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Hierarchical Frequency Control of Hybrid Power
Plants Using Frequency Response Observer

Qian Long, Member, IEEE, Kaushik Das, Senior Member, IEEE, and Poul Skrensen, Fellow, IEEE

Abstract With frequency stability being challenged in modern
power systems, transmission system operators have been design-
ing new mitigation measures, such as fast frequency response
(FFR), to maintain operation security of power systems. To
accommodate technical requirements of new frequency control
services (FCSs), the corresponding control should be imple-
mented at asset controllers to enable fast responses. However,
control counteraction can arise between plant controllers and
asset controllers during the provision of FCSs. In this paper,
a novel hierarchical frequency control approach is proposed
to allow hybrid power plants (HPPs) to provide three types
of FCSs, namely FFR, frequency containment response (FCR)
and frequency restoration response (FRR). To solve control
counteraction issue, an innovative frequency response observer
(FROB) is proposed. The FROB at plant controllers and the
hybrid power plant controller (HPPC) accurately estimates
frequency response initiated by asset controllers, and the obtained
estimation is used for control compensation at plant controllers
and the HPPC to avoid control counteraction. Design guidelines
and robustness analysis of the FROB are then discussed. Case
studies are implemented in a power system dynamic model in
MATLAB/Simulink, and the results show that the proposed
frequency control approach enables coordinated operation of
multiple technology power plants, with robust performance
achieved when there are system uncertainties in HPPs.

Index Terms hierarchical frequency control, hybrid power
plants, fast frequency response, disturbance observers, frequency
response observers.

I. INTRODUCTION

S frequency stability has been challenged by the increas-
ing share of inverter-based resources in modern power
systems, the requirement for frequency control (FC) becomes
demanding, posing challenges for the existing FC methods
for power plants [1]. Utility-scale hybrid power plants (HPPs)
have received global attention due to enhanced controllability
and ef cient utilization of electrical infrastructure [2] [4]. For
the time being, there is a lack of consensus in academic
literature on the de nition of HPPs. For the sake of our
work, HPPs are de ned to be exclusively utility-scale grid-
connected systems including multiple types of generation
resources. How to design FC methods for HPPs to ful | the
latest requirements need to be further investigated. Besides, the
complexity of FC design for HPPs is increased compared to
single-technology power plants since there are heterogeneous
assets and controllers in an HPP that need to be coordinated
[5]. However, there is little literature addressing FC of HPPs
[61, [7].
Hierarchical FC for single-technology power plants, which
involves one plant controller and multiple asset controllers,
has been well established. A conventional approach is to
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Fig. 1: An example of control counteraction during an under-
frequency event.

introduce auxiliary FC loop for active power control at the
plant controller, which generates time-varying active power
setpoints for asset controllers when FC is activated [8] [11].
While this approach is easy to implement in the power plant
controller and enables power plants to provide frequency
control services (FCSs) such as FCR and FRR, factors such
as communication delay and limited control bandwidth could
be the bottleneck for the plant controller to provide fast
FCSs required by future power systems with low inertia. This
approach from literature might lead to frequency responses
slower than the requirements. To date, fast FC has been
mostly implemented at asset controllers for wind turbines
(WTs), photovoltaics (PVs) and energy storage (ESs) [12]
[18]. Nevertheless, very few works on power plant control
adapt to these state-of-the-art fast FC design. It is worth
pointing out that, without any coordination strategy, the plant
controller will counteract against asset controllers, at which
frequency response is activated, during a frequency event. Fig.
1 shows an example of such control counteraction. Therefore,
a new hierarchical FC approach that supports fast FC at asset
controllers and coordinates between the plant controller and
asset controllers during the period of FCS provision is in need.
The main challenge of the coordination arises from fre-
guency response being an unknown control action, as seen by
the hybrid power plant controller (HPPC) and plant controllers,
from asset controllers. A possible way of addressing control
counteraction is to estimate the total frequency response and
then to add as the compensation term to the HPPC and plant
controllers. However, uncertainties existing in HPPs, such as
unknown parameters, control malfunction and communica-
tion delay, bring extra challenges into accurate estimation
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of frequency response. Besides, considering the HPPC as an
extra control level on top of wind power plant controller
(WPPC), solar power plant controller (SPPC) and energy stor-
age system controller (ESSC), the design of the coordination
strategy across the whole control hierarchy becomes even more
complicated [19]. This leads to one of the innovations in
the paper, which is to develop a robust observer that can
accurately estimate the total frequency response activated at
asset controllers given system uncertainties, for the purpose
of avoiding counteraction across control hierarchy.

Disturbance observers (DOBs) algorithms for estimating
system uncertainties and disturbances, have been used exten-
sively in various power-related industrial applications. Time-
domain DOBs, such as extended-state observer, have been
utilized in the eld of load frequency control to estimate total
disturbance from loads and renewable generation [20], [21]. In
[22], similar DOB techniques have been applied to the charg-
ing and discharging control of a ywheel ESS in order to es-
timate model uncertainties and external disturbances. Another
category of DOBs, that is, frequency-domain DOBs, have been
proposed and adopted in applications like load frequency con-
trol [23], converter control [24] and PV generation [25]. The
above-mentioned DOBs help generate a robust control system
that achieves good performance in disturbance rejection and
handles system uncertainties at the same time. This paper
focuses on frequency-domain DOBs originally proposed in
[26] due to its simple and straightforward nature. However,
it should be emphasized that frequency-domain DOBs can
not be directly applied as a solution to the above-mentioned
control counteraction issue. It is because the design purpose
of frequency-domain DOBs is to reject external disturbance,
while frequency response from asset controllers is supposed
to be accepted rather than rejected by plant controllers and the
HPPC. Therefore, a new observer called frequency response
observer (FROB) is developed following the idea of frequency-
domain DOBs, such that the total frequency response from
asset controllers is estimated as the disturbance and the
closed-loop characteristic of FROB accepts this disturbance.
The modi cation also leads to the need to establish new design
guidelines.

As described above, the existing literature only focuses
on either frequency control implemented at a centralized
power plant controller or fast frequency control implemented
at asset controllers. However, in order for renewable power
plants to provide proper frequency control services that meet
increasingly-strict technical requirements, the state-of-the-art
frequency controllers at asset levels need to be incorporated
in the power plant control architecture. In this paper, a novel
hierarchical FC approach using FROB is proposed to allow
the provision of a wide range of FCSs, speci cally fast FCSs
provided by asset controllers, for a HPP that consists of
heterogeneous assets. To authors’ knowledge, this paper is
the rst literature to date that discusses how to incorporate
frequency responses provided by asset controllers in a hierar-
chical power plant control architecture. The main contribution
of this approach is threefold: i) A new frequency control
architecture is proposed to allow the provision of three types of
FCSs including FFR, FCR and FRR. Controllers for fast FCSs
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Fig. 2. WT dynamic model.

like FFR and FCR are implemented at asset controllers and
controllers for slow FCS like FRR is implemented at plant
controllers and the HPPC. It is demonstrated by simulation
results that this frequency control architecture outperforms
the state-of-the-art power plant control architecture, which
is a centralized approach; ii) An innovative FROB is intro-
duced at plant controllers and the HPPC to avoid control
counteraction against asset controllers. Design guidelines on
FROB are given; iii) Robustness analysis has been done to
evaluate the performance of the proposed FROB when there
are system uncertainties in the HPP. It is discovered that
the FROB achieves robust performance against various types
of uncertainties, including parameter uncertainty, unknown
control malfunction, and time-varying communication delays.

Next section introduces dynamic modeling of HPPs with
the proposed hierarchical FC approach. Section 11 starts with
a brief introduction of the DOB and then focuses on FROB
design and analysis. In Section 1V, simulations are conducted
and the effectiveness of the proposed control is illustrated.
Section V concludes the paper.

Il. DYNAMIC MODELING AND CONTROL OF HPP
A. HPP Component Model

The dynamic models for WTs, PVs and ESs are shown in
Fig. 2, Fig. 3 and Fig. 4, respectively, along with converter
models and converter control models. Since this paper is
concerned with FC, only active power control module is con-
sidered in converter control. Reactive power control module
is beyond the scope.

The WT dynamic model is built based on a variable speed
Type 4 WT con guration [27]. Turbine model consists of a
simpli ed aerodynamic model and a two-mass model used
for representing the drive train of the WT. Turbine control
model consists of two submodules, torque control and pitch
angle control. Torque control is employed based on a two-
dimensional aerodynamic torque coef cient table [28] while
pitch angle control is developed according to IEC 61400-27-1
[29]. Converter control model and converter model are also
described in [29].

The PV dynamic model is built based on a generic two-stage
PV system model for large-scale SPPs. The PV panel module
is represented using the standard single-diode model [30].
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Fig. 4: ES dynamic model.

Maximum power point tracking (MPPT) controller seeks for
maximum power point of the PV panel module given weather
conditions, and PV terminal voltage and current. Converter
control model and converter model are described in [31].

The ES dynamic model is built based on a generic ES
model. The battery bank module comprising a voltage source
in series with a resistor is considered based on [11], [32], [33].
The battery management system (BMS) has been developed in
order to estimate state of charge and to determine maximum
discharging and charging current for ES converter control
model. The input of the BMS includes ES terminal voltage
and current. Converter control model and converter model are
described in [34].

B. Hierarchical Frequency Control

In the existing approaches, controllers for FFR and FCR
are integrated into plant controllers via the auxiliary FC
loop added to active power control [6], [10]. However, these
approaches could lead to a degraded frequency response due to
several factors, such as communication delay or failures, con-
trol bandwidth limit, and ramp rate limit. To make the speed
of frequency response free from the restriction by the above-
mentioned factors, a hierarchical FC architecture, consisting
of three control levels, asset controllers, plant controllers
and the HPPC, is proposed, as shown in Fig. 5. By having
controllers for FFR and FCR implemented at asset controllers,
FCSs are activated by local frequency measurement, and no

© 2022 |[EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.or /publications/rigihts/index.html for more information.
ekniske Informationscenter. Downloaded on October 31,2022 at 12:36:29 UTC from IEEE Xplore. Restrictions apply.

Authorized licensed use limited to: Danmarks

communication is required. Besides, control bandwidth of
asset controllers is designed to be suf ciently large to support
fast FC. Control signal for fast FC also bypasses the limit on
the reference ramp rate.

It is also seen in Fig. 5 that the FROB is implemented
within the plant controllers and the HPPC. These controllers,
located in the plant control room, receive setpoints from HPP
energy management system (EMS) and system operator. An
extra loop of the FROB is added to active power measurement
for the controllers to avoid control counteraction with asset
controllers.

The references sent from the HPPC to plant controllers are
de ned as follows:

uwpp =[Pwpp:Pwpp+iPwpp TFFR;

1)
DBgeR; DBEcRr; REcR]

Uspp =[Pspp;Pspp+iPspp i TFER; @)
DBgeRr; DBEcRr; REcR]

Uess =[Pess:Pess+iPess i TFFR; 3)

DBrrRr; DBrcr; RFcR]

where Py pp, Pgpp, and Pggg are power references
for WPP, SPP and ESS, respectively. Py pp4 Pwpp -
Pspp+: Pspp + Pesss and Pogg  are upwards and
downwards frequency reserve vectors for WPP, SPP and ESS,
respectively. Each frequency reserve vector contains three
elements representing the amount of FFR, FCR and FRR,
respectively. Tegr is a time vector that de nes rising time,
duration and falling time of FFR. DBggRr, DBrcr and
Recr are frequency deadband of FFR, frequency deadband
and droop coef cients of FCR, respectively. The references
sent from plant controllers to asset controllers are de ned as
follows:

UwTi :[PWTi; PWT+; PWT ;TFFR;

) (4)
DBrcr; RrcR]

Upvi =[PPVi;va+;PpV s TEERS (5)
DBrcr; RecR]

UEsi :[PEsi;PE5+;PES ;TFFR; (6)

DBrcr; RFcR]

where Py, 1i, Ppyi, and Pgg; are power references for the
ith WT, the ith PV and the ith ES, respectively. P, 1.,
Pwt 'Ppv+r Ppy +Pes, and Pgg  are upwards and
downwards frequency reserve vectors for the ith WT, the ith
PV and the ith ES, respectively. Terrr, DBEgr, DBEcr and
Recr are the same FC settings as the ones passed from the
HPPC. Note that once xed, these settings are rarely updated.

As shown in Fig. 6, a parallel control loop for FFR and
FCR is implemented at asset controllers. Controller for FCR is
implemented using a droop control with frequency deadband,
while controller for FFR is implemented using an open-loop
pre-de ned shape with a FFR activation block. The output
of this control loop is added to active power control of asset
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. L Fig. 7: Plant controller design.
controllers [27]. It is worth pointing out that the proposed
asset controller design is only an example and there are v o o
alternatives for implementing controllers for FFR and FCR P i 2
with comparable performance [15]. To develop the optimal FRR._set 0—¢°—¢°—¢
FC §trategy from the a§sets is beyond the focus of the paper. Dispatch | uypp
Fig. 7 shows the diagram of a plant controller, whose ™ Function
structure is universally applicable to the WPPC, the SPPC _APD [ TUsee
and the ESSC. While no FC is implemented at the plant -APRD [P»Uess
controller, a FROB is added to estimate the total frequency ET 7 UT
response from asset controllers. By subtracting the FROB RN lﬁj
output from active power measurement at plant point of D%“ CL%
connection (PoC), the compensated feedback only contains

active power measurement irrelevant to FC. Another FROB
is also added to the HPPC for the same purpose, as shown in
Fig. 8, allowing the HPPC to provide a stacked functionality
of energy trade and FCS provision. Controller for FRR is
implemented at the HPPC given that the response of FRR is
slow, in the range of tens of minutes. An extra control setpoint
PeRrR_set is added to HPP active power controller to control
the activation of FRR. The design details of plant controller
and the HPPC could be found in the companion paper [19].

I1l. FREQUENCY RESPONSE OBSERVER

The idea of FROB is inspired by frequency-domain DOBs
which accurately track uncertainties and unknown distur-
bances. From the perspective of plant controllers and the
HPPC, frequency responses activated at asset controllers can
be considered as unknown disturbances with uncertainties .
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Fig. 8: The HPPC design.

The difference that distinguishes FROB from frequency-
domain DOBs is that the total frequency response should
be accepted rather than rejected at plant controllers and the
HPPC. This section brie y reviews classical frequency-domain
DOBs and then gives design guidelines and robustness analysis
for FROB.

A. Overview of DOB

Frequency-domain DOBs were initially proposed in [26] to
improve the robustness of the controllers for DC servo motor
systems, given disturbances and uncertainties in the system.
As shown in Fig. 9, the lumped disturbance d(s) is written

/publications/ri

hts/index.html for more information.
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2%

Fig. 9: A generic DOB structure.

as [35]:

di(s) =[Gn(s) & G(s) 'y(s) +d(s) + Gn(s) 'n(s)

(M

where d;(s) captures all the disturbance and the uncertainties
in the system. G(s) and G (s) are the physical system and the
nominal model, respectively. y(s) is the system output. d(s) is
the external disturbance. n(s) is the measurement noise. The

Iter Q(s) is used to estimate the lumped disturbance. The
estimated lump disturbance dj(s) is given by:

di(s) = Q(s)d(s) @)

As the estimated lump disturbance is fed back to compensate
the in uence of the disturbance, the output of the equivalent
system considering the DOB is expressed as:

y(8) = Gey(S)e(s) + Gay(s)d(s) + Gny(s)n(s)  (9)

where Gy (S), Gay(s) and Gny(s) are transfer functions from
c(s), d(s) and n(s) to y(s), respectively. In the frequency
range where Q(s) 1, (9) reduces to [35]:

yah Ga(GYHeG!) nGYH

The above representation implies the real physical system is
forced to behave like the nominal system without disturbance

given Q(s) 1.

(10)

B. FROB

As shown in Fig. 9, the input of frequency-domain DOBs
u and ym are internal to the controller. Likewise, Fig. 10
shows that the signals FROB uses are internally from plant
controllers. Therefore, no communication links are needed
during FCS provision. The main difference between the FROB
design and the original frequency-domain DOB design lies
in where the output of the observer goes. The DOB design
adds the estimated disturbance directly to the output of the
controller C(s), leading to the suppression of disturbance and
uncertainty. Here in the proposed FROB design, the estimated
disturbance is added to the input of the controller Cy(s) in
order to compensate the frequency response and avoid control
counteraction.

Fig. 10 shows the generic diagram of FROB, which is
applicable to WPPCs, SPPCs and ESSCs. Asset level includes
controller before FC Ca1, controller after FC Ca», asset
dynamics Ga and asset FC Gg. The input of Gy is the
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Fig. 11: Linearized unity feedback system.

fa

measured frequency deviation fy and the output of Gg is
the FC setpoint Pgy. Output at asset level is the total power
output y, and n represents measurement noise. Plant level
includes plant controller Cp, dispatch function D, and the
FROB. To implement FROB in plant controller, the nominal
model G, and the FROB Iter Q should be obtained. G, is
the nominal representation of G, where G = DCa1Ca2GA,
and can be derived in frequency domain based on benchmark
models provided from manufacturers. The selection of Q will
be covered later in Section I11-C. The combined frequency
response of FFR and FCR is estimated by taking the difference
between y,, and Gpu. Ideally, it is desired that

Y4 =Q(¥m Gnu) Ya PgCa2Ga

Based on Fig. 10, plant controller with FROB is restructured
as a linearized unity feedback system, shown in Fig. 11.
Plant controller with FROB is equivalent to controller C,(s)
reshaped by Q(s) and Gn(s), with a pre Iter ﬁ@) added
to control reference y,. The transfer function from control
reference to output Gy,y(s) is de ned as (12). The transfer
function from FC setpoint to output Gp,y(S) is de ned as
(13). The transfer function from measurement noise to output

1)

Gny(s) is de ned as (14). When the lter Q(s) 1, the
transfer functions are simpli ed into:

Gyvic + THeG (15)

Grayle 1 Ca2Ga (16)

Gyl 1 O 7

It is seen from (16) and (17) that, when Q(s) is close to 1,
frequency response is fully accepted in the closed-loop system,
and measurement noise is completely attenuated. Although the
unity might seem a perfect design for Q(s) for the above
reasons, it would lead to two issues. One is a zero loop transfer

hts/index.html for more information.
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= Cp(s)G(s)
Gyry(s) = 1+ Q(s)Cp(S)Gn(s) Q(S)Cp(s)G(s) + Cp(s)G(s) (12)
= 1+ Q(S)Cp(s)Gn(s)
Gp,y(s) = Ca2(s)GA(s) 1+ Q(S)Cp(S)Gn(s) Q(S)Cp(s)G(S) + Cp(s)G(s) (13)
Gny(s) = (1 Q(s))Cp(s)G(s) ”

1+Q(S)Cp(s)Gn(s)  Q(S)Cp(S)G(s) + Cp(s)G(s)

Algorithm 1 Q(s) Selection
1: Initialize theglgorithm by setting up a general structure for Q(s):
1+ L fps™
Q(S) - 1+

=1 fms™

2: Start the Iter degree n = 1 and choose !¢ to be equal to or
larger than the frequency of measurement noises.

3. Perform bode analysis of Gp,y and Gny, and ne tune !¢, such
that Gp,y has unity gain around the frequency range of frequency
response and Gny has small gain around the frequency range of
measurement noises.

4: Increase the Iter degree by 1 and choose the butterworth Ilter
coef cients while keeping the same !c. Check if Gpy has unity
gain for a wider frequency range, that is, a preferable performance
on frequency response acceptance, and Gny has a smaller gain
for a wider frequency range, that is, a preferable performance on
measurement noise attenuation.

5. If Gp,y and Gny show a better performance with the increased

Fig. 12: FROB design for HPPC.

Iter degree
function, which causes dif culty in robustness analysis. The ~ 5 Repeatstep s
other is that the characteristics of reference setpoint tracking 8 Finalize the design of Q(s) with the original degree.

will be affected by the mismatch between G, and G. Only
when the nominal model is correct (Gn = G) does Gy, y(S)

stay unchanged. Therefore, low-pass Iters have been used for ; Bode F"/Ot of Bode plot of
the design of Q(s). Ve i
FROB for the HPPC is similar to FROB for plant con- 0w/ -100[
trollers, as shown in Fig. 12. The difference lies mainly in //
20 -200

the model being used in FROB to represent the nominal
model of the HPP, Gp, which is a multiple-input single-
output model. The actual HPP dynamics are presented using

the closed-loop transfer functions including both plant level - FROBn=2 360 -~ FROBn =2

X 45 FROBn=3 ~ FROBn=3
and asset level. These closed-loop transfer functions for WPPs, —\_ = NeFros 154 > NoFrOB
SPPs and ESSs are obtained using (12), (13) and (14). A 0 = 4 \;i\\\

similar linearized unity feedback system to Fig. 11 can be
easily derived including HPP level, plant level and asset level.
To avoid redundancy, only plant level and asset level are
considered as the example in the following design guideline
and robustness analysis. Nevertheless, they can readily be
applied to the system including all three levels.

C. Design Guidelines

The design of the Iter Q(s) plays a signi cant role in
the FROB. The main requirement is that Q(s) should be a
low-pass Iter with unity gain for low frequency to accept
frequency response and zero gain for high frequency to
attenuate measurement noise. Unlike the DOB Iter design
[36], [37], no degree requirements exist for the FROB Iter
since there is no inverse of the model. There is an amount of
freedom to select Q(s) as longas Q(j!) 1 in the frequency
range covering frequency response and measurement noise.
The main parameters to be selected for Q(s) are the cut-
off frequency Y. and the Iter degree n. A straightforward

© 2022 |[EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.or /publications/rigihts/index.html for more information.
ekniske Informationscenter. Downloaded on October 31,2022 at 12:36:29 UTC from IEEE Xp

Authorized licensed use limited to: Danmarks

©
c8

——FROBn=1

-300
54

— FROB n =1

Phase (deg) Magnitude (dB)
Phase (deg) Magnitude (dB)

180 g 2 3
o= 10 Frelqouenlgil (I-il%) 10

Fig. 13: Bode plots of transfer functions - Gp,y and Gpy.
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algorithm is developed to select the
Algorithm 1.

Fig. 13 presents bode plots of Gp,y(S) and Gny(s). With-
out FROB being included, Gp,y(s) shows the rejection of
frequency response in low frequency range, which explains
the reason for control counteraction in hierarchical FC. With
FROB being included, Gp,y(s) shows the characteristics of
frequency response acceptance and stays unchanged as the

Iter degree increases. It is also seen that without FROB,
Gny(s) shows a limited performance of measurement noise
attenuation in low and medium frequency range. With a
higher Iter degree, the performance of measurement noise
attenuation has been improved. Therefore, the degree of 3 is
preferable for the design of Q(s).

Iter Q(s), shown as

ore. Restrictions apply.
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Pl gains of plant controllers are selected with the consider-
ation of performance requirements of reference setpoint track-
ing and coordination with other control levels. The bandwidth
of the closed-loop system including plant level and asset level
is selected to be 0.25 Hz and the phase margin is selected to
be 150 .

D. Robustness Analysis

In this subsection, robustness analysis under two scenarios
are considered for the FROB: robustness in the presence of
uncertain parameters and time-varying communication delay.
When uncertainties are considered, it implies that Gnh(s) =
G(s) is invalid.

Inthe rstscenario, assume that asset dynamics has changed
to a different system G4, leading to the actual physical system
Gma different from Gp, which is written as:

Gmi1 = DCa1Ca2Gh (18)

In the second scenario, time-varying communication delay is
introduced between asset controllers and plant controllers as
e TaS as shown in Fig. 10, and Tq is uncertain but is known
to lie in the range [T1, T2]. Communication delay leads to
another physical system Gz, which is written as:

Gmz=¢€ "G =¢ "DCa;Ca2Ga (19)

Based on the perturbation multiplicative model [38], the mag-
nitude bound for system stability in these two scenarios is
written as:

0
MO = 56
My(s) =e Tas 1

(20)
1)

The loop transfer function of the FROB including an asset
controller and a plant controller is derived from Fig. 11:

(1 QE)C(8)G(s)
1+ Q(s)Gn(s)Cp(s)

To check the stability of the closed-loop system in the
presence of uncertain parameters, it should be guaranteed that

L(s) =

(22)

. Lo 1 .

Mi(Dj<j1+ L(j!)j forall ¥ and amin @ @max
(23)

Ma(Dj<jl+ ! jforall Yand T, Tq T2 (24)

LG

Since a and T are uncertain, the magnitude of the LHS of
(23) and (24) are not known. As long as functions W;(s) and
W5 (s) are found, such that

0 (!
jgig '; lj<jwi(g)jforall I and amin @ 8max
(25)
je 'Te dj<jwy(iDjforall Yand Ty Ty T
(26)
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Fig. 14: Magnitude plot of jM;(J 1)j, jWw({!)j and j1+ﬁj.

the robust stability conditions with uncertain parameters and
time-varying communication delay are satis ed by

1

Wighj<jl+ LG !)j for all ! 27)
Wo(iDj<jl+ L(}!)j for all ! (28)

Fig. 14 and Fig. 15 shows magnitude plots for jM(j 1)j,
W@ nj and j1 + ﬁj with two types of uncertainties.
In Fig. 14, it can be seen that, when the actual dynamics
vary around the nominal model, a ngnqtion Wi (s) can be
obtained as the upper bound of jg:(’.:; 1j. Likewise,
consider communication delay between plant controllers and
asset controllers ranges from 0 to 2 sec for a large renewable
power plant [39]. The function W (s) is obtained as the upper
bound of je #'T¢  1j. It is seen in Fig. 15 that the robust
stability condition is met for both scenarios. Also a high
magnitude of j1+ ﬁj indicates the FROB results in a very
robust system.

IV. SIMULATION RESULTS

In order to validate the proposed hierarchical FC approach
as well as the relevant analytical results, three case studies
are carried out using a single-bus power system model with
system parameters shown in [40]. This power system model,
along with a detailed HPP model including the WPP, the
SPP and the ESS and the corresponding controls, is built
in MATLAB/Simulink . Frequency control parameters, as
shown in Table I, are chosen to comply with grid codes and
technical requirements [41], [42]. The rst case study is the
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Fig. 15: Magnitude plot of jM»(j 1j, jW (j 1)j and j1+ﬁj.

TABLE I: Frequency Controller Parameters

FFR controller

Deadband DBEgRr (Hz) 0.3
Activation level (Hz) 49.7
Activation time (sec) 1.3
Support duration (sec) 5

FCR controller

Deadband DBEcRr (Hz) 0.1

Activation level (Hz) 49.9
Droop coef cient Recr (p.u.) 0.05
FRR controller

Activation time (sec) [ 300

benchmark case showing the performance of the proposed FC
on the coordination of three types of FCSs. The comparison
with the centralized implementation is presented in the second
case study. The focus of the third case study is on the
robustness of the FROB when different types of uncertainties
are included in the system.

A. Benchmark Studies

Fig. 16 shows frequency response provided by the HPP
while the HPP tracks power setpoint decided by the HPP
EMS. The under-frequency event is triggered at t = 150 sec
by a heavy load switching-in within the power system. A
secondary FC is initiated by system operator at t = 400 sec.
Fig. 16a presents the case when all the FCSs including FFR,
FCR and FRR are ful lled by the ESS. At t = 150 sec when
frequency dip occurs, the ESS provides a combined frequency
response of FFR and FCR. After system frequency reaches a
new steady-state, the charging power of the ESS achieves a
new steady-state value, since FCR is still activated. At t = 400
sec, the FRR setpoint is sent to the HPPC by system operator,
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and the frequency is restored back to 50 Hz by system-level
secondary frequency response. Meanwhile, FCR deactivates as
frequency deviation reduces to zero.

Fig. 16b presents another case when FCSs are ful lled by
both the ESS and the WPP. According to the active power
reserve dispatch algorithm in [19], the capacity of the ESS
is reserved to provide FFR and FCR, and the WPP runs at
the derated operation to provide FCR and FRR. When the
frequency dip occurs at t = 150 sec, the ESS provides a
combined frequency response of FFR and FCR while the WPP
provides FCR. At t = 400 sec, the FCR deactivates due to fre-
guency restoration, and the charging power of the ESS returns
to the pre-event value. Meanwhile, the WPP participates in
secondary frequency response initiated by system operator via
the contribution of FRR.

The above results show that the proposed hierarchical FC
is effective in coordinating three types of FCSs, namely
FFR, FCR and FRR, during frequency events. Besides, this
approach allows stacked operation of FC and power reference
tracking. Thanks to FROB, no counteraction is identi ed.
More thorough operating scenarios will be considered as future
work to validate the proposed approach.

B. Comparison with Centralized Approach

In the existing work [6], FC has been implemented at the
HPPC. Fig. 17 shows a simpli ed diagram for centralized
implementation of FC. The main difference from the proposed
approach is that the controller for FFR and the FCR is located
at the HPPC and activated by the frequency measured at the
HPP PoC. FC is enabled via active power control from the
HPPC, of which active power setpoint is passed to active
power control of each plant controller. Note that FROB is still
needed at the HPPC to distinguish frequency response from
active power tracking, but is unnecessary at plant controllers.

Fig. 18 presents a comparison between the proposed ap-
proach and the centralized approach in terms of the perfor-
mance of FFR and FCR provision. The communication delay
Tqy is assumed to exist between asset controllers and plant
controllers and to lie in the interval between 0 sec and 2 sec.
Four values are selected: 0.0 sec, 0.1 sec, 1.0 sec and 2.0 sec.
It is seen in Table Il that with no or small communication
delay, frequency response via the proposed approach and
the centralized approach are comparable. However, for larger
communication delay like 1 sec or 2 sec, the centralized
approach provides a delayed frequency response that doesn’t
meet technical requirement of FFR and FCR [41], [42].
On the contrary, the proposed approach provides the same
level of frequency response regardless of the communication
delay. It is interesting to note that even if there is negligible
communication delay, time constant of frequency response
via the centralized approach is still larger than the proposed
approach. It is because limited control bandwidth of plant
controllers slows down frequency response in the centralized
approach.

C. Study on FROB Robustness

In order to investigate the robustness of FROB, three types
of uncertainties are considered in this subsection. The rst
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(@) Only ESS participates in FCS provision with HPP power
reference equal to 0.9 p.u. and HPP power reserve reference equal
to 0.05 p.u.

(b) Both WPP and ESS participate in FCS provision with HPP power
reference equal to 0.84 p.u. and HPP power reserve reference equal
to 0.10 p.u.

Fig. 16: FCS provision of an HPP during an under-frequency
event.

type is uncertainty in system parameters. The second type
is a random malfunction, which is unknown to the plant
controller, of FC at asset level. The third type refers to
time-varying communication delay between asset controllers
and plant controllers. Either type of uncertainty leads to a
nominal model G (s) that doesn’t represent the actual system
G(s). For simplicity purpose, only asset controllers and plant
controllers are included in this study. However, the conclusion
also applies to the case when the HPPC is considered.

To evaluate the performance of FROB, ideal responses of
FFR and FCR are de ned by the performance obtained from
an open-loop plant controller. When the plant controller is
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Fig. 17: Centralized implementation of hierarchical FC.

(@) Taq = 0.0 sec. (b) Tq = 0.1 sec.

(c) Tq = 1.0 sec. (d) Tq = 2.0 sec.

Fig. 18: Performance comparison of FCS provision between
the proposed approach and the centralized approach consider-
ing communication delay.

open-loop, there is no counteraction between asset controllers
and plant controllers during the frequency event. Another
coordination strategy to avoid counteraction is to estimate
the total frequency response from asset controllers using FC
settings that are made available to plant controllers, plus the
frequency measured at the plant PoC. In the following studies,
the above-mentioned strategies are named Strategy #1 and
Strategy #2, respectively. The proposed approach is named
Strategy #3.

1) Impact of uncertain system parameters: The HPP might
have several parameters that are constants but uncertain within
a range. When actual parameters deviate from the nominal
values used in the FROB design, the performance of FROB
should be investigated. For example, control parameters of
an asset converter vary around a nominal value that is used
to construct the nominal WPP model for the FROB. Here,
uncertainties in parameters are considered as:

1=Te msc 2[0:001;0:1]; 2 =Ky _pc_msc 2 [0:05;0:15];
3 =Kj_pc_msc 2[5;15]; 4 =Tcc_gsc 2[0:001;0:1];

5= Kp_ve asc 2 [7:5;22:5]; 6= K; e asc 2 [75;225]:
(29)
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TABLE II: Impact of Communication Delay on Frequency
Response Provision

Rise Time (sec)

Comm Delay Ta (5¢€) | pistributed | Centralized

0.0 1.9 2.9
0.1 1.9 2.9
1.0 1.9 3.4
2.0 19 4.6

(a) upper bound uncertainties. (b) lower bound uncertainties.

Fig. 19: FROB robustness considering uncertain system pa-
rameters.

where Tec_msc IS time constant of current control of machine-
side converter, Kp_pc_msc and Kj_pc_msc are proportional
and integral gains of power control of machine-side converter,
Tec_esc IS time constant of current control of grid-side
converter, Ky vc gsc and K yc gsc are proportional and
integral gains of DC-link voltage control of grid-side converter.
Fig. 19a and 19b shows frequency responses for upper and
lower bound uncertain systems. Strategy #3 always provides
frequency response identical to the ideal response (Strategy
#1). On the other hand, the deviation of system parameters
causes the failure of estimating frequency responses from asset
controllers using Strategy #2. Thus, FROB shows robustness
over uncertain systems.

2) Impact of unknown FC malfunction: It happens when
FC at some assets fail to respond to frequency dips due to
device malfunction. When the failure is unknown to plant
controller, whether frequency response is properly coordinated
across control hierarchy needs to be investigated. Fig. 20
shows that frequency response from Strategy #3 adaptively
coincides with that from Strategy #1. It implies that FROB is
robust in estimating the total frequency response, regardless of
what percentage of assets experience FC failure. Meanwhile,
frequency response from Strategy #2 indicates that the total
frequency response from all the assets is overestimated by
plant controller because plant controller has not been noti ed
of those malfunctioning units.

3) Impact of time-varying communication delay: The exact
value of communication delay between asset controllers and
plant controllers is uncertain, and the interval 0 T4 2sis
used. Fig. 21 shows frequency response considering T4 equal
to 0.0 sec, 0.1 sec, 1.0 sec and 2.0 sec. While Strategy #2
experiences instability issues with large communication delay,
there is no stability issue observed from Strategy #3, which
in all cases provides the identical frequency response to that
of Strategy #1. Although tuning control gains could be an
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Fig. 20: FROB robustness considering unknown FC malfunc-
tion.

(@) Tq = 0.0 sec. (b) Tq = 0.1 sec.

(c) Tq = 1.0 sec. (d) Tq = 2.0 sec.
Fig. 21: FROB robustness considering time-varying commu-
nication delay.

option of resolving instability for Strategy #2, it could still be
challenging to obtain a set of control gains accommodating
time-varying communication delay. With the FROB integrated
into plant controllers, control gains can be kept the same as
those designed for cases without communication latency. This
characteristic shows the superior performance of the FROB
regarding robustness against time-varying communication de-

lay.

V. CONCLUSION

This paper proposes an innovative hierarchical FC approach
that enables HPPs to provide FCSs. The proposed approach
coordinates not only among multiple technology power plants
but also across control hierarchy. Fast FCSs like FFR and FCR
are implemented at asset level while slow FCS such as FRR
is implmented at plant level and HPP level. A novel observer
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called FROB, which is inspired by frequency-domain DOBs, is
developed to estimate the total frequency responses activated
by asset controllers, for the purpose of avoiding control coun-
teraction. In this way, the proposed approach accommodates
state-of-the-art fast FC designed at asset level, coping with the
increasingly demanding technical requirements. From the case
studies performed, it is evident that the proposed hierarchical
FC approach using FROB provides coordinated FCSs even
when there are system uncertainties, such as uncertain control
parameters, unknown malfunction or time-varying commu-
nication delay. Application of the proposed hierarchical FC
approach in power plants adopting other inverter-based or
synchronous generation technology are under further research
and development.
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