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Abstract

This report is a summary of the activities of WP3 on specifications of participa-
tion of the DVPP to grid ancillary services and main control architectures proposed
to achieve this.

First results of some controls already implemented are also shown. The rest is
ongoing work which will be presented in the next deliverable (D3.2) of WP3.
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WP3 D3.1 Chapter 1. Introduction

1 Introduction

1.1 Content and position in the project

This report gives the specifications of the frequency and voltage ancillary services of the
Dynamic Virtual Power Plant (DVPP) and the possible control architectures to achieve them.
These controls will be fully developed and tested in the future work of WP3.

The DVPP concept is developed in POSYTYF project at two levels: Scenario A considers
insertion of the DVPP in actual grid situations along with their already existing regulations (for
example secondary voltage and frequency control) and today regulatory framework (grid codes).
Scenario B targets future power systems with highly dominant (100%) power electronics.

The work reported here is mainly oriented to Scenario A. Scenario B is studied in WP4.
Case studies for validation of participation of the DVPP to ancillary services are worked-out in
WP1. WP5 develops optimal planning and operation of the DVPP at longer time horizons.

1.2 Framework of DVPP

The DVPP developed in POSYTYF project consists in a set of both dispactchable and
non dispatchable Renewable Energy Sources (RES) which are run together in order to ensure
participation to market and grid services comparable to the ones of the classic synchronous
thermal generators [1], [2]. A generic example is given in Fig. 1.1.

Specific characteristics of our DVPP concept which are relevant for ancilary services are:

1. continental and island power systems: it can insert a set of RES in an interconnected
power system or in an isolated island. In the first case, it will participate to existing
control schemes for the large thermal plants. In the second case, it will directly ensure
voltage and frequency services.

2. transmission and distribution grids: RES can be connected on both transmission and
distribution sides as shown in Fig. 1.1. The new DVPP concept should allow participation
of RES generators from both sides. This implies coordination of the control actions through
the border between the two grids [3]. This coordination is intended at both administrative
(share of the data/measures and control actions) and technical (different voltage levels
and different structure (radial for distribution versus meshed for the transmission) of the
grids) levels. Data availability is important, especially for second level controls (to ensure
ancillary services) and for coordination of control actions in general (as DVPP actuators
are geographically distant). It is supposed that voltage and frequency measures from both
transmission and distribution sides will be available at a common control point called
DVPP dispatching in the sequel. Controls will be computed in the DVPP dispatching and
sent back to the DVPP actuators. The abovementioned measures can be classic or PMU.

3. several grid connection points: insertion of the DVPP in the rest of the system may be via
several connections points as in Fig. 1.1. Moreover, the DVPP may have RES generators
in several distribution grids.

4. imbricated structure: RES generators included into the DVPP are not chosen from
geographical or topological considerations. As a consequence, components of a DVPP are
not necessarily neighbours. Moreover, some neighbour generators may not participate to the
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WP3 D3.1 1.2 Framework of DVPP

Figure 1.1: DVPP concept
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WP3 D3.1 1.2 Framework of DVPP

DVPP (devices in black in Fig. 1.1). They should be considered as disturbances/dynamic
interactions in synthesis of the DVPP controls.
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WP3 D3.1 Chapter 2. Classic Ancillary Services

2 Classic Ancillary Services

Ancillary services are known as individual parts of electric services that required to provide
sufficient support to energy supply, delivery of high quality power in reliable manner and
acceptable operation for the power system. Operation of reserve capacities, regulation of reactive
power, voltage regulation and active power or frequency regulation are some of the main parts
of the ancillary services [4]. In the following subsections, the ancillary services regarding voltage
and frequency will be taken in to account.

2.1 Voltage Control

Fig. 2.1 shows the different voltage control levels for the generation unit. As it can be
observed from the figure, there are three levels of voltage control. They are decoupled in time
and space as explained below.

Figure 2.1: Different voltage control levels

• Primary Voltage Control (PVC)
As it can be observed from Fig. 2.1, the primary voltage control is related to local
controller. For the synchronous generator, the PVC is ensured by the Automatic Voltage
Regulator (AVR). The PVC provides fast control (around 1s) to reject disturbances, and
the main duty is to maintain the terminal voltage at a desired value [6]. Mainly, the
generator must be able to modulate its reactive power generation in order to regulate the
terminal voltage between 0.95 and 1.05 pu [18].

More specifically, the PVC control specifications are:

– Terminal voltage regulation for each generator: Vi
t→∞→ V ref

i
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WP3 D3.1 2.1 Voltage Control

– Reactive power management: Qmin
i ≤ Qi ≤ Qmax

i

• Secondary Voltage Control (SVC)
Secondary control level is a centralized automatic regulation which coordinates the local
controllers inside a given regional voltage zone [7], [8], [9]. SVC regulates the voltage of
key buses of the transmission grid (Vpp), called pilot-points. The closed-loop dynamics is
slow, the time response is of minutes order (usually around 500s). As it is shown in Fig.
2.1, this action is performed by adjusting the AVR’s set-points of each generator which
participates to the SVC.

More specifically, SVC control specifications are:

– Reactive power management: Qi
t→∞→ Qref

i ,

– Grid voltage regulation: Vpp
t→∞→ V ref

pp .

Reactive power refernecs (Qref
i ) are computed in order to equally distribute the control

effort and preserve operation margins for each generator (reactive power alignement).

• Tertiary Voltage Control (TVC)
The tertiary voltage control level is a global optimization - optimal power-flow - (for the
whole zone which usually corresponds to a country) which provides the SVC set-points.
In most of the cases it is an off-line procedure.

• main schemes & approaches
There are many approaches for PVC over the years. [12] presents the IEEE recommended
practices for excitation system models for power system stability studies.

Fig. 2.2 shows the block diagram of classic SVC.

Figure 2.2: Block diagram of classic SVC

While the classic SVC system controls locally the voltage at a single pilot point, the
coordinated SVC system adjusts the voltage map for a whole region by controlling the
voltages at a set of pilot points. In its original implementation done in France [7], controls
are computed by minimizing the following multi-variable quadratic function

min{λv∥α(Vc−Vpp)−Cv∆Uc∥2+λq∥α(Qref −Q)−Cq∆Uc∥2+λu∥α(Uref −U)−∆Uc∥2}
(2.1)

The description of variables and parameters used in (2.1) are given in Table 2.1.

Main schemes and approaches for SVC are presented in [7], [8], [9]. Paper [7] presented
the results of coordinated SVC, which has been operating for more than 20 years in
France. Survey paper [9] is concerned with application of secondary and tertiary voltage
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WP3 D3.1 2.1 Voltage Control

α Control gain
Vpp, Vc Measured and set-point voltage values at pilot points.
Q, Qref Measured and set-point reactive power values at generating units.
U , Uref Measured and set-point stator voltage values.
∆Uc Vector of stator voltage variation.

λv, λq, λu Weightings for terms in objective function: pilot point voltage, reactive power, and generator unit stator voltage.
Cv Sensitivity matrices relating variations in pilot point voltage to variations in stator voltage (Network is modelled by sensitivity matrices for coordination between generating sites).
Cq Sensitivity matrices relating variations in reactive power to variations in stator voltage.

Table 2.1: Variables and parameters for the coordinated SVC

regulations operating in the Italian transmission network. Paper [8] explained how the
robustness and the coordination of the voltage regulation actions for the transmission grid
can be improved.

Recently, there are some new approaches which have been presented in [5], [11], [13], [14],
[15]. Paper [5], presents the application of secondary voltage control by using intelligent
proportional integral derivative (PID) controllers and the wide area measurement system
(WAMS). In [11], secondary voltage control based on synchrophasor is presented in order
to improve the voltage profile. In [13], WAMS-based methodology for secondary voltage
control is presented to improve the voltage profile. The application of regional optimal
power flow is taken in to account in [14] to implement secondary voltage control. In
[15], fuzzy secondary voltage control is applied in IEEE 39 bus system considering small
disturbances.

• main grid codes & requirements
The grid codes and requirements for the primary voltage control for synchronous and
non-synchronous generators to inject reactive power based on voltage requirements are
given in [18].

Fig. 2.3 shows the fault-ride through profile for power generation module. Fault-ride
through represents the ability of a power plant to remain connected to the grid during the
faults. This is achieved by injecting adequate reactive power profile during the fault. All
the detailed information about the time slots in Fig.2.3, for different types of synchronous
and non-synchronous generators is given in [18].

Figure 2.3: Fault-ride-through profile for power-generation unit [18]

The detailed information about system service rules for the secondary voltage control in
France (as France is the zone with longest experience in SVC operation) is given in [16].
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WP3 D3.1 2.2 Frequency Control

2.2 Frequency Control

Fig. 2.4, shows the schematic of classic frequency control regulation at different control
levels. As it can be observed from Fig. 2.4, there are three different control levels with different
time responses named as primary control, secondary control and tertiary control level.

Figure 2.4: Classic frequency control regulation at different control levels

• Primary Frequency Control (PFC)
The primary control will adjust the generated active power of each generator unit, in order
to keep the balance between generation and consumption [19], [20], [21]. Each generator
should be capable of generating additional power for the primary frequency response
within 30 seconds after event. At the primary control level, the generation units that
are located in one zone with the same frequency will be involved. This control will be
performed based on the inertia of each unit and their natural responses of the governors.
The PFC is usually implemented by the governor droop which results in steady stated
errors. The limits for activation of the PFC is 200 mHz (frequency between 49.8 Hz
and 50.2 Hz) [18].One of the advantage of droop-based frequency regulation is that each
generator will be involved in frequency regulation proportional to its capacity.

Fig. 2.5, shows the control block diagram for droop based primary frequency control. As
it can be observed from Fig. 2.5, the droop coefficient (Kdroopi) will determine the amount
of active power (∆PPFCi) that each generator will participate to PFC.

• Secondary Frequency Control (SFC)
The secondary frequency control (SFC), also called automatic generation control (AGC)
or load frequency control (LFC) is a high-level control which corrects the area control
error (ACE). At secondary control level, two main goals are considered. The first goal is
to maintain frequency in to a desirable range and second goal is to control the interchange
power through major tie-lines between the different control areas [22]. More specifically
the secondary regulation service for the frequency should provide following specifications:
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WP3 D3.1 2.2 Frequency Control

Figure 2.5: Control block diagram for droop based primary frequency control

– Frequency deviation of the area should go to zero: ∆fi
t→∞→ 0,

– The tie-line power between areas should go to zero: ∆Ptie
t→∞→ 0.

Fig. 2.6, shows the control block diagram for automatic generation control or SFC. As it
can be observed from Fig. 2.6, and Eq. 2.2, ACE is achieved from the combination of
frequency deviation of the area (∆fi) and the tie-line power between areas (∆Ptie). KG1,
KG2, and ,KGn, are the participation factor which determines the amount of active power
that each generator participate to secondary frequency control (∆PSCGn).

ACEi = ∆Ptie +Bi∆fi (2.2)

Figure 2.6: Control block diagram for automatic generation control (AGC)

Maximum time for injecting 100 percent of secondary reserve is within 15 min based on
TSO’s decision [30].

• Teritary Frequency Control (TFC)
Tertiary regulation level is usually regarded as manual tuning of dispatched units and unit
commitment which serves as a backup for secondary control, and also considers optimal
operation of each generation units and managing severe contingencies of transmission
systems.

• main schemes & approaches
Papers [40], and [22] represent an updated review about current solutions and new
challenges for the power system frequency control. Paper [39], represents a review on wind
farms contribution to the automatic generation control of power systems. The applied
control strategies and other alternatives for wind farms were investigated. Different control
strategies for SFC such as integral controller, PI controller, PID controller, fuzzy logic PI
controller, fuzzy logic PID controller, Least squares vector machines, and model predictive
control can be found in the references of the [39]. Moreover, papers [23], [24], [25], [26],
[27], [28] present several self-tuning and adaptive control strategies that are applied for
secondary frequency control of power system over the years.
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WP3 D3.1 2.2 Frequency Control

• main grid codes & requirements

The detailed information about the time slots and limits of activation for the primary
frequency control is given in [18]. [30] presented a survey about the technical features of
frequency and voltage control ancillary services, to compare the primary and secondary
frequency control ancillary services in power systems from various parts of the world
including Europe. The detailed information about system service rules for the frequency
in France is given in [17].
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3 Control Paradigms

3.1 Time and Space Separation

Classic control in power systems relay on hypothesis of separation between voltage and
power dynamics. This hypothesis is valid for classic synchronous generators but no longer holds
for RES connected to the grid with power electronics, i.e., Power Park Modules (PPM). Another
separation should be found in this case. Also, the classic vector control is structured around
each actuator, one control for the grid side converter and another one for the generator side one.
In [31] a new structure for the control was proposed according to the time response (frequency
band) of the actuators and open-loop plant (generator power converters + grid) dynamics. This
led us to the structure in Fig. 3.1. Plant dynamics have been split into 3 categories:

• very fast ones which correspond to dynamics of voltage/reactive power and active power
variation needed to improve the grid frequency gradient (RoCoF).

• fast ones related to primary frequency regulation of the PPM. The classic control here is
the droop control.

• slow dynamics (more than one minute) which correspond to PPM participation to secondary
grid controls

Figure 3.1: Time decoupling structure for grid connected PPMs

Based on this time-scale separation, the proposed control methods are structured as in Fig.
3.2: Plant 0 is the plant to be controlled, i.e., the RES (or the PPM) and all grid dynamics of
interest. It will be shown in the next section how the latter ones will be captured in an original
control model. Three stages of control are proposed according to the time scales. The closed-loop
obtained at one stage is the plant for the next stage. In this way a hierarchical and sequential
synthesis is possible, with, at each level, account for the faster controls of lower levels and with
minimal risk of parasitic dynamic interactions. Notice also that this strategy is compliant with
actual organization of controls in power systems (structured in primary/secondary layers) and
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WP3 D3.1 3.2 Control models

opens the way of direct integration of PPMs into existing power systems controls and market
mechanisms.

Figure 3.2: Time and space separation of the control of the grid connected PPMs

3.2 Control models

Separation of the V and f dynamics used in classic power systems analysis led till now to 2
different models in power systems community: for V regulation, the Single Machine Infinite
Bus (SMIB) model given in Fig 3.3 and for f regulation, the one in Fig. 3.4 (e.g., [33], [46]). As
explained before, this hypothesis of separation of dynamics is no longer valid in power systems
with high RES penetration. Indeed, in case of power converters, V and f dynamics are mixed
and both fast. As a consequence, V and f controls should be synthesized together, i.e., in
coordination. Advanced methods of control need a control model, i.e., a low dimensional model
of the plant to be controlled. This is extracted from the full model of the plant and should
preserve the dynamics of interest. The model we propose here was introduced in [31] and is
given in Fig. 3.5. It consists of the full model of the PPM to be controlled, an equivalent
AC line of reactance X∞ and a Grid Dynamic Equivalent (bloc GDE) which provides the grid
frequency. The line X∞ plays the same role as in classic SMIB model in Fig. 3.3. This accounts
for the grid short-circuit power at PPM connection bus A and it is computed in a standard way
(see, e.g., [34]). The difference with the SMIB is that electrical frequency of bus B is not fixed
at the nominal grid frequency (50 or 60Hz), but given by GDE by the following swing equation

2H
dωf

dt
= PG − PL −Du∆ωf (3.1)

and the three-phase voltage dynamics

VB
a = V sin(θf )

VB
b = V sin(θf − 2

π

3
)

VB
c = V sin(θf + 2

π

3
).

(3.2)

H is the equivalent inertia of the rest of the system (in which the controlled PPM is inserted),
PG is the global active power produced in the rest of the system and PL corresponds to the
global load of the system. Pm is a constant input for the PPM control problem. Dynamics (3.1)
is stabilized by the damping factor Du and a simple integrator for deviation of ωf from the
nominal grid frequency if a secondary frequency control is considered. H is computed by classic
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WP3 D3.1 3.3 Centralized vs Decentralized Controls

equivalencing methods (e.g., [33]) used in frequency studies. The difference between GDE and
model in Fig. 3.4 is that GDE captures also voltage dynamics in compliance with the f ones.

Figure 3.3: Voltage control model: SMIB

Figure 3.4: Frequency control model

Figure 3.5: New control model for single PPM

Figure 3.6: New control model for multiple PPMs

Notice also that a common practice is to use a large classic synchronous generator as
equivalent for the rest of the system. Indeed, one can thus chose its inertia constant H close to
the inertia of the rest of the system. However, this kind of equivalent is not suitable for at least
2 reasons: first, as the model of a physical synchrounous generator is used, one should also add
voltage and frequency regulations for this machine. The latter ones have no significance in the
model and their parameters would influence the resulting dynamics. Next, the order of such a
model (the dimension of its state) is much higher than the one of the proposed GDE (which is
1).

If several PPMs have to be controlled, the structure of the control model is one of the 2
equivalent ones given in Fig. 3.6.

3.3 Centralized vs Decentralized Controls

From the control point of view, there are two ways to tackle the DVPP control problem.
First, with a centralized control which takes a maximum benefit from the unified system-view
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WP3 D3.1 3.3 Centralized vs Decentralized Controls

Figure 3.7: Centralized control [1]

of the DVPP and the surrounding power system. A control model which takes into account
all dynamics and interactions is used along with classic robust control methods and, as a
consequence, one can expect maximum coordination, performances and robustness. The price
to pay is the use of several measurements (and some of them could be from distant generators)
and a lack of resilience in case of failure of one actuator (RES generator). Next, as opposite
philosophy of control, decentralized approaches can be used. They use only local measurements
to design control loops around each device. Among these extreme cases that will be presented
below, intermediate control solutions can be envisaged like, for example, centralized synthesis of
controllers with decentralized implementation.

Control schematized in Fig. 3.7 is a centralized approach to handle several RES generators
according to the time-decoupling of the dynamics of the phenomena shown in Fig. 3.2.

In parallel to the centralized control approach, a fully decentralized approach is also studied
in WP4, where the device-level controllers employ only local measurements as well as a few
selected global broadcast signals. The latter is illustrated in Fig. 3.8.

Other decentralized controls have already been used in power system problems like, e.g.,
based on consensus [37] and model predictive theory [38].

Notice also that a decentralized implementation of the aforementioned centralized control is
given in [32].
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Figure 3.8: Decentralized control [1]

3.4 Direct and Indirect Participation to Secondary Controls

Secondary level controls are entirely dedicated to grid support. They are control loops which
involve a well specified set of generators. This will be called in the sequel a direct participation
to grid services. A direct participation of the DVPP means thus to include it in aforementioned
secondary control loops, on equal basis (obligations, operation and remuneration) with the
classic synchronous generators that participate to such already existing controls.

An indirect participation can also be envisaged in case where the DVPP is not included
in a secondary control loop, but, via its specific independent control, it facilitates one of the
secondary grid objectives. For example, [39] and related references show ways in which RES
can contribute to reduce the frequency deviation of a zone without being really integrated into
the secondary frequency control of that zone.
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Figure 4.1: Voltage Control

4 DVPP Voltage Control

4.1 Specifications of the DVPP voltage services

The situation is as in Fig. 4.1: the DVPP is composed by the RES sources indicated by
symbol "Y" and in red colour. The generators Gi, i=1, ..., 4 are classic generators that do not
participate to the DVPP. Part of the RES of the DVPP may belong to a distribution grid (the
ones after transformer B8-B9 in Fig. 4.1).

The DVPP is interconnected to the rest of the AC grid via 3 borders which are the lines
B4-B5, B5-B6 and B10-B11. Notice also that B8-B9 is also a sort of special border as it separates
transmission and distribution grids, despite the fact that RES on both sides belong to the DVPP.
It should be treated in a particular way for the control of the DVPP.

Section 2.1 recalled classic voltage services. The DVPP is developed to ensure all of them,
in a new way and context. More specifically, the DVPP will provide:

• (i) terminal voltage regulation of all of its RES:

Vi
t→∞→ V ref

i , (4.1)
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where Vi is the terminal voltage of RESi and V ref
i its setpoint.

• (ii) reactive power management:

Qi
t→∞→ Qref

i , (4.2)

where Qi is the reactive power produced by RESi and Qref
i its setpoint.

• (iii) ride-through capability

• (iv) grid voltage regulation
Vpi

t→∞→ Vp
ref
i , (4.3)

where Vpi is the voltage of pilot-point i and Vp
ref
i its setpoint.

Notice that (i), (ii) are local objectives, i.e., related to physical variables of each RES generator.
(iii) and (iv) are global objectives, i.e., related to grid variables and dynamics. Indeed, for (iv),
one has to ensure specific voltage level in some strategic buses of the transmission grid, called
pilot-points. Two pilot points are considered in the conceptual example in Fig. 4.1: buses B1

and B13. Voltages of these pilot-point are not variables of DVPP RES in the systemic point of
view.

Also, for (iii), RES generators of the DVPP should be run in order to register good (as short
and as low as possible) voltage deep in case of distant short-circuits (which may occur outside
the perimeter of the DVPP, as for example in one of the AC grids of Fig. 4.1 which stand for
the rest of the grid in which the DVPP is considered).

4.2 DVPP Voltage Control Architectures

To achieve all objectives specified above, the overall control of the DVPP must be structured
at several levels. First, a time separation is necessary according to principles given in Section
3.1. To this natural time separation one can add the time decoupling between the grid and local
voltage control. This is achieved by imposing to the secondary control loop a slower response,
usually around 300s (see, e.g., [7], [8], [9]).

4.2.1 Primary Voltage Control (PVC)

As discussed in Section 3.3, the PVC can be:

• (1) individual and independent for each RES generator of the DVPP

• (2) coordinated for all (or some) generators of the DVPP. Its implementation can be
centralized or decentralized

• (3) decentralized synthesis for all RES of the DVPP

Controls of type (1) are usually proposed in the literature. A control of type (3) is developed
in WP4 [35]. Controls of type (2) are developed in WP3. More specifically, [31] presents a
robust control based on the separation presented in Fig. 3.2. When applied to Permanent
Magnet Wind Generators (PMGS) grid connected by power converters as in Fig. 4.4, it results
in structure given in Fig. 4.2.

Implementation and results for the case of a DVPP which consits in 2 PMSGs given in Fig.
4.3 are given in Appendix 6.1.
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Figure 4.2: Global control for PMSG with local services and frequency support
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Figure 4.3: Two PMSGs connected to the grid

4.2.1.1 Synthesis of the control model

The control model of the first layer of regulation (i.e., Plant 0 in Fig. 3.2) is thus the one in
Fig. 3.6 with n=2 and the PPM of Fig. 4.4, i.e., the one in Fig. 4.3.

Figure 4.4: Wind PMSG based PPM

[32] gives a decentralized implementation of the optimal robust control presented before.

4.2.2 Secondary Voltage Control (SVC)

4.2.2.1 Direct participation to SVC

In [10] a recent improvement of the classic SVC control approaches has been proposed. It
simplifies implementation and considers the generators in a unified way. It can be thus extended
to include RES of the DVPP to SVC, along with the classic thermal generators. More specifically,
SVC architecture in Fig. 4.5 ensures objectives (ii) and (iv). The reference for (ii) is

Qref
i = Qbal =

∑n
i=1Qi∑n
i=1Q

pf
i

, (4.4)

which is the average reactive power level of a generator which participates to the SVC. As
a consequence, the reactive power of each unit is aligned to this (time-varying, i.e., real-time)
level of reactive power generation.

Advanced robust state-space control is used to provide the gains of a multi-variable PI
control law of the form

ui = −
n∑

i=1

ΛiVi −
∫ t

0

Ξi(V
∗
pp − Vpp)−

∫ t

0

n−1∑
j=1

Γij(
Qi

Qpf
i

− Qj

Qpf
j

) (4.5)

Appendix 6.2 gives simulation results for the 4 generators case in Fig. 4.6. Notice that part
of the regulators can be RES that belong to the considered DVPP and the other part classic
thermal generators which do not belong to the DVPP. The general architecture of the SVC
control with direct participation of the RES generators is given in Fig. 4.7.
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Figure 4.5: Block diagram of proposed control architecture
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.

Figure 4.8: Indirect participation to SVC

4.2.2.2 Indirect participation to SVC

For the indirect participation to SVC schematized in Fig. 4.8, the pilot-point setpoints are
translated to references of each participating RES which are locally applied (at the primary
level control).

4.2.2.3 Case of RES connected to distribution grids

As mentioned before and shown in Fig. 4.1, part of the RES of the DVPP may be connected
to one or several Distribution Grids (DG). The borders between the Transmission Grids (TG)
and DG are the transformers (i.e., the transformer between buses B8 and B9 in Fig. 4.1) and
they play a crucial role in coordination between TSO and DSO actions. Till now, only the
power factor at these borders has been used, although solutions for voltage support from DG to
TG already have been proposed based on this [36].

The interface variables VT (voltage), PT (active power) and QT (reactive power) at these
borders (transformers) can be used to further allow participation of the DG RES to an SVC of
the TG. For that, from pilot-point objectives one can deduce requirements for VT and/or QT .

Although, theoretically, a direct participation (Fig. 4.7) of DG RES to TG SVC can be
envisaged, it seems reasonable to limit only to an indirect participation (Fig. 4.8). For that,
local controls of DG RES participating to DVPP should be modified in order to target above
mentioned border specifications (VT and/or QT ). On the DG side, only local measurements
need to be used along with specifications of the border variables (V ref

T and/or Qref
T ) coming

from the TG (given by the SVC). Control can be centralized or decentralized. On the TG side,
only border measurements need to be used.
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5 DVPP Frequency Control

5.1 Specifications of the DVPP frequency services

Classic frequency control have been revised in Section 2.2. According to Scenario A of
POSYTYF project, the DVPP should inherit and complain with these specifications in order
to provide frequency services compatible with the actual regulation framework and regulatory
requirements. This consists in the hierarchical control mentioned in Section 2.2 which consists
mainly in 2 automated primary and secondary control levels. On the other hand, evolution
to massive RES integration into actual and future power grids imposes new requirements for
frequency control, including Scenario A. More specifically, the DVPP should provide rapid grid
frequency support to improve the frequency gradient (RoCof). On the one hand, this is needed
to compensate the reduction of the classic inertia of the system due to progressive replacement of
classic thermal generation by RES. On the other hand, this is possible to be achieved with RES
thanks to their fast voltage/frequency dynamic capabilities. The resulting major requirements
are:

• (i) regulation of the generated active power of the DVPP to a given setpoint Pref

• (ii) very fast frequency or synthetic inertia grid support: improvement of the RoCof in
case of major grid variations/disturbances

• (iii) fast frequency support: minimization of the gap ∆f from actual grid frequency to
nominal frequency (50 or 60Hz) in case of grid faults and variations.

• (iv) slow grid frequency support: issue the reference Pref from the secondary frequency
control level (AGC) of the AC zone to which the DVPP belongs to.

5.2 DVPP frequency control architectures

The proposed control architectures are derived from the time-space separation presented in
Section 3.1. They are also compliant with the classic primary/secondary decomposition of the
control actions: objective (ii) is ensured by a very fast control loop, objectives (i) and (iii) by a
fast one and objective (iv) by a slow control as shown in Fig. 4.2 for the case of a wind PPM.
This results in the general primary/secondary control levels in Fig. 5.7.

Notice that, to increase performances in the specific context of power electronics which
connect RES to grid, some voltage and frequency objectives should be treated together, i.e.,
in some levels of the above mentioned controls which are synthesized in a coordinated way as
proposed in [31].

5.2.1 Primary frequency control (PFC)

Same classifications from the point of view of the control approach (individual, coordinated,
centralized/decentralized) can be made as above for the voltage control.

Appendix 6.3 give results of primary frequency support of the control approach introduced
in [31] for the case of the DVPP composed by 2 PMSG in Fig. 4.3.

5.2.2 Secondary frequency control (SFC)

As it is discussed in Section 2.2, the SFC corrects the area control error (ACE) which is the
combination of the frequency deviation (∆fi) and the tie-line power (∆Ptie).
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DVPP can have direct and indirect participation to SFC, as brought in Section 3.4. Now we
are going to take in to consideration both methods of participation.

• Indirect Participation of DVPP to SFC

For the previous SFC control methods proposed in [39],[40], which are the two most up to
date review papers about the participation of renewable energy sources (especially wind
power plant) to frequency control, renewable energy sources indirectly contribute to SFC.
Fig. 5.1, shows the block diagram for indirect participation of DVPP to SFC as proposed
in [41],[42],[43],[44]. As it can be observed from the Fig. 5.1, DVPP indirectly participates
to SFC by helping to reduce the frequency deviation of the zone by its independent
PI control, while the classic synchronous generators (thermal, hydro, and gas) directly
contribute to SFC with participation factors (Kt,Kh,Kg) to correct ACE.

Figure 5.1: Indirect participation of DVPPs in SFC

• Direct Participation of DVPP to SFC

Fig. 5.2 shows the architecture of control strategy in which the DVPPs will directly
participate to SFC, in the same manner as classic synchronous generators. As it can
be observed from the Fig. 5.2, DVPP contributes to SFC, with participation factor of
KDV PP , on equal basis (obligations, operation and remuneration) with classic synronous
generators (thermal, hydro, gas). In the direct participation strategy, the sum of DVPP’s
participation factor (KDV PP ) and conventional synchronous generator’s factor (Kt,Kh,Kg),
will be equal to 1.

Figure 5.2: Direct participation of DVPPs in SFC

Fig. 5.3 shows the algorithm for internal dispatching of the DVPP units to contribute
to SFC. The participation factor of each DVVP unit (D1,D2,..,Dn) will be determined
based on merit order list. The real-time portfolio optimization of DVPP will be carried
out in WP5 of POSYTYF project in order to determine the optimum value for internal
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Figure 5.3: Internal dispatching of the DVPPs in participation of SFC

dispatching factors.
Fig. 5.4, shows the benchmark that has been implemented in Matlab/Simulink in order
to test the direct participation of DVPP to SFC. The three bus benchmark is composed
of two wind turbines (WT1 and WT2) connected to bus 1 and bus 2 which plays the role
of DVPP, and a grid dynamic equivalent connected to the bus 3 which provides the grid
frequency and also represents the rest of power system (as discussed in Section 3.2).

Figure 5.4: The Benchmark to test the control strategies

Fig. 5.5 shows the block diagram for grid dynamic equivalent implemented based on
Eq. 3.1 and Eq. 3.2. The difference between the global active power produced in the
system and the global load of the system (∆Pm - ∆Pe) is considered as the input for
the grid dynamic equivalent block. This input is achieved through the output of control
architecture brought in Fig. 5.6.

Fig. 5.6 shows the control model for two-area power system with direct participation of
DVPP to SFC. The power system in each area contains the classic synchronous generators
(thermal, hydro, and gas), and DVPP.

As it can be observed from Fig. 5.6, DVPP directly participates to SFC, in the same
manner as classic synchronous generators (the concept is shown in Fig. 5.2).
Finally, Fig. 5.7 shows the conceptual architecture for direct participation of DVPP to
SFC, containing the secondary frequency control and primary frequency control (including
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Figure 5.5: Block diagram for dynamic v/f equivalent of the rest of power

both fast control and very fast control (RoCoF)) loops.

The simulation results for direct participation of DVPP to SFC,tested on the benchmark repre-
sented in Fig 5.4, are given in Appendix 6.4. It should be noted that single area power system
with mathematical modeling of classic synchronous generators (thermal, hydro and gas) and
detailed switching model for two PMSG-based wind turbines, have been used to provide the
input for grid dynamic equivalent block shown in Fig. 5.5.
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Figure 5.6: Schematic of two area power system with SFC and PFC controllers
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Figure 5.7: Direct participation to SFC
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6 Conclusions and Future Work

This text gives the specifications for participation of the DVPP to voltage and frequency
services as well as control architectures envisaged for implementation of these services.

Next work in WP3 will focus on the development and implementation of the controls envis-
aged today to ensure these ancillary services, especially participation of the DVPP to existing
secondary voltage end frequency controls for Scenario A of the POSYTYF project.

Further extensions to the case of the 100% power electronics (the so-called Scenario B of
POSYTYF project) will be done in WP4.

Interactions of both WP3 and WP4 are envisaged with WP5 for optimization and market
aspects.
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Appendix: Simulation results

6.1 Primary Voltage Control

The control presented in Section 4.2.1 was implemented and tested for the DVPP in Fig. 4.3
For the very fast loop control, consider the mixed sensibility control structure as in Fig. 6.1.

Figure 6.1: Very fast loop control

The following extended state system is used for the control:{
Ẋe0 = AXe0 +B1U +B2W
Ye0 = CXe0

(6.1)

The state, input, output and disturbance of the system are

X1 = [i11d, i11q, i21d, i21q, vcf1d, vcf1q, is1d, is1q, vDC1,Ω1]

X2 = [i12d, i12q, i22d, i22q, vcf2d, vcf2q, is2d, is2q, vDC2,Ω2]

Xe0 =
[
X1 X2

]T
;W =

[
Pm1 Pm2

]T
U1 = [β11d, β11q, β21d, β21q] ;U2 = [β12d, β12q, β22d, β22q]

U =
[
U1 U2

]
Ye0 =

[
Q1 P1 vDC1 Q2 P2 vDC2

]T
The error between output and the reference is

ee0 = −CXe0 + Ye0ref (6.2)

where the entries of Ye0ref are the reactive power references, the active power references and
the DC voltage references.

Weight ω3 will improve high-frequencies roll-off in order to cancel the oscillatory effect
of LCL filters in Fig. 4.4. Indeed, it is well-known that these filters provide poor damped
oscillatory modes at high frequency, around 500Hz in the case of our system. As this frequency
is much higher than the one related to the very fast part of our control, roll-off improvement
via loop-shaping will be sufficient. Modal analysis (not presented here because of the lack of the

space) showed that these modes are observable in the Q measures. CQ =

[
1 0 0 0 0 0
0 0 0 1 0 0

]
was chosen to target reactive power at the output of this bloc. The structure of the filter ω3 is
standard (see, e.g., [45]). Let {

Ẋω3 = Aω3Xω3 +Bω3CQCX

Yω3 = Cω3Xω3 +Dω3CQCX
(6.3)

be its state representation.
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The weight ω1 is usually used to improve reference tracking and disturbance rejection.
However, in our case, the integral action structure in Fig. 6.1 is perfectly fit for zero-error
reference-tracking based on internal model principle. Also, to comply with H∞ optimization
to minimize the norm from disturbance to output error, which is the best way for disturbance
rejection, ω1 is chosen as unit gain: ω1 = 1.

As in our situation there is no particular need for limiting control effort in a particular
frequency band, to simplify the control structure, ω2 will be ignored: ω2 = 0.

The extended state for the purpose of step reference tracking are

X̄e0 =
[
Xe0 Xω3 Int_e

]T
; Int_e =

∫
ee0dt (6.4)

The resulting extended system is{
˙̄Xe0 = Āe0X̄e0 + B̄1e0U + B̄2e0W̄e0

Y = Ce0X̄e0 +D1e0U
(6.5)

where

W̄e0 =
[
W T Ye0ref

]T
; D̄1e0 =

[
0 I
0 0

]
;

Āe0 =

 A 0 0
Bω3CQC Aω3 0

−C 0 0

 ; B̄1e0 =

 B1

0
0

 ;

B̄2e0 =

 B1 0
0 0
0 I

 ;Ce0 =

[
−C 0 0

Dω3CQC Cω3 0

]
The state-feedback of the above extended system results into a multivariable PI controller

U = K̄0X̄e0 = K̄0

 Xe0

Xω3∫
ee0dt

 (6.6)

This is the control structure of Plant 0 controller in Fig. 4.2.
For the system in Fig. 4.3, simulations are carried out with a full model (detailed models

from the standard Matlab libraries for all elements of the systems (generators, lines, converters,
loads, ...) developed in SimPower Toolbox of Matlab. The PMSGs are identical and of 7.5 MW
nominal power. The load of the whole power system is PL = 50000MW . The initial operating
point for all test scenarios is at generated power Pe = 0.6527pu for each PMSG.

To check the DVPP participation to voltage services, the following two scenarios have been
simulated:

• Scenario 1 - Local services: to test reactive power and DC voltage control, steps are
applied on control reference variables.

• Scenario 2 - Ride-through capability: a three-phase metallic short-circuit is performed in
the middle of the AC line X1 in Fig. 4.3. The short-circuit starts at t = 100s and it is
cleared at t = 100.11s.
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6.1.1 Scenario 1: Local services

Fig. 6.2 gives the reactive power response of PMSG1 to steps on Q1ref in both directions
(negative and, next, positive). One can notice nominal response times (less than 5s) and non
oscillatory transient dynamics. In Fig. 6.3 it is shown the response of the DC voltage control to
a change of reference VDC1ref

from 2.8pu to 2.94pu. The time response is of the same order as
for the AC variables (less than 5s) and the transient is smooth. The behavior of the second
PMSG for local services is similar (Figs. 6.4, 6.5).

Figure 6.2: The reactive power (pu) of PMSG1 (local services)

540 550 560 570 580 590 600 610

2.8

2.85

2.9

2.95

Reference

v_DC1

Figure 6.3: The DC voltage (pu) of PMSG1 (local services)
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Figure 6.4: The reactive power (pu) of PMSG2 (local services)

240 250 260 270 280 290 300 310

2.8

2.85

2.9

2.95

Reference

v_DC2

Figure 6.5: The DC voltage (pu) of PMSG2 (local services)

6.1.2 Scenario 2: Ride-through capability

Short-circuit responses of PMSG1 are given in Figs. 6.6, 6.7 and 6.8. They show a good
fault ride-through capability, both for voltage and reactive power dynamics. The duration of the
transient at the beginning and at the end of short-circuit event is very short, around 10ms and,
after, the terminal voltage is stabilized at its desired value. Also, thanks to coordinated control,
the impact of the speed of the generator is minimal. Indeed, the generator speed (Fig. 6.8) only
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experiences a very small deviation in a short time and with a very small overshoot/undershoot
after the clearing of the short-circuit.
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Figure 6.6: The reactive power (pu) of PMSG1 (Voltage service)
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Figure 6.7: The AC terminal voltage Vr1 (V) of PMSG1 (Voltage service)
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Figure 6.8: The generator speed (pu) of PMSG1 (Voltage service)

6.2 Direct participation to SVC

Simulation results are presented for the SVC control law (4.5) applied to the 4 generators
case in Fig. 4.6. Responses are compared to one obtained with a classic (global reactive level of
the zone + local reactive control loops) SVC. 4.6.

As shown in Figure 6.9, the two controllers are synthesized to produce the same time response
of the closed loop in order to be able to compare their robustness. This dynamics corresponds
to the usual SVC one, i.e, responses in about 5 min. However, it can be seen that the voltage
step response V ∗

pp = 410kV at t = 1500s of the classic SVC presents an overshoot with low rise
time compared with the proposed controller.

Communications delays are inherent for such spatially distributed system. We thus considered
delays in Table 6.1 for our tests.

As can be seen in figure 6.10, the proposed controller better tolerates the delays. At this low
and usual level of delay (Scenario 1 in Table 6.1), these response is not far from the nominal
one. The classic one has large overshoots with small rise time. Moreover, if the communication
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Table 6.1: Communication delays

Vpp Qi ui

Scenario 1/2 10s/20s 10s/20s 10s/20s

delay increases, this can cause instability of the system.

6.3 Primary frequency control

Fig. 6.11 shows the nominal response of the primary control to a step on P1ref .
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Figure 6.11: The active power (pu) of PMSG1 (local services)

To test frequency services, the grid load is step increased by 2MW at t = 50s as shown in
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Figure 6.9: Performance of secondary voltage control considering voltage tracking (red : classic SVC,
blue : new SVC)
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Figure 6.10: Impact of communication delays (pilot-point voltage and measured reactive power and
controls) on the performance of SVC : nominal (blue: classic SVC, red: new SVC), scenario 1 (green:
classic SVC, black: new SVC).
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Fig. 6.12.
Figs. 6.13 and 6.14 show very fast increase of the active powers of both PMSGs in response

to the simulated load variation of the system: they are increased immediately, from deloaded
point (0.65pu) to desired value (around 0.76pu). This proves effectiveness of the very fast
control loop controller (through inertia control) of Fig. 4.2. Indeed, without inertia control,
no variation is registered (black curves in the same figures). This frequency support helps to
improve RoCoF and Nadir as observed in Fig. 6.17. The generator speeds, given in Fig. 6.15
and Fig. 6.16, decrease and come close to their optimal values (blue curves/w1_optimal), which
help to maintain the produced power. However, this immediate increase in power can only be
maintained during a short laps of time (a couple seconds). After that, the active power of each
PMSG tends to come back close to nominal value to ensure machines’ stability.

After a couple of seconds, the fast loop of the proposed control (Fig. 4.2) is activated,
through MPPT and droop control, to request more power in order to reduce grid frequency
deviation (Fig. 6.18). Both generators use their deloading reserves (15%) to increase their
powers from deloaded points (0.65pu) to their desired values of MPPT (0.76pu) as seen in Fig.
6.13 and, respectively, Fig. 6.14. At t = 250s, as the grid load comes back to its nominal value,
the active powers for both PMSGs are brought to their nominal values by the very fast and fast
controllers of each machine (Fig. 4.2). This is the same for grid frequency, and generator speeds
as observed in Figs. 6.18, 6.16, 6.15.
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Figure 6.12: The grid load (W) changing scenario (frequency service)
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Figure 6.13: Active power (pu) of PMSG2 (frequency service)
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Figure 6.14: Active power (pu) of PMSG1 (frequency service)
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Figure 6.15: Generator speed of PMSG2 (frequency service)
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Figure 6.16: Generator speed of PMSG1 (frequency service)
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Figure 6.17: RoCoF and Nadir (pu) (frequency service)
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Figure 6.18: Frequency (pu) of the grid (frequency service)

6.4 Secondary Frequency Control

Figures below show the simulation results of SFC strategy tested on the benchmark shown
in the Fig. 5.4. In this benchmark we considered a single area power system with the classic
synchronous generators (thermal, hydro and gas), and two PMSG based wind turbine which
plays the role of DVPP. It should be noted that in our model the classic synchronous generators
are mathematically modeled with their related transfer function, while the DVPP’s model are
the detailed switching model. Since, the simulation has been implemented for single area power
system, therefor the only input to SFC loop is frequency deviation of one area (∆f1 in Fig. 5.6).
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As illustrated in the Fig. 5.6, the DVPP directly participates to SFC. In the normal mode
the load of the benchmark is 100 MW. There are two PMSG-based wind turbines with the rated
power of 4 MW, each of them working in deloaded operation, in order to provide reserve for
frequency support.

An under frequency event has been considered as case study to test the SFC strategy. The
active power of the load is 100 MW and at t=40 sec, and it will increase to 110 MW, causing
the under frequency deviation as shown in the Fig. 6.19.

Figure 6.19: The Frequency of the Bus 3 in the benchmark

It is assumed that 90 percent of frequency support (9 MW) will be provided by classic
synchronous generators, and 10 percent of frequency support will be provided by DVPP.
Therefore, the participation factors are considered 0.1 for DVPP, and 0.3 for thermal, hydro
and gas synchronous generation unit.

Fig. 6.20 and Fig. 6.21 shows the active power generated by classic synchronous generators
(thermal, hydro and gas) and DVPP unit (two PMSG based 4 MW wind turbines), respectively.

Figure 6.20: The active power generated by conventional synchronous generators units
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Figure 6.21: The active power generated by DVPP unit

As it can be observed from Fig. 6.20 and Fig. 6.21, the classic synchronous generators
and DVPP will participate directly to SFC via increasing their power by 9 MW and 1 MW,
respectively.

Fig. 6.22 shows the active power generated by one wind turbine. In internal dispatching, it
is assumed that each WT, will equally contribute to frequency support.

Figure 6.22: The active power of one PMSG-based WT

Fig. 6.23 shows the three phase voltages at bus 3 of the benchmark. It is worth mentioning
that the amplitude of voltage is constant at 1 per unit, while the frequency changes due to the
load increase.
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Figure 6.23: Three phase voltages at bus 3 of the benchmark
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