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2. Executive summary

This deliverable addresses the problem of designing local —i.e. decentralized — controllers for
dynamic virtual power plants.  The key idea is to design local feedback controllers for a
collection of devices such that in aggregate they provide fast ancillary services including
primary frequency and voltage control, while safisfying individual device constraints. The
report begins by presenting a general overview of potential dynamic virtual power plant
topologies and control architectures for both transmission and distribution grids. The focus is
then refined to a dynamic virtual power plant connected to the transmission grid through a
single point of common coupling. This control design problem is formulated as a decentralized
model matching problem, where the goal is fo match the actual aggregate behavior as
closely as possible to some desired dynamic behavior (by means of fully decentralized control)
while at the same satisfying the local device limitations.

Two solution methods are presented to solve this control design problem: a decentralized and
a centralized contfrol design method, both of which result in decentralized control
implementations. The decentralized control design approach decomposes the problem into
two steps: (i) disaggregating the desired dynamic behavior among the individual devices, and
(i) local model matching for each individual device. The centralized confrol design method
solves the problem using a single (centralized) optimization problem o simultaneously design
the (decentralized) conftrollers for all devices.

The theory behind each design approach is presented, and their excellent performance is
demonstrated on modified IEEE 9 bus system illustrative examples. The report concludes with a
summary of results and several avenues for future work.
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1 DVPP Scenarios and Infroduction

1.1 DVPP Operating Conditions

In this work, we define the dynamic virtual power plant (DVPP) as a virtual entity consisting of
several heterogeneous distributed energy resources (DERs) which are coordinated to provide
dynamic ancillary services. In particular, we focus on the fast frequency and voltage control
(fast ancillary services) that the DVPP can provide by blending the response of the different set
of devices integrating it. Such a collection of devices should collectively have a wide range of
dynamic characteristics (speed, power, weather dependency, etc.) in order to ensure a rich
dynamic response capacity of the DVPP.

We expect DVPPs to become one of the key players of the future power system, upgrading
individual renewable power plants dynamic capabilities, fully exploiting their capabilities while
respecting their limitations.

1.1.1 DVPP operating conditions

In this section, we define the DVPP operating conditions. We include different subsections to
discuss key relevant points below.

DVPP connection and topology

We consider that DVPPs can operate both at transmission and distribution level. This allows
DVPPs to provide services to both networks, depending on the point where they are
connected. For instance, a DVPP connected to the transmission network will provide services
to that specific network. However, a DVPP connected at distribution level could provide
services both to the transmission and the distribution network.

In terms of topology, we consider DVPPs composed of devices that can be connected both
at asingle bus or in a distributed manner across the power system (transmission or distribution).
We discuss their characteristics further throughout Section 1. Additionally, we consider the
option of several DVPPs operating within the same power system.

DVPP devices

A DVPP can integrate both confrollable and uncontrollable devices. We define as controllable
devices those elements whose control (and thus power injections) can be adapted to setf the
DVPP response. We define as unconfrollable devices those elements whose control cannot be
modified (e.g. existing conventional power plant with legacy confrollers).

In addition, as mentioned above, the devices integrating the DVPP must be sufficiently
heterogeneous (in terms of speed, energy, power, weather dependency, etc.) fo ensure an
adequate blended response. Each DVPP device dynamic capabilities/limitations must be
considered during the control design phase to fully exploit the resource.

Network services

We consider that DVPP controllers are designed to provide fast frequency and voltage
dynamic ancillary services. Additional services could be provided if properly specified. To
define such services provision, we consider that the network operator (transmission or
distribution) will define the desired dynamic response of the DVPP in a fransfer function (or more
generally transfer matrix) format, Tqes, or by means of a dynamic equivalent specification.
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We assume Tqes To have inputs of frequency and voltage magnitude (f and v), and outputs of
active and reactive power (P and Q). Depending on the location of the DVPP, Tqes might be
defined as a diagonal transfer function (P related with f and Q related with v) or a complete
2x2 transfer function matrix (P and Q related with f and v in a coupled manner).

Once Taes has been defined, specific DVPP device-level controllers can be designed to match
the defined control objective by exploiting the key capabilities of each individual element.

In addition, we consider different possible implementations of Tqes, relying on specific device
level controllers: grid-following, grid-forming, or possibly hybrid options. We highlight that grid-
forming-based control alternatives can also unlock additional network services, such as black-
start or isolated mode operation.

We also would like to mention that the control design must be backwards compatible with
existing system confrollers, services, and grid codes (e.g., power-frequency droop, etc.).

Decentralized control and communications

We aim to implement a decentralized control approach able to run local device-level
controllers able to provide a coordinated blended response. Such control structure does not
require communications by default, as the control could rely on locally executed routines and
local measurements.

However, to achieve an improved coordinated dynamic response (resilient to resource
limitations, etc.), we consider that communications of key magnitudes among devices could
be incorporated (e.g. broadcast signals, set-points, or available power per device). Such
communication structures could be implemented based on a peer-to-peer fashion or
centralized (e.g. DVPP operator) and on a slower time-scale than the DVPP service provision.

Device control design

At device level, we need to design the DVPP local controllers in order to ensure the blended
Taes response. First, we assume aggregated devices to implement control design (e.g. an entire
PV power plant is considered a single aggregated unit). Additionally, we consider that the
DVPP control will be established relying on the devices’ inner-level controllers (e.g. inner current
loop or inner voltage loop). To design such device-level controllers, we follow different
procedures which are discussed further in Sections 2 and 3.

In short, to give a preview, the first option (Section 2) disaggregates the DVPP specifications to
every device (taking info account its static and dynamic constraints) in a robust fashion, and
then addresses it with decentralized/distributed model matching control methods. The second
option (Section 3) designs the decentralized confrollers for each device in one step by solving
a single centralized optimization problem which minimizes the mismatch between the
aggregate and desired fransfer functions, subject to the individual device constraints.

1.2 Potential Control Scenarios for DVPPs

Once these operating and control considerations have been discussed, different relevant
DVPP scenarios are discussed next, highlighting their key advantages and disadvantages. We
focus on DVPP structures that aim to match the dynamic services specifications Taes af a single
network bus.
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1.2.1 DVPP operating at a single bus (DVPP-SB)

The simplest DVPP format considers different devices connected to the same single bus. This
conceptis also known as a hybrid power plant. Figure 1 shows two different DVPP-SBs examples.
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(a) DVPP composed of controllable devices (b) DVPP composed of controllable and

non-controllable devices

Figure 1. Schematic of the DVPP control setup.

Possible concept variants

Two main variants are considered: type (a) considers that all DVPP devices included are
controllable and type (b) considers that the DVPP includes non-confrollable devices. Both
options can be connected either to tfransmission or distribution buses.

Concept discussion

This DVPP configuration is ideal to ensure operator-defined specifications Tdes, as they can be
associated with a single power system bus. Then, the entire DVPP can be seen as a single unit
behind the control defined bus, if an adequate control implementation is designed.

In order to shape the DVPP response, different transfer function-based definition Tqges options
can be defined, depending on their point of connection. For fransmission networks, it seems
that a decoupled option could be beneficial for the system, linking P-f and Q-v. However, for
a distribution network, a coupled P-f and Q-v could bring additional benefits, exploiting the
lower X/R network ratio resulting in a nonnegligible (P.Q.f,v) coupling.

Focusing on the control design, type (a) must adequately infegrate each device to ensure an
adequate response. Otherwise, in type (b) options, non-desired dynamics of non-controllable
devices should be compensated.

As a key limitation, the single bus implementation does not provide much flexibility when
integrating different devices.

Control design considerations

Focusing on types (a) and (b) control design, we will implement decentralized controllers to

ensure a blended response. Then, each asset will respond based on their own local frequency
and voltage measurements, according to the DVPP control specified response.
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Additionally, we consider the use of communications to send key information (e.g. available P
and Q power on the plants, etc.) so that the decentralized control implemented can be
adaptive to device-level limitations.

Besides, we assume that the use of a broadcast PCC f/v measurement signal might not be
useful, as all devices (connected to the same bus bar asin Figure 1) have actual measurements
of that specific point.

Current scope and future extensions

While our control design presented in Section 2 later focuses exclusively on the two single-bus
scenarios depicted in Figure 1, we envision that ongoing and future work will also address the
case of a spatially distributed DVPP (either in tfransmission and/or distribution networks). We
discuss such conceivable extensions in the remainder of this section.

1.2.2 Distributed DVPP across the distribution network (DVPP-D)
This approach considers that the DVPP is composed of devices connected to different buses
of the distribution network. Figure 2 shows different examples of a DVPP-D.
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(d) Distribution network including a DVPP-D and other generation units with a
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Figure 2. DVPP distribution grid scenarios.

Possible concept variants - Figure 2

In Figure 2, we detail different possible variants of the DVPP-D concept. Type (a) constructs a
DVPP by means of controllable devices. Type (b) DVPP-D incorporates controllable and non-
controllable devices. We highlight that DVPP-D types (a) and (b) assume to integrate all
generation devices present in the distribution network.

In addition, DVPP-D types © and (d) incorporate controllable and non-controllable devices,
operating with other generation units across the distribution network. The difference between
them is that ty©(c) interfaces directly with a transmission network bus and type (d) is connected
to a distribution network bus.

Besides, these concepts could be extended in the future to incorporate multiple connection
points (see Figure 4a). However, the scope of this report is limited to a single bus
interfacing/control point.

Concepts discussion

All concepts discussed (type (a)-(d)) consider a ‘DVPP conftrol bus’ between the DVPP and
either the distribution or the transmission network, where dynamic services specifications can
be imposed. Therefore, DVPP-D can behave as a single unit at the control bus, especially in
types (a) and (b), if an adequate control implementation is designed. For type (b) specifically,
non-controllable dynamics can be incorporated within the control design and compensate
them with the controllable ones to respond according to the imposed specifications Taes. We
also anticipate additional challenges for Types (c) and (d) control design, due fo the unknown
non-DVPP device dynamics connected to the distribution network.
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The definition of the DVPP-D transfer-function-based services requirements Tges Will depend
mainly on the location of the '‘DVPP control bus’. We consider decoupled P-f and Q-v
specifications for those DVPP-D control buses located in the fransmission network, even though
the DVPP-D operates in the distribution network. We also consider possible coupled P-f and Q-
v Taes specifications for DVPP-D control buses located in the distribution network, due to a lower
X/R ratio of the network.

Control design considerations

To ensure a blended response, we consider that a decentralized approach can be
implemented, coordinating the response of each device to ensure an aggregated global
performance at the control bus. Then, we assume that communication of the control bus
magnitudes f/v to each device should be considered, to secure the expected coordinated
behaviour. Then, each device will respond based on the received broadcasted signal,
providing the required response according fo the established DVPP-D control design.
Additionally, as in the DVPP-SB case, exchange via communications of key magnitudes (e.g.
available P and Q power on the plants, etc.) will be required to ensure the decentralized
control implemented can be adaptive to device-level limitations.

Alternatively, we also consider local-based control structures, relying only on device-level
measurements. This option might provide adequate distributed system support, but it
compromises the quality of the Taes-based services provision at the PCC.

We also highlight a key difference between DVPP-SB and DVPP-D. The DVPP-D dynamic
behaviour at the confrol bus will be impacted by the distribution network lines and loads,
distorting the coordinated devices response. This fact requires a complete redesign of the
controllers developed for the DVPP-SB, to compensate for the network effect.

Focusing on the Tges requirements, we consider that different operators could provide
requirements to the DVPP. This will also depend on the location of the ‘DVPP confrol bus’. A
potential option we consider for a transmission connected DVPP-D is that the transmission
system operator (TSO) defines the Tqes for both frequency and voltage. Another option could
be that the voltage response, being a local magnitude, is imposed by the DSO, or it is even
requested only at the device-level.

Additionally, to avoid large deviations from the services specification Taes due to the dynamic
action of external devices to the DVPP, improved conftrollers should be designed in order to
counteract their unknown dynamic behavior.

Finally, we consider that the DVPP-D will not hit any hard network limit (e.g., steady-state line
current overload), assuming that these limits are handled by the network operator (transmission
or distribution). Additionally, the DVPP-D dynamic services we are focusing on (frequency and
voltage) are only activated during transients, dynamically supporting the network during the
first milliseconds-seconds after the event.

1.2.3 Distributed DVPP across the transmission network (DVPP-T)

This approach considers that the DVPP is composed of devices connected to different buses
of the fransmission network. Figure 4 shows different examples of DVPP-T.
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(c) Transmission network including a DVPP-T and other generation units
Figure 3. DVPP transmission grid scenarios.

Possible concept variants - Figure 3

In Figure 3, we detail different possible implementations of the DVPP-T concept. Type (q)
constructs a DVPP-T based on confrollable devices. Type (b) incorporates both controllable
and non-controllable devices. Analogously to the DVPP-D case, both type (a) and (b) consider
that they conftrol all devices of the fransmission network area.

In addition, DVPP-T type (c) is composed of non-confrollable devices, operating with other
generation units across the tfransmission network area.

The proposed concepts could be extended to incorporate multiple connection points to the
rest of the transmission network (see Figure 4b). However, as mentioned in the DVPP-D case,
this report only covers a single bus interfacing/control point.

Concepts discussion

The three DVPP-T concepts considered assume a single ‘DVPP control bus’ which inferconnects
the depicted fransmission network area with the rest of the network, where dynamic services
specifications can be defined. We assume that the DVPP-T can perform as a single unit af the
control bus, seen from the rest of the network. As in the DVPP-D case, we consider types (a)
and (b) control simpler to design, as all devices of the fransmission network area are part of the
DVPP. Then, the non-controllable dynamics can be incorporated into the control design
definition process. Otherwise, handling unknown dynamics, part of the transmission network
area of interest, complicates the control design of DVPP-T type (c) structures.

The definition of the DVPP-D transfer-function-based services requirements Tqes Will be defined
at the 'DVPP control bus’. We assume a decoupled P-f and Q-v specification. We also consider
possible coupled P-f and Q-v Taes specifications for special DVPP-T control buses (e.g. weak
networks).
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Control design considerations
The control design considerations are equivalent to the DVPP-D case. Next, we only discuss
the key difference between them.

Focusing on the Tqes definition, we consider that the TSO provides the dynamic requirements for
the DVPP-T operation. We consider a decoupled P-f and Q-v structure as the base case for a
DVPP-T. Additionally, alternative coupled options could be explored for special network
conditions (e.g. weak network operation). Also, given the distributed nature of the DVPP-T
resources, we also consider possible local voltage control definitions.

1.2.4 Mutli-control-point DVPP structures

In addition to the prior cases, both DVPP-D and DVPP-T concepts can be generalized including
multiple control points. Typically, network areas are connected via multiple connection points
to other parts of the network (see Figure 4). In such multiple connection scenarios, we consider
that DVPPs could provide services to different connection points by defining different Tges. This
scenario is beyond the scope of the methods described in this report, but will be revisited in
future work.
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(a) Distribution network including a DVPP-D and other generation units with multiple
connection control points to the tfransmission network
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Figure 4. DVPP structures including multi-control-points.

1.3 Abstraction for Control Design and Model Matching

1.3.1 Aggregate Control Specifications and Desired
Transfer Function

To provide some desired dynamic ancillary services such as fast frequency and voltage control
to the power system in place of traditional synchronous machines, we specify a desired
input/output behavior for the DVPP on an aggregate level. We assume that all devices of a
DVPP are connected at the same bus of the transmission grid (see Section 1.2.1), where they
receive an input signal consisting of the measured bus frequency and voltage magnitude
deviations, as shown in Figure 5. The active and reactive power deviations, which are the
outputs of each device, sum up to the aggregate active and reactive power deviations, which
are the outputs of the DVPP, respectively.
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Figure 5. Schematic of the DVPP conftrol setup.

We assume the desired dynamic ancillary services have been specified by the power system
operator in the form of a MIMO transfer matrix as

Apges(s) _ Af(s)
Aqdes(s)] = Taes(s) [Av(s)]' (1)

In particular, by specifying Tdes, we assume that the power system operator is enforcing grid-
codes in the form of a desired transfer function. An example of how grid-code specifications
can be translated into a dynamic fransfer function is provided in [1]. Ideally, Tges sShould be
reasonably specified so that it is collectively achievable by the DVPP devices during normall
operating conditions, while rendering the closed-loop power system stable, and being robust
to model uncertainties and parameter variations in the rest of the grid.

Finally, the overall goal for the DVPP devices in aggregate is to match as closely as possible to
the desired behavior Taes, as shown in Figure 5. However, it is important to ensure that device-
level properties and specifications are properly accounted for during the control design.




POSYTYF Deliverable D4.1

1.3.2 Device-Level Properties and Specifications

While the overall objective of the distributed control design is to achieve as closely as possible
a desired aggregate behavior, it is important to incorporate the individual device-level
characteristics info the design to ensure feasibility and optimal performance. In particular,
devices in the DVPP vary widely in terms of their dynamics and the time scales at which they
operate, their availability of power and current for supplying fast ancillary services, and their
desired contributions in steady state after a disturbance. Incorporating these heterogeneous
characteristics make the control design far more challenging, while at the same fime providing
opportunities for devices with different properties (ex. fast/slow, lots/little power availability, etc)
to complement each other in order to improve the feasibility of achieving the desired behavior
while at the same time optimising the performance.

Several different device properties are incorporated for the proposed confrol designs. First,
unlike most existing confrol designs for fast ancillary services available in the literature, dynamic
models of the devices interfaced to the grid (e.g., wind turbines, photovoltaics, energy storage,
etc.) are included in the control design in addition to the grid side converter dynamics. It is
common practice to maintain only the slowest fime constant for grid control design purposes,
and this convention is followed for now in this work by modelling the devices as first-order filters
(low pass filters) with a single time constant describing the response time of the device. Future
work will consider more detailed dynamical models for the control designs.

Another important design specification is to ensure device-level limitations are not exceeded.
In particular, devices have physical limits, such as limits on converter currents and converter
current setpoints, as well as limits based on the amount of available resources, such as power,
that are held in reserve for ancillary service provision. The latter are often a small percentage
of the available power, and therefore may be time-varying and dependent on external
conditions such as weather. For the control design, safisfying these limits amounts to
incorporating constraints on states and plant inputs.

There are also significant differences between the desired behavior of the devices after a
disturbance, such as a load step, has reached steady state. For the majority of the devices, it
is typically desirable that the steady-state conftribution should be divided between them
according to some fair power sharing criteria, such as proportional to their power ratings.
However, in case some devices are unable to supply this level of power, for example due to
reduced availability resulting from changing weather conditions, alternative steady state
sharing schemes must be devised. Additionally, some devices, such as batteries and energy
storage, are often expected not to change their steady state contributions after a disturbance
so as to preserve their desired state of charge. Overall, incorporating the above device
characteristics into the control design is an important but challenging task.

1.3.3 Formulation of Design as Model Matching Problem

In this section, we infroduce the DVPP control setup for fast frequency and voltage control. To
do so, we provide a simplified setup using the formalism of linear systems, which makes it
convenient to develop our control design. However, as we will show later in our numerical
case studies in Sections 2.2 and 3.4, we demonstrate the performance of our linear control
design on a test case of the IEEE 9 bus system using detailed — in particular, nonlinear — system
and device models.
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We consider a DVPP control setup for a group of heterogeneous distributed energy resources
(DERs) as shown in Figure 6, including both a collection ' of non-controllable devices (e.g.,
installed synchronous generators and condensers), as well as a collection € of controllable
devices (e.g., converter-based generators). We assume that all devices of a DVPP are
connected at the same bus of the transmission grid (see Section 1), where they receive an
input signal of the measured bus frequency and voltage magnitude deviations, Af and Av,
respectively, as shown in Figure 6. The active and reactive power deviations of device i, which
represent the output of device i, are given by Ap; and Ag;, respectively, and sum up to the
aggregate active and reactive power deviations, which are the outputs of the DVPP, denoted
by Apagg ANd Aq,gg, respectively. Thus,

Apagg Ap;
Aqagg] - ZiENUC’ Aql] (2)

For each device i, let Ti denote the 2x2 closed-loop transfer function from frequency and
voltage magnitude deviations to active and reactive power output deviations, as shown in
Figure 6. Then T; satisfies

APi] Af
=T, )
Ag; ¢ [Av

We assume that all non-controllable DVPP devices in ' have pre-existing frequency and
voltage conftrol (e.g., installed turbine and governor controls, or automatic voltage regulators
(AVRs) and power system stabilizers (PSSs) which the DVPP operator does not have the authority
to modify). Hence, their local closed-loop transfer functions T; are considered as fixed within
the DVPP setup. The local closed-loop transfer matrices T of the controllable devices C, in turn,
can be designed by employing appropriate feedlback controllers, as described in Sections 2
and 3. Then the aggregate DVPP behavior is given by

Apagg

Aqagg] = YienvueTi [2];] = Tagg [Af (3)

Avl”

Since the fransfer matrices Ti of the non-conftrollable devices N are fixed, the DVPP control
design problem is to find local controllers for the controllable devices € such that the mismatch
between Tges and Tagg is Minimized.

Furthermore, during the conftrol design it is important to ensure that physical and engineered
device-level limitations, including operational fime scale characteristics, input/output
constraints, as well as constraints related to the steady-state behavior are not exceeded during
nominal operating conditions.
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Figure 6. DVPP control setup for model matching. The control setup is based on the formalism
of linear systems.

1.3.4 Centralized Vs. Distributed Control Design

As discussed above, this work package focuses on the design of distributed controllers, ie. each
device in the DVPP has its own local linear feedback confrollers. The advantages of using
distributed controllers compared to centralized control are that they typically have faster
response times due to lower communication and processing delays, greater robustness to
communication failures and other disturbances, often require less computational cost and are
easier fo implement and debug, and better preserve data privacy for each device.

——
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Although all controller implementations considered in this work package are decentralized,
there are two control design approaches that are pursued: (1) a decentralized design, and (2)
a cenftralized design. The decentralized control design method decomposes the design info
two steps: (i) a disagreggation of the aggregate desired behavior amongst all of the DVPP
devices by providing local desired behavior for each device, and (ii) performing local model
matching for each device to match its local desired behavior. In contrast, the centralized
design performs the entire control design as one single optimization problem, matching
aggregate desired behavior as well as possible while satisfying local device level constraints.
The decentralized and cenfralized design methods are described in more detail in Sections 2
and 3, respectively.

2 Decentralized Confrol Design Method

2.1 Adaptive Divide and Conquer Strategy

A first approach to solve the previous DVPP control design problem is based on an adaptive
divide-and-conquer strategy, composed of two steps [2]:

1. Disaggregate the desired DVPP behavior by dividing the MIMO transfer matrix Tges among
the DVPP devices using adaptive dynamic participation matrices (ADPMs). The latter are
diagonal fransfer matrices Mi which are multiplied with the transfer matrix of the global system-




POSYTYF Deliverable D4.1

level specification as Mi*Tdes to obtain the local specification for each device i. This allows for a
weighted pooling of local confrol actions.

2. Design a local feedback control for each device such that the local device transfer matrix
Ti of each device optimally matches the desired local behavior Mi*Tges. We will resort to an
adaptive, optimal confrol design method.

A schematic illustration of the adaptive divide-and-conquer strategy, including the adaptive
disaggregation during online operation is shown in Figure 7.

1) Disaggregation & Pooling "'\.\ 2) Local Matching Control \

Ti(s) \
tw0 Tauls) \. . \
- \' M ¢ \l‘l
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\ Y /

Disaggregate r,..mmwmwm / For ebch devicn i, Sasign local maiching control
for each device i. Wmmmz 10 manch 7,(s) with desiced Debavior, /

Figure 7. Schematic of the adaptive divide-and-conquer scheme.

2.1.1 Disaggregation via ADPMs

To compensate for dynamic ancillary services traditionally provided by synchronous generators
in fransmission networks, we consider a decoupled p-f and g-v behavior specified for the
aggregate DVPP as a desired diagonal MIMO transfer matrix as

APges(s)] _ A [TEE(s) Af(s)
Aqdes(s)] = Taes(s) [Av(s)] [ 0 Tq" (S)] Av(s) (4)

We disaggregate the desired MIMO transfer matrix to the individual devices by imposing the
local matching condition

T;(s) = M;(s) - Tqes(s), ViEN U C, (5)
where the 2x2 transfer maftrices Mi are adaptive dynamic participation matrices (ADPMs) of
the form
f
m; (s)

0 mq"(s)]' Vie N U C, (6)

M;(s) = [
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with the diagonal elements mff(s), m{"(s) being adaptive dynamic participation factors
(ADPFs) for the p-f and g-v channel, respectively. Using the matching condition (5), the MIMO
transfer matrix in (4) can be disaggregated as

YienvueTi(s) = Xiewu e Mi(8) - Tges(s) = Tqes(s). (7)

where Y eau e M;(s) = I, and I is the identity matrix. This results in the participation condition

Yievoem () =1, Tiewvemd(s) = 1. (8)

Considering the solvability of the local matching condition in (5), we require that each
reference model Mi*Tqes is selected carefully in such a way that it can be matched by the
associated device dynamics during normal operating conditions. On the one hand, as
mentioned before, we therefore require that Tees is reasonably specified, and on the other
hand, as outlined in what follows, we need to carefully select the ADPMs M; according to the
individual device limitations.

The ADPFs for the p-f and g-v channel are selected independently, but according fo the same
principle. In the following, we hence address both channels pf and qv simultaneously using the
variable k.

Non-controllable device i has fixed Tk for each channel k, so the ADPFs are obtained as
mi(s) = TF(s)Tges(s)™Y, Vi €N, k € {pf,qu}, (9)

so that the matching condition (5) holds trivially. Given the fixed ADPFs in (?) the ADPFs of the
controllable devices are selected such that the participation condition in (8) is safisfied, while
simultaneously respecting the heterogeneous time scales of local device dynamics along with
steady-state power capacity limits. To accomplish this, we specify the ADPFs by two
parameters:
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1. achannel-specific time constant for the roll-off frequency to account for different time
scales of local device dynamics on channel ke{pf,qv }, and

2. a DC gain to account for device power capacity limits during steady state, similar to
the meaning of droop in traditional power systems.

Based on these two parameters, we divide the confrollable devices into three categories. l.e.,
for each ADPF, as shown in Figure 8, we envision

e A low-pass filter (LPF) participation factor for devices that can provide
regulation on longer time scales on channel k including steady-state
contributions (Figure 8a),

e ahigh-pass filter (HPF) participation factor for devices able to provide regulation
on very short time scales on channel k (Figure 8b),

e a band-pass filter (BPF) participation factor for devices able to cover the
infermediate regime (Figure 8c).

A A A
0 8 g
2 2 2
Q Q =
2 5 B
> > »
frequency frequency frequency
{a) Low-pass filter {b] High-pass filter {c) Band-pass filter
participation behavior participation behavior participation behavior

Figure 8. Different participation behaviors.

In particular, the ADPFs with a BPF or HPF behavior will always have a constant zero DC gain by
definition, i.e., m(s=0) = 0. In conftrast, for all devices participating as a LPF on channel k, the
LPF DC gains have to satisfy

ZiENUcm?(s =0)=1, k € {pf, qv} (10)

to meet the participation condition in (8).

2.1.2 Online Adaptation of DC Gains

We specify the LPF devices’ DC gains (which correspond to steady-state conftributions) in such
a way that they can be adapted online, proportionately to the active and reactive power
capacity limits of the devices. The latter might be tfime-varying based on the resource
availability (such as time-varying weather conditions).

During power system operations, the DC gains can be updated in a centralized (broadcast)
fashion where the DVPP operator collects all active and reactive power capacity limits of the
devices and communicates back the appropriate DC gain to each device (Figure 92a). The
updates can be communicated either continuously or in an event-triggered fashion. If a
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distributed peer-to-peer implementation is more desired, one could alternatively use a
distributed consensus algorithm via peer-to-peer communication (Figure 9b).

operator

(a) Broadcast communication (b) Distribufed peer-to-peer
via the DVPP operator communication.

Figure 9. Different options of communication structures to update the ADPFs.

2.1.3 Design of Decentralized Matching Control

Next, we need to find local feedback controls for the controllable devices € to ensure their
closed-loop transfer matrix T; satisfies the matching condition (5). Inspired by existing methods
on multivariable and adaptive H« control of power converters, we address these local
matching control designs with a robust and optimal linear parameter varying (LPV) H- control,
which is well-suited to deal with the ADPMs, being parameter-varying with respect to the time-
varying LPF DC gains. More specifically, the LPV H. confrol is computationally tractable and
provides a suboptimality certificate for the entire parameter space of the LPF DC gains, thereby
limiting the performance degradation over all possible operating conditions.

The computation of each local LPV H- controller is based on the fact that the LPF DC gains,
which describe the steady-state contributions, are in general time-varying but are constrained
to a polytope. At each time instant, the vector of DC gains at that time can be written as a
convex combination of the DC gain vectors at the vertices. In this regard, also the time-varying
state-space matrices of the local reference model in (5), which depend on the time varying
DC gain vector, can be written as convex combinations of the matrices at the vertices. Given
the lafter, we can perform an offine model matching confrol design at each vertex of the
polytope using standard optimal control design techniques based on H« design to obtain the
so-called vertex conftrollers. Then, during online operation, at time t, we can compute the local
LPV controller for each device which is obtained from the convex combination of the pre-
computed vertex conftrollers using the coefficients of the convex combination of the
associated DC gain vector. This yields an adaptive controller that stabilizes the closed-loop
system and performs well in practice. As outlined in Section 2.1.2, during online operation,
communication is needed to update the DC gain vector accordingly. More details on the locall
LPV H~ matching control can be found in [2].
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2.2 lllustrative Example

To verify our decentralized DVPP controls, we use Simscape Electrical to perform an
electromagnetic fransients (EMT) simulation based on the IEEE nine-bus system. In a first case
study, we start with a tutorial example of a DVPP composed of only weather-independent
DERs, specified to improve the fast frequency response of the initial system in a non-adaptive
fashion. In a second case study, we investigate a multivariable DVPP setup replacing the fast
frequency and voltage confrol of a thermal-based generator, while additionally including
online-adaptation of the ADPMs to handle temporal variability of weather-dependent DERs.
An overview of the case studies is shown in Figure 10.

2 7 B 9 3
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{a) IEEE nine-bussystem with two thermal-based power plants
and one hydro power plant (SG = synchronous generator).

8

ol®

SG3

)

(b) Case study I: IEEE nine-bus (c) Case study ll: IEEE nine-bus
system with a DVPP at bus 1. system with DVPPs at buses | and 3.

Figure 10. Overview of the different case studies.

2.2.1Case Study |. Supplementing Hydro in Frequency
Response

The initial system (Figure 10a) is characterized by a poor short-term frequency response, caused
by the transient droop compensation and the non-minimum phase zero of the hydro turbine
(Figure 11b). This poor response behavior can be compensated by a battery energy storage

s
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system (BESS) connected to the same bus. In addition, we complement the hydro turbine and
BESS by supercapacitor (sc) for fast frequency response. This gives us a DVPP atf bus 1 (Figure
10b), for which we specify an aggregate frequency response behavior identical to a
proportional p-f droop conftrol, i.e.
-D
Ap(s) = Tdes(s)Af» Tdes(s) = (] ])

s+1’

where D is the desired droop coefficient, and the denominator with t is included to filter out
high frequency dynamics. The voltage control at bus 1 is fully provided by the installed AVR of
the hydro plant and not part of the DVPP conftrol. Thus, (11) represents a one-dimensional
version of the MIMO transfer matrix in (4).

Since the aggregate specification of DVPP 1in (11) is a one-dimensional tfransfer function, the
participation matrices of the devices reduce to the participation factors for p-f control,
respectively, i.e., Mi = m#f for ie{hydro,bess,sc}. In particular, the governor and turbine of the
installed hydro power plant describe a given dynamic behavior, such that the hydro unit at
bus 1is considered as fixed within the DVPP setup for p-f control, where it establishes the full DC
gain of Tqes by design choice. The converter-based BESS and supercapacitor are controllable
and used to complement the hydro response on faster time scales, therefore participating in
the specified p-f controlin (11) as BPF and HPF, respectively (cf. Section 2.1.1). Moreover, since
all devices within DVPP 1 are weather-independent, the associated participation factors are
non-adaptive. The magnitude Bode plots of the selected participation factors are shown in
Figure 11a.

We compare the frequency response of the hydro unit at bus 1 in the initial system in Figure 10a
with the response of DVPP 1 in Figure 10b in detailed simulations based on nonlinear system
and device models (Figure 11b). In both scenarios, the hydro unit is assigned é60% of the
baseload, while the thermal-based power plants at buses 2 and 3 provide the remaining 40%.
From the simulation results of the nine-bus system in Figure 100, we can observe that the
frequency response of the stand-alone hydro unit to a 30 MW load step at bus 6 is quite poor
in terms of both seftling time and frequency nadir. In contrast, the DVPP highly improves the
frequency response of the hydro plant, and the BESS and the supercapacitor match their
desired power injection (dashed lines) very well.
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Figure 11. System responses of DVPP 1 in case study | during a load step.

2.2.2 Case Study II: SG Replacement by Adaptive DVPP
Control

While keeping DVPP 1 at bus 1, we replace the thermal-based power plant at bus 3 by another
DVPP, consisting of a wind power plant, a PV system and a STATCOM (st} with battery (Figure
10c). We want to substitute and improve the services of the thermal-based power plant, and
specify a p-f and g-v control as

—Dp—Hps

Ap(s) _ Af(s) | Testt
ACI(S)] = Taes() [Av(s)]’ Taes(s) = 0 -Dq |’ (12)

‘rqs+1

where Hp and Dy are the normalized virtual inertia and droop coefficients for the p-f control, Dq
is a high gain droop for the g-v control, and the denominators with 1, and tq are included to
filter out high-frequency dynamics.

Due to their volatile availability, neither PV nor wind are typically solely installed for frequency
and voltage control. However, the complementary nature of wind and solar energy can be
exploited to compensate each other’s fluctuations. This motivates the combination of wind, PV
and STATCOM for DVPP 3, which, thanks to our adaptive control approach, is able to handle
temporal variability of the DERs without affecting the overall DVPP response behavior.

We investigate the frequency and voltage response behavior of DVPP 3 at bus 3 in detailed
simulations using nonlinear system and device models. We adopt the same baseload supply
for DVPP 3 as for the prior synchronous generator (SG), provided by the wind power plant and
the PV system. The latter (wind and PV) are operated under deloaded conditions with respect
to their maximum power point tracking, allowing them to participate in frequency and voltage
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regulation. The DC gains of the ADPFs are adapted by the DVPP operator and communicated
to all DVPP devices (the impact of communication delays is neglected).
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(a) Magnitude Bode plots of the ADPFs (b) Magnitude Bode plots of the ADPFs
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Figure 12. Magnitude Bode plots of the ADPFs of the DVPP 3 devices during normal capacity
conditions and during the PV generation loss.

We first consider nominal generation capacities of the DVPP devices where the ADPFs are
given asin Figure 12a. During the simulation at t = 55, we impose a 18.7 MW load step at bus 3.
From the results in Figure 13, it becomes apparent how all DVPP devices accomplish an
accurate matching of their desired active and reactive power injection (dashed lines), such
that their specified p-f and g-v confrols establish an adequate replacement of the prior SG
services. In particular, due to our design choice of Taes in (12), the aggregate DVPP behavior
even outperforms the frequency and voltage responses of SG 3 (c.f. red curves in Figure 13
from a separate simulation).

To examine the DVPP conftrol during time-varying limits on generation capacity, we induce a
step decrease of the PV active power capacity limit at t = 5 s (e.g., caused by a cloud),
resulting in an overall generation loss of 18.7 MW at bus 3 (Figure 14). This causes the ADPMs of
all DVPP devices to automatically adapt in response to the PV loss, such that the respective
LPV controllers are recomputed online. In particular, as we can see by comparing the
aggregate DVPP response during the PV generation loss (Figure 14) and during the load step
of equal size (Figure 13), the overall DVPP behaviorin (12) remains nearly unaffected, since the
wind and STATCOM ADPMs are adapted to compensate for the missing DVPP control of the
PV plant (see Figure 12b in comparison to Figure 12a). Note that if we would stick to a non-
adaptive conftroller without adapting the ADPMs online, one would observe similar transient
behavior as in Figure 13, however, a larger steady-state deviation in frequency due to the
absent DC gain confribution of PV.
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Figure 14. System response in case study Il after a PV generation loss at bus 3. The dashed lines
indicate the desired power injection of the DVPP devices.

3 Centralized Conftrol Design Method

3.1 Formulating Model Matching as Optimization Problem

The key idea of the centralized confrol design approach is to formulate the control design
model matching as a single optimization problem whose solution yields the local controllers for
each of the DVPP devices. This optimization takes place over the space of possible linear
feedback conftrollers for each device. The setting considered for this approach is discrete time
control where each device has full access to its internal state (i.e., its currents and voltages in
dqg coordinates) and is controlled as a grid following current source converter.

For each device i, let Kidenote its local controller, and let St denote the set of tfransfer functions
satisfying the device level constraints for device i. The goal of the control design is fo minimize
the difference between the desired transfer function Taes and the actual aggregate fransfer
function Tagg, sSubject to constraints based on device level specifications. Therefore, the control
design can be formulated as an optimization problem of the following form:
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min

Kt

s.t. Tagg = Z Ti

iENUC

|Tagg - Tdes|

T; € St

The decision variables of the optimization are the local linear feedback conftrollers Ki for each
device i, each of which is a transfer function. The objective is to minimize the norm of the
mismatch between the desired transfer function and the actual aggregate transfer function
of the DVPP, for some choice of norm for transfer functions. The first constraint expresses that
the aggregate transfer function is equal to the sum of the transfer functions for all devices, since
the active and reactive power at the bus is the sum of the injections from all devices. The final
constraint expresses that each device satisfies its required device specifications and limitations.
Thus, solving this optimization problem yields the desired solution to the centralized conftrol
design.

This represents a very challenging problem to solve. First of all, each transfer function Ti is a
nonconvex function of Ki, so this is a nonconvex optimization problem. In addition, it is
distributed and heterogeneous, since Tagg involves the sum over all individual device transfer
functions and these fransfer functions are in general all different (ie. heterogeneous), which
makes the problem far more difficult (and not yet solved in the control community).
Furthermore, the device level specifications may include time-domain constraints on states
and inputs, which are tough to incorporate without being overly conservative. Finally, as the
decision variables are fransfer functions, the domain of the optimization is an infinite
dimensional function space, which is infractable to optimize over in practice. Therefore, to
address all of these challenges, new confrol design methods are needed.

3.2 Solution Method: System Level Synthesis with Simple
Pole Approximation

To solve the centralized control design problem posed in Section 3.1, the first step employed is
to use a recent control design technique known as system level synthesis (SLS) [3], which
essentially makes a clever change of variables to turn the optimization problem of Section 3.1
info a convex opfimization. With SLS, the decision variables of the optimization problem
become the device fransfer functions T, which renders the opfimization convex and makes it
possible to express state and input constraints for a given disturbance (such as a particular load
step) in a convex and non-conservative fashion. The price of this coordinate transformation is
the need to include additional affine constraints in the optimization.

However, after using SLS, the decision variables are still transfer functions lying in infinite
dimensional function spaces, so the optimization problem remains intractable. To solve this, a
natural approach is to make finite dimensional approximations of these function spaces,
thereby aiming to render the optimization tractable. Figure 15 illustrates this procedure for two
possible finite dimensional approximations: the finite impulse response approximation (the only
existing technique in the literature [3]) and the simple pole approximation (developed as part
of this work).
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Figure 15. Cenfralized control design optimization reformulated using system level synthesis fo
obtain a convex but infinite dimensional optimization, and then followed by a choice of finite
dimensional approximation to obtain a tractable optimization.

The finite impulse response approximation (FIRA) results in deadbeat control, which often
experiences poorly damped oscillations between discrete sampling times that can even persist
in steady state, as well as lack of robustness to model uncertainty and parameter variations
because of the high control gains required to reach the origin in finite time [4]. Furthermore,
with deadbeat control the number of poles is equal to the length of the finite impulse response,
and large numbers of poles can lead to high computational complexity for the control design,
lack of robustness in the resulting controller, and implementation challenges in practice [5,
Chapter 19]. This is especially problematic when the optimal solution has a long settling time,
including for systems with large separations of time scales such as power systems with
converter-interfaced devices. In addition, deadbeat control can suffer from instability and
poor performance in systems where some control loops have already been closed or some
dynamics are uncontrollable, such as for most converter-interfaced device architectures.
Therefore, the FIRA was not effective for the DVPP control design, and another approximation
method was developed instead which we call the simple pole approximation (SPA).

The SPA method is not finite impulse response, so it does not suffer from the drawbacks of
deadbeat control. Moreover, the number of poles is independent of the settling time, so it works
well for systems with large separation of timescales such as power systems with converter-
interfaced devices. It results in a convex and tractable optimization formulation for the control
design, and requires only a small number of poles. SPA can easily incorporate the case where
some conftrol loops have already been closed or some dynamics are uncontrollable, so it does
not suffer from instability or poor performance in this case. Furthermore, if prior information is
known about the pole locations in the optimal solution, such as the poles of the desired transfer
function, then these can be directly included in SPA a priori for improved performance (it is
unclear how this could be done with the finite impulse response approximation). Ultimately,
SPA results in a tractable optimization problem for the centralized control design with good
performance. The key idea of SPA is to choose in advance a collection P of poles of multiplicity
one (otherwise known as simple poles) for each of the closed-loop fransfer functions Ti. Then,
these transfer functions are approximated as:

i 1
Ti(2) = Sper G

z=p

’
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where the matrices Gy are coefficients that represent the new decision variables in the control
design. Using this approximation renders the control design optimization finite dimensional,
since the opftimization takes place over a finite dimensional space of coefficient matrices, while
retaining its convexity, resulting in a tfractable convex optimization. Further details are provided
in [6].

To use SPA, it remains to select the approximation poles P. Although it is possible to select any
stable closed-loop poles for the SPA method, several recommendations are provided that
often lead to improved performance. First, it is suggested to include the poles of the plantin P
to avoid any instability or poor performance resulting from control loops that have already
been closed or dynamics which are uncontrollable. Next, including the poles of the desired
transfer function in P can lead to a dramatic improvement in performance. For the remaining
poles, recall that the stable poles in discrete time are precisely the poles in the interior of the
circle of radius one (i.e., the unit disk) in the complex plane. In the general case in which no
further information is known about the optimal locations of the remaining poles, we suggest
selecting the poles uniformly over the unit disk. However, finding an exactly even distribution of
poles over the unit disk is a challenging, nonconvex optimization problem which is difficult to
solve [7]. Therefore, we resort to a powerful heuristic based on an Archimedes spiral which
provides an approximately even distribution of poles over the unit disk, as shown in Figure 16.
The poles are selected along this spiral, and then reflected about the imaginary axis to ensure
they come in complex conjugate pairs so that they result in real tfransfer functions. Further
details are provided in [6].
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Figure 16. Approximately even selections of poles in the unit disk that (a) occur in nature, and
(b) are selected along an Archimedes spiral for the SPA method.

3.3 Performance and Stability of Simple Pole
Approximation Method

Although the SPA method results in a fractable control design problem, it remains an
approximation to the true infinite dimensional control design problem infroduced in Section 3.1.
It is therefore natural to consider how close the solution to the finite dimensional approximation,
which we will call the approximate solution, is to the solution of the infinite dimensional control
design, which we will call the optimal solution. This is very important in practice because, in
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general, the closer the approximate solution is to the optimal solution, the better the
performance of the resulting confrollers will be. To quantitatively assess the quality of the
controllers’ performance, theoretical bounds for the suboptimality of the approximate solution
of SPA compared to the optimal solution have been derived [4].

For comparison, we consider suboptimality bounds that have been derived for the FIRA [3].
The suboptimality bounds for SPA are only valid when the number of poles in the approximation
are larger than the number of discrete sampling time steps required for the impulse response
of the optimal transfer function to have norm less than one, and these suboptimality bounds
converge towards zero no faster than the slowest dynamics in the system. For systems with
large separations of time scales, such as power systems with converter-interfaced devices, the
former implies that the bounds are valid only for unreasonably (and highly undesirably) large
numbers of poles in the controllers, and the latter that a far larger number of poles will be
required to reduce the suboptimality (since the system has a long settling time). In contrast, for
SPA the suboptimality bounds are generally always valid in practice, and their convergence
towards zero depends only on the distance of the approximating poles from the optimal poles,
which can be further reduced by directly including the poles of the desired fransfer function in
P. Furthermore, if some control loops have already been closed or some dynamics are
uncontrollable, the FIRA must allow constraint violation and infroduce a slack variable, which
raises its suboptimality bound enormously, whereas the SPA method does not require these.
Thus, comparison of the suboptimality bounds shows that in theory SPA will perform better than
FIRA for systems with large separations of time scales. In practice, SPA requires only a small
number of poles to achieve very good performance, as will be shown in Section 3.4.

In addition to good performance, it is crucial that the control design of the DVPP leads to a
stable closed-loop power system. Assume that Taes has been chosen well by system operators,
so that the closed-loop power system with the theoretical Tqes is asymptotically stable. Then we
provide the following stability certificate (which can be made quantifiable and precise): if the
optimal solution is sufficiently close to Taes, and if the approximate solution is sufficiently close to
the optimal solution, then the control design constructed from the approximate solution renders
the closed-loop power system asymptotically stable. Note that if the optimal solution is far from
Taes then it is not feasible to achieve the desired behavior for the given device-level constraints
and specifications, so a more suitable choice for Tges Should be made in this case. Therefore, it
is reasonable to assume that the optimal solution can be made close to Taes. As a result, based
on the above discussion, good approximation of the optimal solution automatically implies
both closed-loop stability and good performance. Thus, since the SPA method achieves good
approximations, based on both theory (the suboptimality bounds discussed above) and
practice (shown in Section 3.4), it also achieves closed-loop stability and good performance.

3.4 lllustrative Example

To illustrate the control design method infroduced in Section 3.2, consider a modified version
of the IEEE 9 bus system shown in Figure 17. This system contains two synchronous machines
with hydro turbines, and one coal-fired synchronous machine with a steam turbine. For a
disturbance, we consider a step change consisting of a 10% reduction in load at bus 6. The
synchronous machines are modeled by 4th order machine models, and equipped with active
voltage regulators (AVRs), power system stabilizers (PSSs), and governors supplying primary
frequency conftrol with a 5% droop.
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Figure 17. Modified IEEE 9 bus system. The light brown circles indicate synchronous machines
with hydro turbines, and the red circle indicates a coal-fired synchronous machine.
Transformers are indicated by two connected circles, and loads by arrows.

The scenario considered is the retiring of the coal-fired generator, which is then utilized as a
synchronous condenser, and replaced by a DVPP consisting of wind turbines (WTs),
photovoltaic cells (PVs), and energy storage (battery) as shown in Figure 18. For this test case,
each of these devices have the same overall nominal active power setpoint. In this setup, the
synchronous condenser provides grid forming capability, but no active control (ie., no AVR,
PSS, or frequency control). The goalis to design the local controllers for each of the devices in
the DVPP such that they provide primary frequency control and voltage regulation to stabilize
the power system and improve the performance (ie., reduce nadir and settling time) in
response to disturbances such as the load step described above.
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Figure 18. Modified IEEE 9 bus system with coal-fired generator replaced by a DVPP consisting
of wind turbines (wind), photovoltaic cells (PV), and energy storage (battery).

To do so, first the desired behavior of the DVPP is specified by a desired transfer function, where
the goalis to provide decoupled primary frequency control and voltage regulation, although
at faster time scales than for fraditional synchronous machines. To encapsulate these
objectives, the following desired transfer function is constructed:

. ; 1 1 .
|: active power(s) :| _ | RysTH 0 [h'oquom;\'(s)}
reactive power(s) 0 BT, voltage(s)

\ 7

Y
T{[('sir(v'(l( s)

where the droop coefficients Rp and Rq are 5% and 1%, respectively, and the filter time
constants Tp and Tq are 200 ms and 400 ms, respectively. The diagonal structure of Taes ensures
that the frequency is confrolled via the active power while the voltage is controlled via the
reactive power. Then, for each of these SISO controlloops, a low pass filter is chosen to emulate
traditional primary frequency and voltage control. The droops constants are set to standard
values, while the time constants are chosen to be faster than for synchronous machines in order
to provide better performance. To observe the effects of this desired behavior on the system,
the theoretical transfer function Taes is connected in closed-loop with the rest of the power
system as shown in Figure 19.
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Tdesi red

Figure 19. Modified IEEE 9 bus system with the theoretical desired transfer function Taesred
connected in closed-loop.

A comparison of the simulation results for the original system versus Tages in closed-loop when
subjected to the load step disturbance described above are shown in Figure 20. Note that the
desired transfer function significantly reduces the nadir and settling time of the frequency, as
well as reducing the settling time and steady state error of the voltage, after the disturbance.
Therefore, Tdes in closed-loop significantly improves the performance of the system. The goal is
to use the control design described in Section 3.2 to ensure that the DVPP can match the
behavior of Taes in closed-loop, thereby offering a similar performance improvement.
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Figure 20. Frequency and voltage responses of the modified IEEE 9 bus system when subjected
to a 10% load step at bus 6 for both the traditional power plants and Tges in closed-loop.

Finally, consider again the DVPP setup of Figure 18, where now the local confrollers for each of
the DVPP devices are designed using the method described in Section 3.2. For this design, it is
specified that the energy storage should not contribute towards frequency or voltage control
in steady state (ie. after the load step has settled to a new steady state), and that the wind
turbines and photovoltaic cells should divide the steady state contribution proportionally to
their power ratings. For purposes of this test case, costs are added to the objective function
which penalize the confrol effort in terms of the converter current setpoints for each device.
Future work will include explicit limits on converter current and device power intfo the control
design. For SPA, we let P consist of the poles of the plant, the poles of Tqes, and select the
remaining poles from the Archimedes spiral as discussed in Section 3.2. The total number of
poles in each conftroller in this case was only 15, which is a very reasonable number to use in
practice.

Figure 21 shows the results of this control design for the load step disturbance infroduced
above. Aside from an initial spike during the first few milliseconds, the active and reactive
power show very close matching between the DVPP and Taes in closed-loop, indicating that
the control design works well at achieving the same power injections for the aggregate DVPP
as for the desired transfer function. The frequency and voltage show close matching between
the DVPP and Tades in closed-loop, resulting in significant improvements over the performance
of the system with fraditional power plants by reducing oscillations, settling time, and (in the
case of frequency) nadir.

Figure 22 shows the active and reactive power contributions of each device in the DVPP for
the load step disturbance. For the active power, the energy storage responds much more
rapidly than the other devices, but then quickly decays to zero after the initial fransient, with a
small excursion in the opposite direction in order to ensure that the net change in energy is zero
(so that the state of charge remains constant). The active power responses for the wind
turbines and photovoltaic cells are much slower, but lead to large and equal power sharing in
steady state. These responses look very similar because for this test case the system was not
sufficiently stressed to require the photovoltaics to respond more rapidly than the wind turbines;
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in case of larger disturbances or less available power for primary frequency control, the
responses would be expected to differ significantly (and these situations will be studied as part
of future work). For the reactive power, since it is provided by the converters the time scales
are similar for all devices, with the energy storage quickly converging to zero after the initial
transient fo maintain its state of charge, while the wind turbines and photovoltaics exhibit fair
power sharing in steady state. The wind furbines and photovoltaics show very similar behavior
for the reactive power case, and this is expected since their power ratings are identical, and
neither is hitting its power limits.
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Figure 21. Response of the modified IEEE 9 bus system to a 10% load step at bus é for the original
system with traditional power plants, Tdes in closed-loop, and the DVPP with controllers designed
by the method in Section 3.2.
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Figure 22. Response of the modified IEEE 9 bus system to a 10% load step at bus 6 for the DVPP
devices: wind turbines, photovoltaic cells, and energy storage.

4 Conclusions

This report discussed the progress made ftowards control design of decentralized linear
feedback conftrollers for DVPPs to provide frequency and voltage confrol to the power system.
This challenging problem was initially formulated as an abstract model matching problem, with
the goal of matching the frue aggregate behavior of the DVPP as closely as possible fo some
desired behavior, while satisfying device-level limitations and specifications. Two solution
approaches were developed to solve this problem: an approach using a decentralized control
design, and a centralized control design method.

The decenftralized confrol design approach splits the problem into two parts: (1) a
disaggregation of the desired behavior among each of the devices in the DVPP, and (2) a
local model matching of each device to its local desired behavior. The formeris accomplished
using dynamic participation factors, and the latter using H« control design techniques. The
approach is extended to consider adaptive control in the presence of time-varying device
limitations, due for example to changing weather conditions, using a linear parameter varying
design technique. Results are illustrated on a modified IEEE 9 bus test case, and demonstrate
an excellent matching between the DVPP and the desired behavior, both for the nominal and
adaptive cases.

The centralized control design method solves the problem as a single optimization problem. To
do so, it uses system level synthesis together with a novel simple pole approximation to obtain
a fractable and convex control design problem. Theoretical guarantees on good
performance and closed-loop stability of the power system are provided based on
suboptimality bounds, and these are shown to be superior to prior methods based on system
level synthesis. Results are illustrated on a modified version of the IEEE 9 bus test case, and
demonstrate close matching between the DVPP and the desired behavior.
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Several future directions are currently being explored, including extensions to geographically
distributed DVPPs, incorporation of explicit hard limits such as for current and power into DVPP
control design, and DVPPs with grid-forming rather than grid-following architectures.
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