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Recall: fault response & control actions

nominal frequency

ROCOF (max rate of change of frequency)

frequency nadir

restoration time

secondary control

inertial 
response

primary control
inter-area 
oscillations

f

1. physical / virtual inertia provides decentralized derivative control

2. decentralized primary loops at devices provide proportional control

3. system-wide secondary loop provides centralized integral control

! another perspective on the swing equation

(M +Mvirtual) !̇ + Kprimary(! �!ref) + Ksecondary

Z t

0

(! �!ref) d⌧ = p(✓)� pref
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Recall: low inertia & frequency stability

We loose our giant electromechanical low-pass filter:

M d

dt
!(t) = Pgeneration(t) � Pdemand(t)

change of kinetic energy = instantaneous power balance
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Low-inertia issues close to home

# frequency violations in Nordic grid
(source: ENTSO-E)

same in Switzerland (source: Swissgrid)

a day in Ireland (source: F. Emiliano) a year in France (source: RTE)
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Fig. 3.2:  Frequency quality behaviour in Continental Europe during the last ten years. Source: Swissgrid 

It can clearly be observed how the accumulated time continuously increases with higher 
frequency deviations as well as the number of corresponding events. 

3.1.2. CAUSES 

The unbundling process has separated power generation from TSO, imposing new 
commercial rules in the system operating process. Generation units are considered as 
simple balance responsible parties without taking dynamic behaviour into account: slow 
or fast units. Following the principle of equality, the market has created unique rules for 
settlement: energy supplied in a time frame versus energy calculated from schedule in 
the same time frame. Energy is traded as constant power in time frame. 

The market, being orientated on energy, has not developed rules for real time operation 
as power. In consequence we are faced with the following unit behaviour (Figure 3.3): 

 

 

 

 

 
 
 
 
Fig. 3.3 a:  Unit behaviour in scheduled time frames. Source: Transelectrica 
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Time-varying inertia depends on dispatch
“Impact of low rotational inertia on power system stability and operation” by Ulbig et al.

Noting that frequency excursions are usually small de-
viations around the reference value, we replace fm by
f0 and Pm by Pm0, and complete the classical Swing
Equation by adding frequency-dependent load damping, a
self-stabilizing property of power systems, by formulating

ḟm = �
f0

2HSBDload
fm +

f0

2HSB
(Pm, 0 � Pe) . (4)

Here f0 is the reference frequency and Dload denotes the
frequency-dependent load damping constant. Pm, 0 is the
nominally scheduled mechanical generator power. Another
definition of load damping is kload with kload = 1

Dload
.

Please note that in literature, concurrent labelings like Dl
(or simply D) and kl (or k) are also in wide use. The high
share of conventional generators is translated into a large
rotational inertia of the here presented power system. The
higher the inertia constant H, the slower and more benign
are frequency dynamics, i.e. for identical faults frequency
deviations fm and their derivatives ḟm are smaller.

With an increasing penetration of inverter-connected
power units, the rotational inertia of power systems is
reduced and becomes highly time-variant as wind&PV
shares are fluctuating heavily throughout the year. This
is notably a concern for small power networks, e.g. island
or micro grids, with a high share of generation capacity
not contributing any inertia as was discussed and illus-
trated, for example, in Tielens and Van Hertem (2012).
Frequency stabilization becomes thus more difficult. Ap-
propriate adaptations of grid codes are hence needed.

3.2 Aggregated Swing Equation Model

Modeling interconnected power systems, i.e. different ag-
gregated generator and load nodes that are connected via
tie-lines, can be realized in a similar fashion as modeling
individual generators. Reformulating the classical Swing
Equation (Eq. 4) for a power system with n generators,
j loads and l connecting tie-lines, leads to the so-called
Aggregated Swing Equation (ASE) (Kundur, 1994)

ḟ = �
f0

2HSBDload
f +

f0

2HSB
(Pm � Pload � Ploss) , (5)

with

f =

�n
i=1 Hi SB,i fi�n

i=1 Hi SB,i
, SB =

n�

i=1

SB,i , H =

�n
i=1 HiSB,i

SB
,

Pm =
n�

i=1

Pm,i , Pload =
j�

i=1

Pload,i , Ploss =
l�

i=1

Ploss,i .

Here the term f is the Center of Inertia (COI) grid
frequency, H the aggregated inertia constant of the n
generators, SB the total rated power of the generators,
Pm the total mechanical power of the generators, Pload
the total system load of the grid and Ploss the total
transmission losses of the l lines making up the grid
topology and f0 = 50 Hz. The term Dload is the frequency
damping of the system load, which is assumed here to be
constant and uniform. All power system parameters are
given in Table 1.

The ASE model (Eq. 5) is valid for a highly meshed grid,
in which all units can be assumed to be connected to the
same grid bus, representing the Center of Inertia of the
given grid. Since load-frequency disturbances are normally
relatively small, linearized swing equations with �fi =
fi � f0 can be used. Considering the system change (�)
before and after a disturbance, the relative formulation of
the ASE, assuming that �Ploss = 0, is

�ḟ = �
f0

2HSBDload
�f +

f0

2HSB
(�Pm � �Pload) . (6)

In frequency stability analysis often the assumption is
used that the (aggregated) inertia constant H is constant
(and the same) for all swing equations of a multi-area
system. This assumption was valid in the past but is
nowadays increasingly tested by reality as is illustrated in
Fig. 2, again for the case of the German power system. It
shows that its aggregated inertia Hagg, as calculated using
the respective equation in (5), has indeed become highly
time-variant and fluctuates between its nominal value of
6 s, i.e. at times when only conventional generators are
dispatched, and significantly lower levels of 3–4 s, i.e. at
times when significant shares of wind&PV generation are

Fig. 2. (a) Time-Variant Aggregated Rotational Inertia Hagg in German Power System (December 2012). It is
assumed that conventional generators provide inertia (Hconv = 6 s) and inverter-connected RES generators do
not (HRES = 0 s). (b) Histogram of Aggregated Rotational Inertia in German Power System (full-year 2012).

Temporal variation of the aggregated & normalized inertia constant
H =

1
2J!2

2·base·!ref
across Germany for the last quarter of 2013

4 / 40



Fast frequency response (or virtual inertia)
is becoming a technology & a product
so let’s see how we can make use of it
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Swing equation analysis
(covered on the board)

6 / 40



7 / 40



8 / 40



things become more interesting
when including source dynamics



The role of inertia & source time constants
applies to synchronous machines & voltage source converters

aggregated model with
source, e.g., turbine or battery

M
d
dt! = p � pd

T
d
dtp = �p+K!

!"#"$

$%&'(&)*+,)-./%

M

⇠ 1/M

⇠ M/T
T

I parameters have can have di�erent order of magnitude
– machine & turbine: T = 2s (hydro) to T = 7s (steam), M = 3s to M = 10s

– converter: T = 0.01s (PV) to T = 0.30s (wind), Cdc small =) M small

I re-scaling time t 7! t
0
= T · t does not change frequency nadir

�! ratio M/T is main parameter a�ecting nadir

I instantaneous RoCoF ⇠ 1/M depends on dominant time constant

�! RoCoF not indicative of fault in low-inertia system ! questionable
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case study suggest that we do not need
a lot of inertia as long as we have fast

source dynamics for regulation . . .
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control perspective on
fast-frequency response

colloquially
⇡

virtual inertia / damping



Power system in feedback with
grid-following fast-frequency control

M̃is + D̃i

Tis + 1

. . .

. . .

power system dynamics

!

⌧m

⌧e i↵�

if

Lg

Lg Lg

iPV

Lg

virtual inertia & damping

synchronous machines, governors, 
loads, transmission, batteries, PLL, …

disturbance inputs performance outputs

(implemented as causal PD control)

converter injections measured frequencies

!p

(e.g., generator frequencies)(e.g., loss of load/generation)
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Power system in feedback with
grid-forming fast-frequency control

1

M̃is + D̃i

. . .

. . .

power system dynamics
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iPV

Lg

virtual inertia & damping

synchronous machines, governors, 
loads, transmission, batteries, PLL, …

disturbance inputs performance outputs

(implemented as low-pass filter)

converter AC voltage power imbalance
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Filtered droop ! virtual inertia & damping
(covered on the board)
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these are parametric controllers which
we can tune by means of optimization !

which metric(s) should we optimize ?
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Historic & revived (PMUs) metrics:
spectrum, nadir, RoCoF, & total inertia

RoCoF       
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source: http://www.think-grid.org 
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Need for synthetic inertia (SI) for 
frequency regulation 
ENTSO-E guidance document for national 
implementation for network codes on grid connection 
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are these suitable metrics ?
let’s look at a case study



Modified Kundur three-area case study
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control at all generators
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RoCoF, spectrum, & inertia ! poor metrics

alloc. 2alloc. 1original
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damping ratio 0.1190 0.1206
RoCoF 0.8149 Hz/s 0.8135 Hz/s
! nadir -84.8 mHz -65.1 mHz
peak injection 118.38 MW 7.0446 MW
control e�ort 15.581 2.699

comparison for 100 MW load step at bus 7
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Analytic insights on board
(covered on the board)

15 / 40
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Performance metrics for power systems

nominal frequency

ROCOF (max rate of change of frequency)

frequency nadir

restoration time

secondary control

inertial 
response

primary control
inter-area 
oscillations

f

system norm quantifying signal amplifications

disturbances:
impulse (fault), step
(loss of unit), white
noise (renewables)

performance
outputs: integral,
peak, RoCoF,
restoration time, . . .

Trade-o�s: inout/output combination & worst-case vs. average performance
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Integral-quadratic performance metric
recall: the post-fault response in a low-inertia system may look very di�erent

Z
1

0

x(t)
T
Qx(t) dt

f

nominal frequency

H2 system norm interpretation:

1. performance output: y = Q
1/2

x

2. impulsive ⌘ (faults) �! output energy
R

1

0
y(t)T y(t) dt

3. white noise ⌘ (renewables) �! output variance lim
t!1

E
�
y(t)T y(t)

�
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Constraints on control inputs
1. energy constraint:

R
1

0
u
T
Rudt directly captured in H2 framework

2. power constraint: ui = M̃i !̇i + D̃i !i must satisfy kui(t)k`1  ui

European frequency data (source: RTE) corresponding bounds on gains

) k(!i(t), !̇i(t))kp, k(D̃i, M̃i)kq bounded ( 1p+
1
q =1) ) kui(t)k`1 bounded

3. budget constraint for finitely many devices:
P

i ui = const.
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Derivation of H2 norm formulae
(covered on the board)
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Outline

Motivation: low-inertia systems are not(?) all about inertia

Preliminary insights on aggregated system level

System-level performance metrics

Optimal allocation & tuning of virtual inertia

Ancillary services provided by dynamic virtual power plants



(sub)optimize performance
and see what we learn



System model & virtual inertia realization

nonlinear DAE dynamics
ẋs = fs(xs, zs)

O = gs(xs, zs, i)

xs : system & control states
zs : network signals
i : current injections/faults

virtual inertia & damping
= fast frequency response

implemented by means of

converters & storage
2nd-order droop control

follow the grid: lock to !

vk

ik

To grid

grid-following

form the grid: generate !

v VI,k

ik

vkTo grid

grid-forming
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Comparison: virtual inertia implementations

grid-following
! ! PVI

Comparison of the two implementations

˙̂✓k=!̂k ,

˙̂!k=�d̂k !̂k � Lk(✓̂k � �vk)

P�

VI,k =Kfoll,k [!̂k
˙̂!k ]�

Non-linear system

Kfoll PLLCPS

ik
P�

VI

[!̂k
˙̂!k ]�

vk

12 / 22

grid-forming
PVI ! !

droop via phased-locked loop

˙̂
✓k = !̂k

⌧k
˙̂!k = �!̂k � Kpvq,k � Kisvq,kd⌧

grid-forming 2nd-order droop

✓̇VI,k = !VI,k

!̇VI,k = �d̃k m̃
�1
k !VI,k � m̃

�1
k P

P
?
VI,k=Kfoll,k [!̂k

˙̂!k]
>

!̇VI,k = Kform,k [!VI,k P ]
>
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Closed-loop system & linearization
here: grid-following implementation; analogous for grid-forming implementation

disturbances:
impulse (fault), step
(loss of unit), white
noise (renewables)

system⌘ y
performance
outputs: integral,
peak, RoCoF,
restoration time, . . .

Power
System

Kfoll

PLLCPS

Dist⌘

i

+

yfollufoll

2

664

!G
!̇G
PG
PVI

3

775

| {z }
yp

�ẋcl=(A+BKC)�xcl +G⌘, �yp = Cp�xcl

linearized closed loop for optimal control design
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Optimal control formulation

minimize
P,K

kGk2
H2

= trace(G>
P G) performance metric

subject to K(m, d) 2 S constraint set
P (A+BKC) + (A+BKC)

>
P +G

>
G = O Lyapunov equation

key insights:

1. non-convex problem

in P , K

2. conservative convex upper/lower bounds can be obtained

3. assume knowledge of disturbance profile G or go for min-max

4. gradient-based approach: scalable, can handle constraints, suboptimal

5. complexity of gradient computation O(n
3
) via controllability Gramian

L(A+BKC)
>
+ (A+BKC)L+GG

>
= O
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Modified Kundur case study revisited

10 9

51

11

12

7

6

3 4

2

8
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Results & insights for case study

optimal allocation:
location of inertia &
damping matters

outperforms heuristic
uniform allocation

need penalty on
droop control e�ort

power constraint
results in D̃ ⇡ 2M̃

fault at bus #4:
strong reduction of
frequency deviation

much less control
e�ort than heuristic

50

60

50
50

-150

26 / 40

→ it matters /
where you allocate
\ how you

tune



Starting from here much more can be said

suboptimize alternative performance metrics: H1, `1, spectrum

analytic insights for stylistic swing equation model

M ✓̈ +D✓̇ + L✓ = ⌘

) optimal virtual inertia allocation matches disturbance

. . . and many variations on the theme
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Optimal Placement of Virtual Inertia in
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Bala Kameshwar Poolla , Saverio Bolognani , and Florian Dörfler
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Generation in Realistic High-Voltage

Power Networks
Melvyn Tyloo and Philippe Jacquod , Member, IEEE

Global Analysis of Synchronization
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can we make this control
design strategy useful ?



Case-study: South-East Australian Grid

grid topology
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Closed-loop simulations

non-linear model
54 buses, 14 gens, & 15 converters
control: governors, AVRs, & PSSs
replace generators with controllable
power sources + virtual inertia

numerically linearize model,
choose performance inputs/outputs
& gradient-based optimization routine
non-linear closed-loop simulations:
200 MW disturbance at node 508

observations
! system-level optimization makes

a di�erence (even at same inertia)
! forming vs. following: signal causality

has major impacts (e.g., peak power)
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Optimal allocation of virtual inertia/damping
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(b) Grid-Following

observations
both control modes allocate virtual
inertia in (blackout & battery) area 5

grid-following : more reliance on
damping (due to PLL-delay in !̇)

grid-forming : results in a more
uniform (thus robust) allocations

further conclusions

! total inertia/damping not crucial

! in comparison spatial allocation
& tuning make a big di�erence

! implications for pricing & markets
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Summary: system-level optimization
system-level sizing, allocation, & tuning of con-
verter control to minimize amplification of shocks:

nominal frequency

ROCOF (max rate of change of frequency)

frequency nadir

restoration time

secondary control

inertial 
response

primary control
inter-area 
oscillations

f

! total inertia/damping has little e�ect; rather
sizing, tuning, & spatial allocation matters
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Placement and Implementation of Grid-Forming and
Grid-Following Virtual Inertia and Fast

Frequency Response
Bala Kameshwar Poolla , Student Member, IEEE, Dominic Groß , Member, IEEE,

and Florian Dörfler, Member, IEEE

Abstract—The electric power system is witnessing a shift in the
technology of generation. Conventional thermal generation based
on synchronous machines is gradually being replaced by power
electronics interfaced renewable generation. This new mode of gen-
eration, however, lacks the natural inertia and governor damping,
which are quintessential features of synchronous machines. The
loss of these features results in increasing frequency excursions
and, ultimately, system instability. Among the numerous studies
on mitigating these undesirable effects, the main approach involves
virtual inertia (VI) emulation to mimic the behavior of synchronous
machines. In this paper, explicit models of grid-following and grid-
forming VI devices are developed for inertia emulation and fast
frequency response in low-inertia systems. An optimization prob-
lem is formulated to optimize the parameters and location of these
devices in a power system to increase its resilience. Finally, a case
study based on a high-fidelity model of the South-East Australian
system is used to illustrate the effectiveness of such devices.

Index Terms—Low-inertia systems, optimization methods,
power system dynamic stability.

I. INTRODUCTION

THE past decade has seen a concerted focus on alternate
sources of energy to replace conventional synchronous

machine-based generation. A majority of the concerns forcing
such a shift- namely greenhouse emissions, safety of nuclear
generation and waste disposal, etc., are effectively addressed by
cleaner alternatives, primarily-wind turbines and photovoltaics.
These sources are interfaced by means of power electronic con-
verters. Their large-scale integration, however, has raised con-
cerns [1]–[3] about system stability and especially frequency
stability [4]–[6]. The inherent rotational inertia [7]–[9] of the
synchronous machines and the damping provided by governors
assures system stability in the event of faults such as loss of gen-
erators, sudden fluctuation in power injections due to variable
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Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPWRS.2019.2892290

renewable sources, tie line faults, system splits, loss of loads,
etc. In case of a frequency deviation, the inertia of synchronous
machines acts as a first response by providing kinetic energy to
the system (or absorbing energy). In contrast, converter inter-
faced generation fundamentally offers neither of these services,
thus, making the system prone to instability.

Several studies have been carried out to propose control tech-
niques to mitigate this loss of rotational inertia and damping.
One extensively studied technique relates to using power elec-
tronic converters to mimic synchronous machine behavior [10]–
[13]. These studies develop methods which rely on concepts
ranging from simple proportional-derivative to more complex
controls under the name of, e.g., Virtual Synchronous Genera-
tors. All these strategies depend on some form of energy storage
such as batteries, super-capacitors, flywheels, or the residual ki-
netic energy of wind turbines [14], which acts as a substitute for
the kinetic energy of machines.

These investigations have established the efficacy of virtual
inertia (VI) and fast frequency response (FFR), i.e., primary fre-
quency control without turbine delay, as a short-term replace-
ment for machine inertia in low-inertia power systems. Also,
as power converters operate at a much faster time scales com-
pared to conventional generation, it is plausible to foresee future
power systems based on predominantly converter-interfaced
generation, without a major distinction between different time-
scale controls such as inertia and fast frequency response, and
primary frequency control provided by synchronous machines
[9], [15], [16]. Here, we exclusively focus on power systems
with reduced inertia due to loss of synchronous machines and
utilize virtual inertia and fast primary frequency control as a
remedy.

Conventionally, the total inertia and primary frequency con-
trol in the system are the main metrics utilized for system re-
silience analysis [3]. However, the authors in [17] showed that
not only is virtual inertia and primary frequency control vital,
but its location in the power system is equally crucial and there
can be a degradation in the performance due to ill-conceived spa-
tial inertia distributions, even if the total virtual inertia added to
the power system is identical [18]. Other commonly used per-
formance metrics to quantify power system robustness include
frequency nadir, RoCoF (Rate of change of frequency), and
power system damping ratio [19]. In the literature, the problem

0885-8950 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on August 26,2020 at 20:27:14 UTC from IEEE Xplore.  Restrictions apply. 

some of basic questions settled ! now lots of emergent literature on
virtual inertia placement & implementation schemes

integration limits: how much inertia? how many forming units? where?

inertia pricing, markets, & security-constrained dispatch

more general fast-frequency response services

. . . still a lot more questions than answers
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tute of Technology Zürich, Zürich 8092, Switzerland (e-mail:,bpoolla@ethz.ch;
grodo@ethz.ch; dorfler@ethz.ch).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPWRS.2019.2892290

renewable sources, tie line faults, system splits, loss of loads,
etc. In case of a frequency deviation, the inertia of synchronous
machines acts as a first response by providing kinetic energy to
the system (or absorbing energy). In contrast, converter inter-
faced generation fundamentally offers neither of these services,
thus, making the system prone to instability.

Several studies have been carried out to propose control tech-
niques to mitigate this loss of rotational inertia and damping.
One extensively studied technique relates to using power elec-
tronic converters to mimic synchronous machine behavior [10]–
[13]. These studies develop methods which rely on concepts
ranging from simple proportional-derivative to more complex
controls under the name of, e.g., Virtual Synchronous Genera-
tors. All these strategies depend on some form of energy storage
such as batteries, super-capacitors, flywheels, or the residual ki-
netic energy of wind turbines [14], which acts as a substitute for
the kinetic energy of machines.

These investigations have established the efficacy of virtual
inertia (VI) and fast frequency response (FFR), i.e., primary fre-
quency control without turbine delay, as a short-term replace-
ment for machine inertia in low-inertia power systems. Also,
as power converters operate at a much faster time scales com-
pared to conventional generation, it is plausible to foresee future
power systems based on predominantly converter-interfaced
generation, without a major distinction between different time-
scale controls such as inertia and fast frequency response, and
primary frequency control provided by synchronous machines
[9], [15], [16]. Here, we exclusively focus on power systems
with reduced inertia due to loss of synchronous machines and
utilize virtual inertia and fast primary frequency control as a
remedy.

Conventionally, the total inertia and primary frequency con-
trol in the system are the main metrics utilized for system re-
silience analysis [3]. However, the authors in [17] showed that
not only is virtual inertia and primary frequency control vital,
but its location in the power system is equally crucial and there
can be a degradation in the performance due to ill-conceived spa-
tial inertia distributions, even if the total virtual inertia added to
the power system is identical [18]. Other commonly used per-
formance metrics to quantify power system robustness include
frequency nadir, RoCoF (Rate of change of frequency), and
power system damping ratio [19]. In the literature, the problem

0885-8950 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on August 26,2020 at 20:27:14 UTC from IEEE Xplore.  Restrictions apply. 

some of basic questions settled ! now lots of emergent literature on
virtual inertia placement & implementation schemes

integration limits: how much inertia? how many forming units? where?

inertia pricing, markets, & security-constrained dispatch

more general fast-frequency response services

. . . still a lot more questions than answers

32 / 40



Outline

Motivation: low-inertia systems are not(?) all about inertia

Preliminary insights on aggregated system level

System-level performance metrics

Optimal allocation & tuning of virtual inertia

Ancillary services provided by dynamic virtual power plants



Recall: challenges in future systems

conventional power systems
– dispatchable generation
– significant inertial response
– fast frequency & voltage control

provided by bulk rotational generation

future power systems
– variable generation
– reduced inertia levels
– ancillary services for frequency & voltage

provided by distributed energy resources

some of the manifold challenges
– grid fragility: intermittency & uncertainty

of renewables & reduced inertia levels
– device fragility: converter-interfaced

DERs limited in energy, power, fault
currents, . . .

– ancillary services on faster time scales
& shouldered by distributed sources
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Dynamic Virtual Power Plant (DVPP)

DVPP: coordinate a heterogeneous ensemble
of distributed energy resources (DERs) to
collectively provide dynamic ancillary services

su�ciently heterogenous collection of devices
– reliable provide services consistently across all

power & energy levels and all time scales
– none of the devices itself is able to do so

dynamic & robustly ancillary services
– fast response (grid fragility), e.g., inertia
– specified as desired dynamic I/O response
– robustly implementable on fragile devices

coordination aspect
– decentralized control implementation
– real-time adaptation to variable DVPP

generation & ambient grid conditions
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capacitor
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(thermal-based)
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motivating examples
frequency control provided by non-
minimum phase hydro & on-site
batteries (for fast response)

wind providing fast frequency
response & voltage support
augmented with storage to
recharge turbine

hybrid power plants, e.g., PV +
battery + supercap

load/generation aggregators . . .
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motivating examples
frequency control provided by non-
minimum phase hydro & on-site
batteries (for fast response)

wind providing fast frequency
response & voltage support
augmented with storage to
recharge turbine

hybrid power plants, e.g., PV +
battery + supercap

load/generation aggregators . . .

34 / 40



Abstraction: coordinated model matching
setup (simplified): DVPP consisting of

– DERs connected at a common bus
– PMU frequency measurement at PCC

broadcasted to all DERs

DVPP aggregate specification
(ancillary service):

– grid-following fast frequency
response (virtual inertia & damping)

power =
�
H s + D

�
· frequency

(also possible: forming + distributed . . . )

task: coordinated model matching
– design decentralized DER controls s.t.

aggregate behavior matches specification
P

i poweri =
�
H s + D

�
· PMU-frequency

– taking device-level constraints into account
– & online adapting to variable generation

broadcast + aggregate

DER 1…
.

DER n

output signal+com
m

input signal
(PMU frequency 
signal at PCC)

(active power 
injection at PCC)

DVPP

�

<latexit sha1_base64="u9TlhYF1chaJglqJH0mOQprDJzc="></latexit>

desired aggregate behavior

35 / 40



Abstraction: coordinated model matching
setup (simplified): DVPP consisting of

– DERs connected at a common bus
– PMU frequency measurement at PCC

broadcasted to all DERs

DVPP aggregate specification
(ancillary service):

– grid-following fast frequency
response (virtual inertia & damping)

power =
�
H s + D

�
· frequency

(also possible: forming + distributed . . . )

task: coordinated model matching
– design decentralized DER controls s.t.

aggregate behavior matches specification
P

i poweri =
�
H s + D

�
· PMU-frequency

– taking device-level constraints into account
– & online adapting to variable generation

broadcast + aggregate

DER 1…
.

DER n

output signal+com
m

input signal
(PMU frequency 
signal at PCC)

(active power 
injection at PCC)

DVPP

�

<latexit sha1_base64="u9TlhYF1chaJglqJH0mOQprDJzc="></latexit>

desired aggregate behavior

35 / 40



Abstraction: coordinated model matching
setup (simplified): DVPP consisting of

– DERs connected at a common bus
– PMU frequency measurement at PCC

broadcasted to all DERs

DVPP aggregate specification
(ancillary service):

– grid-following fast frequency
response (virtual inertia & damping)

power =
�
H s + D

�
· frequency

(also possible: forming + distributed . . . )

task: coordinated model matching
– design decentralized DER controls s.t.

aggregate behavior matches specification
P

i poweri =
�
H s + D

�
· PMU-frequency

– taking device-level constraints into account
– & online adapting to variable generation

broadcast + aggregate

DER 1…
.

DER n

output signal+com
m

input signal
(PMU frequency 
signal at PCC)

(active power 
injection at PCC)

DVPP

�

<latexit sha1_base64="u9TlhYF1chaJglqJH0mOQprDJzc="></latexit>

desired aggregate behavior

35 / 40



Case study
in collaboration with
J. Björk (Svenska kraftnät)
& K.H. Johansson (KTH)

aggregated 5-bus model of
Nordic grid

FCR-D service
! desired behavior

power
frequency =

3100·(6.5s+1)
(2s+1)(17s+1)

well-known issue: actuation
of hydro power via governor
is non-minimumphase
! inverse response: initial
power surge opposes control
! unsatisfactory response

discussed solution:
augment hydro with
batteries for fast response
! hybrid plant solution
works but not economic

better DVPP solution:
coordinate hydro & wind to
cover all time scales

next up: how to do it ?
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DVPP Control Design
(covered on the board)
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Dynamic Virtual Power Plant Design for Fast
Frequency Reserves: Coordinating Hydro and Wind

Joakim Björk , Student Member, IEEE, Karl Henrik Johansson , Fellow, IEEE, and
Florian Dörfler , Senior Member, IEEE

Abstract—To ensure frequency stability in future low-inertia
power grids, fast ancillary services such as fast frequency reserves
(FFR) have been proposed. In this work, the coordination of
conventional (slow) frequency containment reserves (FCR) with
FFR is treated as a decentralized model matching problem.
The design results in a dynamic virtual power plant (DVPP)
whose aggregated output fulfills the system operator (SO) require-
ments in all time scales, while accounting for the capacity and
bandwidth limitation of participating devices. This is illustrated
in a 5-machine representation of the Nordic synchronous grid.
In the Nordic grid, stability issues and bandwidth limitations
associated with non-minimum phase zeros of hydropower is
a well-known problem. By simulating the disconnection of a
1400 MW importing dc link, it is shown that the proposed DVPP
design allows for coordinating fast FFR from wind, with slow
FCR from hydro, while respecting dynamic limitations of all
participating devices. The SO requirements are fulfilled in a
realistic low-inertia scenario without the need to install battery
storage or to waste wind energy by curtailing the wind turbines.

Index Terms—Decentralized control, frequency stability, low-
inertia power systems, model matching, non-minimum phase,
smart grid.

I. INTRODUCTION

DEREGULATION of the market and the transition to-
wards renewable energy, is diversifying the mechanics

behind electricity production. Regulatory services provided
by distributed energy resources coordinated as virtual plants
are expected to be an important supplement to the services
provided by large-scale power plants [1]. At the same time, the
frequency stability of grids are becoming more sensitive to load
imbalances due to the growing share of converter-interfaced
generation [2]. A number of relatively recent blackouts are
related to large frequency disturbances. The incidence of this
phenomenon is expected to increase in the future as the
energy transition continues; in fact they have doubled from the
early 2000s [3]. With growing shares of renewables, system
operators (SOs) are therefore increasingly demanding renewable

This work has been submitted to the IEEE for possible publication. Copyright
may be transferred without notice, after which this version may no longer be
accessible

This work was supported by the KTH PhD program in the digitalization
of electric power engineering and in part by the Knut and Alice Wallenberg
Foundation, the Swedish Research Council, the Swedish Foundation for
Strategic Research, and the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 883985.

J. Björk and K. H. Johansson are with the School of Electrical Engineering
and Computer Science, KTH Royal Institute of Technology, 100 44 Stockholm,
Sweden (email: joakbj@kth.se; kallej@kth.se).

F. Dörfler is with the Department of Information Technology and Electrical
Engineering, ETH Zürich, 8092 Zürich, Switzerland (e-mail: dorfler@ethz.ch).

generation and other small-scale producers to participate in
frequency containment reserves (FCR) [4].

Virtual power plants (VPPs), aggregating together groups of
small-scale producers and consumers, is a proposed solution to
allow smaller players with more variable production to enter
into the market with the functionality of a larger conventional
power plant [1], [5], [6]. The main objectives are to coordinate
dispatch, maximize the revenue, and to reduce the financial risk
of variable generation, in the day-ahead and intra-day markets
[7], [8]. But also other services, such as voltage regulation [9]
and allocation of FCR resources [10]–[12] have been proposed.

In this work, we design controllers that coordinate FCR
over all time scales, beyond mere set-point tracking, forming
a dynamic virtual power plant (DVPP) offering dynamic
ancillary services [13]. While none of the individual devices
may be able to provide FCR consistently across all power
and energy levels or over all time scales, a sufficiently
heterogeneous ensemble will be able to do so. Examples
of heterogeneous devices complementing each other while
providing fast frequency reserves (FFR) include hydropower
with initially inverse response dynamics compensated by battery
sources on short time scales [14], hybrid storage pairing
batteries with supercapacitors providing regulation on different
time scales [15], [16], demand response [17], or wind turbines
(WTs) [18], [19] that can provide a quick response but are
subject to a rebound effect that have to be compensated by
other sources later on, if not operated below the maximum
power point (MPP) [20].

In the Nordic grid, FCR is almost exclusively provided
by hydropower. The controllability and storage capability of
hydropower makes it ideal for this purpose. In recent years,
however, the inertia reduction due to the renewable energy
transition has made the bandwidth limitations associated with
non-minimum phase (NMP) waterway dynamics a problem.
Since the bandwidth of hydro-FCR cannot be increased without
reducing the closed-loop stability margins [21], the Nordic
SO’s have developed a new market for FFR [22]. Units
participating in FFR are subjected to ramp down limits and a
10 s buffer period before the device is allowed to recover energy
exerted during the FFR event. This helps to avoid a secondary
frequency dip before the hydro-FCR have fully activated.
However, the requirement of a recovery-period disqualifies the
use of uncurtailed WTs. Since these operate at the MPP, any
temporary power outtake will decelerate the turbine, thereby
immediately lowering the sustainable power output. The open-
loop control method proposed in [22] is therefore a potentially
costly solution that require controllable storage devices such as
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DYNAMIC VIRTUAL POWER PLANT: A NEW CONCEPT FOR
GRID INTEGRATION OF RENEWABLE ENERGY SOURCES
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ABSTRACT

The notion of Virtual Power Plant (VPP) has been used many times in last years in power systems
and for several reasons. As a general trend, the behavior of a classic synchronous generator is to be
emulated for a class of conventional grid components like, e.g., renewable generators or/and power
electronic units. Most of the times production of these units is of interest, as it is the case for the
new AGC scheme of Spain which, from this point of view, looks like a VPP. However, dynamic
aspects are of high importance, especially for increasing the actual rate of penetration of Renewable
Energy Sources (RES). Indeed, to go above the actual rate of RES penetration, one should deal
with full participation of RES to grid services. This means not only to get some positive impact
on grid voltage and frequency dynamics but to bring concepts which allows one to integrate RES
to existing secondary regulation schemes on the same level as the classic synchronous generators.
For that, we propose here a new concept called Dynamic VPP (DVPP) which fully integrates the
dynamic aspects at all levels: locally (for each RES generator), globally (for grid ancillary services
and interaction with other neighbor elements of the grid) and economically (for internal optimal
dispatch and participation to electricity markets). A DVPP is a set of RES along with a set of control
and operation procedures. This means methodologies for: choosing the participating RES, optimal
and continuous operation as a whole (especially in case of loss of natural resources - e.g., wind,
sun - on a part of the DVPP), regulation (in the dynamic sense) to ensure local objectives for each
generator, participation to ancillary services of the DVPP as a unit and to diminish negative effects of
interaction with neighbor dynamics elements of the power system, integration in both actual power
systems scenarios (with mixed classic and power electronics based generation) and future ones with
high degree of RES penetration. Concrete structures of DVPP as well as ways to address the other
control and economical aspects will be shown. This new DVPP concept is now under development in
the H2020 POSYTYF project (https://posytyf-h2020.eu/).

Keywords Virtual Power Plant · Renewables · Grid integration · Grid ancillary services

1 Introduction

Renewable Energy Sources (RES) are key means of global energy transformation. The volume of RES was increasing
last decades in all power systems. Fig. 1 shows that, in Europe, the RES share nearly doubled from 2005 to 2015. By
using more renewables to meet its energy needs, the European Union (EU) lowers its dependence on imported fossil
fuels and makes its energy production more sustainable, in line with Energy Union priority.

�Corresponding author Bogdan.Marinescu@ec-nantes.fr
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Control Design of Dynamic Virtual Power Plants:
An Adaptive Divide-and-Conquer Approach

Verena Häberle, Michael W. Fisher, Eduardo Prieto-Araujo and Florian Dörfler

Abstract—In this paper, we present a novel control approach
for dynamic virtual power plants (DVPPs). In particular, we
consider a group of heterogeneous distributed energy resources
(DERs) which collectively provide desired dynamic ancillary
services such as fast frequency and voltage control. Our control
approach relies on an adaptive divide-and-conquer strategy:
first, we disaggregate the desired frequency and voltage control
specifications of the aggregate DVPP via adaptive dynamic par-
ticipation matrices (ADPMs) to obtain the desired local behavior
for each device. Second, we design local linear parameter-varying
(LPV) H1 controllers to optimally match this local behaviors.
In the process, the control design also incorporates the physical
and engineered limits of each DVPP device. Furthermore, our
adaptive control design can properly respond to fluctuating device
capacities, and thus include weather-driven DERs into the DVPP
setup. Finally, we demonstrate the effectiveness of our control
strategy in a case study based on the IEEE nine-bus system.

Index Terms—Dynamic virtual power plant, fast ancillary
services, matching control.

I. INTRODUCTION

FUTURE power systems will contain an increasing pen-
etration of non-synchronous distributed energy resources

(DERs). In this regard, reliable ancillary services provision,
as currently ensured by conventional generators, has to be
shouldered by DERs. This imposes great challenges to cope
with the fluctuating nature of renewable energy sources [1],
as well as their device-specific limitations.

As early as 1997, the concept of virtual power plants (VPPs)
has been proposed to pave the way for future ancillary services
by DERs [2]. VPPs are collections of distributed generators
(all with individual device limitations), aggregated to have the
same visibility, controllability and market functionality as a
unique power plant [3]–[5]. Today, most commercial imple-
mentations as well as the scientific landscape are restricted to
VPPs providing static ancillary services in the form of tracking
power and voltage set points, see, e.g., [6].

In this work, we are interested in the vastly underexplored
concept of a dynamic virtual power plant (DVPP) consisting of
heterogeneous DERs, which all-together can provide desired
dynamic ancillary services beyond mere set point tracking [7].
In particular, we are interested in dynamic ancillary services on
faster time scales, such as fast frequency and voltage control,
which cannot be provided by existing VPP setups restricted to

This paper is based upon work supported by the King Abdullah University
of Science and Technology (KAUST) Office of Sponsored Research (award
No. OSR-2019-CoE-NEOM-4178.11) and by the European Union’s Horizon
2020 research and innovation program (grant agreement No. 883985).

V. Häberle, M. W. Fisher and F. Dörfler are with the Automatic Control
Laboratory, ETH Zurich, 8092 Zurich, Switzerland.

E. Prieto-Araujo is a Serra Húnter Lecturer with the Centre d’Innovació Tec-
nològica en Convertidors Estàtics i Accionamients, Department d’Enginyeria
Elèctrica, Universitat Politècnica de Catalunya, 08028 Barcelona, Spain.

Email:{verenhae,mfisher,dorfler}@ethz.ch; eduardo.prieto-araujo@upc.edu

tracking set points. The key to success is heterogeneity: Only
a sufficiently heterogeneous group of devices (complementing
each other in terms of energy/power availability, response
times, and weather dependency) can reliably provide dynamic
ancillary services across all power and energy levels and time
scales, while none of the individual devices is able to do so.

Motivating examples of collections of heterogeneous en-
ergy sources for dynamic ancillary services provision include
hydro-power with initially inverse response dynamics com-
pensated by batteries on short time scales [8], synchronous
condensers (with rotational energy) paired with converter-
based generation [9], or hybrid storage pairing batteries with
supercapacitor providing regulation on different frequency
ranges [10]. However, the coordination of all these collections
is highly customized, and not (even conceptually) extendable
to other device aggregations. Further, none of these collections
are controlled to match a desired aggregate dynamic behavior,
therefore lacking optimal performance and reliability during
ancillary services provision. In contrast, other works in [11],
[12] propose more versatile DVPP approaches to achieve a
desired short-term frequency response on an aggregate level.
In particular, [12] relies on static participation factors and a
coordinated control signal which is communicated to each de-
vice, but therefore subject to communication delays and single
point of failure risk. As opposed to this, [11] presents a fully
decentralized control strategy based on dynamic participation
factors, which can be used to take local device dynamics into
account. However, both [12] and [11] are restricted to provide
frequency control, do not consider device-level constraints, and
are non-adaptive, therefore prone to failure during temporal
variability of weather-driven DERs.

In this work, we present a novel multivariable control
approach for DVPPs, capable of providing multiple desired
dynamic ancillary services at once. We particularly focus
on fast frequency and voltage control objectives, specifying
them as a desired dynamic multi-input multi-output (MIMO)
behavior of the aggregate DVPP, given in terms of a desired
transfer matrix from frequency and voltage to active and
reactive power. In addition to the desired aggregate output,
our DVPP control strategy also incorporates the DVPP internal
constraints of the devices (e.g. speed limitations, capacities,
current constraints, etc.), to ensure they are not exceeded
during normal operating conditions. We pursue a local control
strategy and design individual feedback controllers for each
DVPP device, subject to its own limitations, but so that the
aggregate behavior meets the desired MIMO specification.
More specifically, our control approach relies on an adaptive
divide-and-conquer strategy composed of two steps: first, we
disaggregate the MIMO specification among the devices using
adaptive dynamic participation matrices (ADPMs) which take
the form of MIMO transfer matrices, and basically represent

ar
X

iv
:2

10
8.

00
92

5v
4 

 [e
es

s.S
Y

]  
1 

Fe
b 

20
22

energies

Article

Coordinated Control of Virtual Power Plants to Improve Power
System Short-Term Dynamics

Weilin Zhong 1 , Junru Chen 2 , Muyang Liu 2 , Mohammed Ahsan Adib Murad 3 and Federico Milano 1,*

!"#!$%&'(!
!"#$%&'

Citation: Zhong, W.; Chen, J.; Liu,

M.; Murad, M.A.A.; Milano, F.

Coordinated Control of Virtual Power

Plants to Improve Power System

Short-Term Dynamics. Energies 2021,

14, 1182. https://doi.org/10.3390/

en14041182

Academic Editor: Wajiha Shireen

Received: 26 January 2021

Accepted: 20 February 2021

Published: 23 February 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Room 157, School of Electrical and Electronic Engineering, University College Dublin, Belfield,
D04 V1W8 Dublin, Ireland; weilin.zhong@ucdconnect.ie

2 School of Electrical Engineering, Xinjiang University, Ürümchi 830046, China; junru.chen@xju.edu.cn (J.C.);
muyang.liu@xju.edu.cn (M.L.)

3 DIgSILENT GmbH, 72810 Gomaringen, Germany; mohammed.murad@ucdconnect.ie
* Correspondence: federico.milano@ucd.ie

Abstract: The paper proposes a coordinated frequency control strategy for Virtual Power Plants
(VPPs), with the inclusion of Distributed Energy Resources (DERs), e.g., Solar Photo-Voltaic Gen-
eration (SPVG), Wind Generator (WG) as well as Energy Storage System (ESS). The objective is
to improve the short-term dynamic response of the overall power system. The robustness of the
proposed control is evaluated through a Monte Carlo analysis and a detailed modeling of stochastic
disturbances of loads, wind speed, and solar irradiance. The impact of communication delays of a
variety of realistic communication networks with different bandwidths is also discussed and evalu-
ated. The case study is based on a modified version of the WSCC 9-bus test system with inclusion of
a VPP. This is modeled as a distribution network with inclusion of a variety of DERs.

Keywords: Virtual Power Plant (VPP); frequency control; Distributed Energy Resource (DER);
Energy Storage System (ESS); communication delay

1. Introduction
1.1. Motivation

A Virtual Power Plant (VPP) is obtained by aggregating the capacity of several Dis-
tributed Energy Resources (DERs), Energy Storage System (ESS), and dispatchable loads [1].
It operates as a virtual transmission-connected generator in the existing power system [2].
For operation purposes, the active power output of a VPP is scheduled similarly to conven-
tional generators, e.g., through the solution of a daily ahead unit-commitment problem [3].
In transient conditions, e.g., following a contingency, VPPs must provide frequency sup-
port [4]. The active power scheduling and the frequency control are generally decoupled
due to their different time scales. Instead, this paper proposes to combine these functions
by switching to coordinated control of the DERs and ESSs that form the VPP during the
contingency.

1.2. Literature Review
The primary purpose of a VPP is to optimize the performance of its constituent parts

by coordinating the production and consumption [5]. Similar to VPPs, the concept of
microgrid has been introduced as a solution for the reliable aggregation of DERs, ESS and
controllable loads [6]. Therefore, in this paper, the VPP is modeled as a microgrid that is
connected to the Transmission Grid (TG) through a Point of Connection (POC) [7], with the
inclusion of Distributed Generators (DGs), voltage-dependent loads and ESS. Although
VPPs are not microgrids, some control techniques originally designed for microgrids can
be also applied to VPPs, and vice versa. In this vein, the literature review below includes
works that discuss the short-term dynamics and control of microgrids.

Energies 2021, 14, 1182. https://doi.org/10.3390/en14041182 https://www.mdpi.com/journal/energies
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Conclusions on low-inertia systems
Summary & take-aways

changing system characteristics
– lower inertia levels & DER intermittency

! more brittle & fast dynamics
– revisit modeling: time-scale separation

issues & converter-dominated dynamics

converter-interfaced generation control
– sync via grid-forming vs. following control
– do not try to emulate the old system!
– grid-forming controls: nonlinear, constrained,

multivariable, & take dc-side into account

ancillary services provided by DERs
– tuning & spatial allocation of fast-frequency

response, i.e., virtual inertia/damping
– pooling of heterogeneous devices into

dynamic virtual plant providing services

there is still a lot to be understood
about modeling, dynamics, control, &
operation of low-inertia systems

these are very exciting times !
! great opportunity for control
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