and voltage
levels the network circuit dynamics cannot be neglected
unless a sufficient timescale separation between the network
and VSCs is enforced through controls [38], [40]. Similarly,
losses are typically negligible for high-voltage systems but
significantly impact dynamics at lower voltage levels.
Finally, we note that (6) is commonly used to model
balanced three-phase systems. Extensions to unbalanced mul-
tiphase systems for power flow studies can be found in [42],
[43]. Moreover, a steady-state power network model that is
tractable for analytical stability studies of systems containing
three-phase and single-phase generating units and common
three-phase transformer interconnections is described in [44].

F. Plant and power system models

The models developed in this section are the building
blocks of an overall power system model that accounts
for generation, conversion, and transmission (see Fig. 4)
that can be combined by extending graph-based models to
account for power conversion nodes (e.g., ac/dc VSCs) that
convert between domains [21], [24]. Specifically, a multi-
machine power system model is obtained by combining the
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Fig. 4: a) PV plant and dc/ac VSCs b) wind farm with PMSG
wind turbines ¢) HVdc transmission, and d) low frequency
ac transmission [45].

turbine/governor model (1) with the synchronous machine
model (4) and interconnecting the machines through the
ac power flow equations (6). To model a single-stage PV
system, the PV model (3) is combined with a VSC by letting
Py = vqgcipy. Permanent magnet synchronous generator
(PMSG) wind turbines can be modeled as an interconnection
of two VSCs through (7) and a synchronous machine.
Likewise, a point-to-point HVdc link can be modeled as an
interconnection of two dc terminals of VSCs through (7).

III. CONTROL OBJECTIVES AND PARADIGMS
A. Control objectives

The control objectives for grid-connected power converters
and renewables can be broadly categorized as follows.

Objective 1 (Maximizing energy yield) Stabilize the power
converter and its power source at an operating point that
maximizes energy yield.

For example, so-called maximum power point tracking
(MPPT) aims to operate renewables at their MPP (see
Fig. 1). In the context of HVdc, this objective corresponds
to operating at maximum dc voltage to minimize losses.

Objective 2 (Grid support) Stabilize the power converter
and its power source at an operating point provided by
a higher-level controller and contribute to stabilizing the
system by autonomously responding to power imbalances.

This objective applies to ac networks (e.g., primary fre-
quency control) and HVdc networks (e.g., primary dc voltage
control) and generally requires curtailment of renewable
sources or energy storage to respond to power imbalances.

B. GFL and GFM control paradigm

Controls for grid-connected power electronics are broadly
categorized into grid-following (GFL) and grid-forming
(GFM) control. However, no universally agreed-upon defini-
tion of GFM and GFL exists. Early attempts at a definition
require a GFM VSC to impose an ac voltage with constant
amplitude and frequency [7]. Other definitions hinge on the
ability to operate ac grids without relying on synchronous
generators [3], the ability to suppress frequency oscillations
[46], or high-level functional requirements [47]. However,
GFM capabilities may also be defined in terms of forming a
dc grid [37]. Attempting to resolve the conceptual differences

between these definitions is outside the scope of this tutorial.
Instead, we broadly categorize converter controls as follows.

Definition 1 (GFM and GFL control [22]) For each VSC
terminal (i.e., ac and dc), we refer to a VSC as GFM if it
imposes a stable voltage at the terminal (i.e., ac-GFM or dc-
GFM), and GFL if it has to rely on another device to stabilize
the voltage at the terminal (i.e., ac-GFL or dc-GFL).

While Objective 1 is often conflated with GFL and Objec-
tive 2 is often conflated with GFM control, Definition 1
highlights that GFM does not necessarily imply a full
suite of grid-support functions but only requires imposing
(marginally) stable ac or dc voltages.

IV. GFM AND GFL CONTROL OF
CONVERTER-INTERFACED RENEWABLES AND
TRANSMISSION

A. ac-GFL/dc-GFL control

Various ac-GFL/dc-GFL controls have been proposed in
the literature that (i) transfer a prescribed amount of power
between the VSC terminals [17], or (ii) provide grid-support
functions similar to those provided by synchronous gener-
ators today [48]. This broad class of controls cannot meet
either Objective 1 or 2 and will not be discussed further here.

B. ac-GFL/dc-GFM control

Today grid-connected renewables typically use ac-
GFL/dc-GFM control designed under the assumption that the
power system can be abstracted as an ac voltage with slowly
varying frequency and magnitude whose sensitivity to the
VSC power injection is negligible (see Fig. 5). Typically,
a synchronous reference frame (SRF) phase-locked loop
(PLL)? is used to obtain an estimate fp;; € S of the grid
voltage phase angle §; € S (see Fig. 2b) and implement
a proportional-integral (PI) current control in a rotating
coordinate frame with angle fp ;. € S [7, Fig. 3]. The ac
current is then controlled to stabilize the VSCs dc voltage (5)
and power source at the MPP or a curtailed operating point
(see Fig. 6). This approach can be combined with suitable
curtailment strategies or energy storage to provide typical
ancillary services (e.g., primary frequency control) [11]-[13],
[19]. However, if (i) the impedance between ac-GFL VSCs
and SGs or ac-GFM VSCs increases (i.e., weak coupling), or
(ii) the rating of ac-GFL VSC relative to SGs and ac-GFM
VSCs increases, then the sensitivity of §, € S to the ac-GFL
VSCs power injection P, € R is no longer negligible and
the system eventually becomes unstable [50]-[52].

C. AC-GFM/dc-GFL control

To address the challenges of ac-GFL control, ac-GFM
controls the VSC as a self-synchronizing ac voltage source
(see Fig. 7). Notably, near the nominal steady-state and for
realistic tuning common ac-GFM controls (e.g., virtual syn-
chronous machines [53] and dispatchable virtual oscillator

2We emphasize that the presence of a PLL is not indicative of ac-GFL
control. For example, the ac-GFM virtual synchronous machine control
proposed in [49] uses an auxiliary PLL.
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Fig. 5: Conceptually, ac-GFL/dc-GFM control assumes that
the ac system is stable and stabilize the VSC power source.

Stabilize

Fig. 6: PMSG wind turbine with ac-GFL/dc-GFM control
on the grid-side converter (GSC) and MPPT control on the
machine-side converter (MSC).

control [39]) resemble droop control [4, Sec. 3.4]

Pye). ®)

Here, 0otm € S denotes a voltage phase angle reference,
my, € Ry is the active power droop coefficient, and Py €
R denotes an active power setpoint provided by system-
level controls. Notably, the reference Oym € S is either
directly modulated by the VSC (i.e., Lvsy = Ogrm) [54]-
[56] or Ogm € S is used as a reference for the grid side
filter voltage (i.e., v in Fig. 3) that is tracked by cascaded
voltage and current PI controls [7], [53], [57]. Cascaded inner
loops are often used to (i) ensure that the filter capacitor
dynamics are well controlled, and (ii) leverage the inner
current loop for current limiting [7]. While these features
are appealing, stability of the cascaded control architecture
intricately depends on the grid coupling strength [57]-[59].
Moreover, the required timescale separation between the
various controls and dynamics [57] results in a significant
loss of control bandwidth [58], [60].

Droop control (8) achieves voltage phase angle synchro-
nization between ac-GFM converters through feedback of
the power injection P, € R (i.e., a function of phase
angle differences) to its frequency wefn. Moreover, (8) is
identical to the turbine/governor system (1) with 7, = 0
and K, = 1 /mp and, e.g., results in an increased power
injection P, € R for a decrease in frequency wgfn € R.
To realize this response, (8) requires a controllable dc power
source and may destabilize the system due to power source
dynamics or limits [14]. To meet Objective 2 using renewable
generation, various auxiliary power limiting and curtailment
schemes have been developed that (i) limit the ac power
P, € R to the MPP of renewable sources [15], [18] and (ii)
explicitly [15] or implicitly [18] control the VSC dc voltage
through renewable sources (see Fig. 8). As of now, these
approaches are tailored to specific renewables and generally
require significant energy storage or curtailment, i.e., cannot
meet Objective 1. Moreover, while ac-GFL is prone to in-
stability under weak grid coupling, strong coupling (i.e., low

d *
aegfm = Wegfm = Wo + mp(Pac —

Fig. 7: Conceptually, ac-GFM/dc-GFL controls assumes that
the VSC dc terminal is stable and stabilize the ac system.
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Fig. 8: PMSG wind turbine with ac-GFM/dc-GFL control on
the grid-side converter (GSC) and dc voltage control on the
machine side converter (MSC).

impedance) between ac-GFM VSCs may result in instability
due to interactions between network circuit dynamics and ac-
GFM controls [38], [39], [57]. This instability can be avoided
by increasing VSC output filter impedance, control re-tuning
to increase the timescale separation between network circuit
dynamics and ac-GFM control [41], [57], or active compen-
sation of network circuit dynamics through control [41].

D. Interoperability of GFL and GFM control

In the literature, ac-GFM/dc-GFL and ac-GFL/dc-
GFM control are commonly understood as complementary
paradigms that are both required to operate a future power
system with (i) renewable sources providing functions rang-
ing from MPPT (ac-GFL/dc-GFM) to reliable grid-support
(ac-GFM/dc-GFL), and (ii) converter-interfaced transmission
such as HVdc that requires forming both ac and dc networks
(see Fig. 9 and [37]). However, recent results highlighted a

AC1 GFL /}o—g——— o [GFL AC2
77 ( Q ) N = )V‘“, control HVDC |=/"Vv
GFM~>—€ )/ GFM ) w control

Fig. 9: Standard HVdc control architecture.

wide range of potential instability mechanisms between ac-
GFM/dc-GFL VSCs, ac-GFL/dc-GFM VSCs, SGs and their
control loops, and ac network circuit dynamics [8], [16] even
when neglecting dc-side and renewable generation dynamics.
Similarly, systems using a mix of ac-GFM/dc-GFL and ac-
GFL/dc-GFM VSCs to interconnect ac transmission systems
through HVdc can become unstable due to changes in
load or generation [17]. Overall, these results highlight that
interoperability of ac-GFM/dc-GFL VSCs, ac-GFL/dc-GFM
VSCs, renewable generation, HVdc, and SGs is not well
understood from an applied and theoretical perspective.

V. DUAL-PORT GFM CONTROL

Broadly speaking common ac-GFM controls aim to con-
trol VSCs to tightly control the frequency w by mimicking
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Fig. 10: Dual-port GFM control maps signals indicating
power imbalance (i.e., w and v4.) between the converter ac
and dc terminals.

the active power response of the turbine/governor system
(1) of conventional power generation. However, because the
VSC is a power conversion device that cannot generate
power, this results in instability if the VSC power source
cannot supply the required power instantaneously [14]. In-
stead, recognizing the role of the VSC as a power conversion
element, dual-port GFM control aims to controls the VSC ac
and dc terminal voltages to ensure power balancing between
the ac and dc terminal and induce a stabilizing response from
curtailed renewable and legacy power generation.

A. Universal dual-port GFM control

In this tutorial, we focus on the dual-port GFM control

- vgc)a (9)

that maps the signals indicating power imbalances in ac and
dc networks (i.e., wgfm and vgc) between the VSC terminals
(see Fig. 10). This control is equivalent to the PI control

(10)

d d
Wefm = aegfm = wo + kO qt Vde + kw (Udc

d *
Eﬁdc = Udc — Vg ggfm = kG (vdc - U:fc) + kwﬁdc

from dc voltage to ac phase angle and, considering the
lossless VSC model (5) and P}, = Py, it is identical to the
control Wesm = wo + ko (P — Pac) + kw(vac — v],) analyzed
in [24]. Please see [21], [22] for a detailed comparison.
Similar controls were first proposed in the context of
machine emulation control [55] that match the dynamics of
a VSC to that of a synchronous machine by noting that the
energy stored in the VSC dc-link capacitor, although being
much smaller, plays the same role as the kinetic energy stored
in the synchronous machine rotor (cf. (4) and (5)).
However, this mechanism has far wider-ranging implica-
tions. For example, using (9) on all VSCs in a network,
an increase in load P,. € R results in a decrease in dc
voltage vge (see (5)) and ac frequency wgrm € R that will
propagate through ac and dc connections [21]-[23] to power
generation as shown in Fig. 11. Thus, at a typical curtailed
operating point as shown in Fig. 4, a PV system will increase
its power generation in response to a drop in dc voltage [24].
Similarly, a wind turbine that is curtailed by operating at an
increased rotor speed will increase its power production in
response to a decrease in frequency [20], [21]. In contrast,
for renewable generation operating at the MPP, the power
generation will not respond and (9) will control the VSC
dc voltage by implicitly controlling the ac power injection
through the ac voltage phase angle 0,4, € S [20]. Overall, the
key principle behind the control (9) is to propagate signals
that indicate power imbalance throughout the power system
and across power conversion elements until they eventually

map imbalance
control | _ control
Upc w
be AC Network AC
source source
[ 1
control map mbalancie map imbalance control
w UDC
Ti I voC Ti
AC DC Network pe
source source

Fig. 11: Mapping of power imbalance signals between an ac
network, dc network, and ac and dc power sources.

reach legacy or renewable power generation that responds
to power imbalances by adjusting its power generation. This
approach relies on the internal energy storage of VSCs and
WTs as an energy buffer [21], [22] and investigating the
impact of VSC and WT sizing is seen as an interesting
topic for future work. Notably, as illustrated next, the control
(9) also makes the dependence of the level of grid support
provided by renewable generation on its operating point
transparent.

B. Example: PMSG wind turbine

Applying dual-port GFM control to both the GSC and
MSC of a PMSG wind turbine results in the control shown
in Fig. 12. If the nominal frequency in (9) and pitch angle
reference correspond to the MPP, this control results in
approximate maximum power point tracking. In contrast, at
a curtailed operating point (see Fig. 1) the wind turbine
will provide primary frequency control. Moreover, below
the wind turbine’s rated wind speed, the rotor speed can be
increased beyond the MPP to provide a significant amount
of kinetic energy storage that can be used to provide inertia
support. To fully leverage this capability, given the curtail-
ment parameter 7ge; € Rjg 1), we use Agel € R> ), to denote
the (unique) solution of

Cp()\dela O) = ndelcp()\mpm 0) (1 1)

If vy, < Rw™® /)4 holds for the maximum rotor speed
w™Md € Ry, then the desired level of curtailment can be
achieved purely by speed based curtailment, i.e., wyr =
’\}dg' vy and Bge; = 0. Otherwise, wyer = w™®* and the curtailed

pitch angle reference (g4 is given by the solution of

Co(B22=, Baet) = 14e1 Cp(Ampp, 0) (12)

'
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Fig. 12: PMSG wind turbine with dual-port GFM control for
both GSC and MSC.
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that satisfies Agel > Ampp. Using the models presented in
Sec. II, an equivalent droop coefficient shown in Fig. 13 and
inertia coefficient can be directly computed as a function of
the curtailment nge; € Rpp,q) [20].

Finally, the simulated response of an aggregate model of
ten 5 MW PMSG wind turbines to a load step is shown in
Fig. 14. It can be seen that, depending on the operating point,
dual-port GFM control either results in MPPT or releases the
excess kinetic energy stored in the wind turbine rotor to pro-
vide an inertia response and primary frequency control. This
illustrates that (9) enables a wind turbine to support MPPT
control and ancillary services without switching controls.

C. End-to-end stability analysis for dual-port GFM control

A particularly appealing feature of the dual-port GFM
control (9) and its power-balancing variant proposed in [24]
is that it is amenable to an end-to-end stability analysis that
encompasses reduced-order models of renewable generation
(curtailed and at MPP), ac and dc transmission, and legacy
generation [21], [24]. Specifically, the overall power system

— Ndel = 0.9
= el = 0.8

my, [%)

0.05 - ~

|
8 8.5 9 9.5 10 10.5 11

Uy [m/s]

Fig. 13: Equivalent frequency droop coefficient for a PMSG
wind turbine with curtailment according to (11) and (8).
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Fig. 14: Response of a wind turbine to a load step using ac-
GFL MPPT control (GFL MPPT) and dual-port GFM control
with (GFM FR) and without (GFM MPPT) curtailment.

can be modeled as graph whose nodes and edges correspond
to linearized device models presented in Sec. II. Then,
under mild conditions on the network topology, insightful
conditions for synchronization and stability of frequency and
dc voltage can be developed. Notably, frequency synchro-
nization can be guaranteed for a wide range of standard
networks including those shown in Fig. 4. In addition, if
sufficiently many renewable generation with curtailment or
legacy generation with primary frequency control are present,
then frequency and dc voltage stability can be guaranteed.
Under mild assumptions, the results can be extended to
account for N — 1 security criteria to ensure stability under
the loss of any generating unit, ac line, or dc line.

VI. CONCLUSIONS AND OUTLOOK

In this tutorial we provided an overview of modeling and
control of grid-connected power electronics and renewable
generation. After an introduction to modeling of prevalent
power generation and power conversion technologies, we
discussed applications of GFL and GFM control to renewable
generation. We highlighted the need for further research on
interoperability of GFM control, GFL control, and legacy
devices. Finally, this tutorial briefly discussed recent work
on dual-port GFM control that supports the entire range
of functions of GFL control (e.g., MPPT) and GFM con-
trol (e.g., primary frequency control) in a single universal
controller and enables an end-to-end stability analysis using
reduced-order models. GFM control under constraints (e.g.,
VSC current limits, wind turbine speed limits) is seen as an
interesting area for future work.
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