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Abstract—Modern power systems require an additional supply
of fast-frequency reserves to cope with the reduction in overall
system inertia and damping caused by the increasing share of
inverter-interfaced generation. Batteries are commonly referred
to as the most promising option to provide such reserves due
to their fast activation capabilities. In this work, we show
that inverter-interfaced thermal loads, i.e. heat pumps and
refrigeration, tend to accommodate a slightly quicker response
than batteries and can thus compete with their dynamic charac-
teristics. To this end, we derive characteristic single-input single-
output transfer functions that describe the linearized response of
different technologies and include detailed load characteristics.
The performed time-domain studies for a low-inertia scenario
clearly show that thermal loads can improve frequency damping
to the same extent as batteries.

Index Terms—Fast-frequency reserve, low-inertia systems, de-
mand side resources, variable speed drives, batteries

I. INTRODUCTION

The increasing share of converter-interfaced generation in
power systems imposes challenges on the operation of such
low-inertia systems. One of them is the presence of fast
and often underdamped frequency dynamics that increase
the need for rapid frequency regulation [1]. Even though
various generation and load technologies have been proposed
for providing fast-frequency reserve, batteries are commonly
thought of as the most promising candidate [2].

As variable speed drive (VSD) technology is emerging
in thermal loads such as heat pumps, refrigerators and air
conditioners, recent literature suggests benefits from their con-
tinuously controllable operation range. Several studies propose
different control options for frequency support from induction
machine based thermal or industrial loads. In particular, [3]
estimates the potential for reserve provision with industrial
induction machines in Great Britain, whereas [4] proposes a
control scheme for VSD air conditioning. Furthermore, [5]
extends the approach in [3] and uses an adaptive strategy to
avoid regeneration of the motor while supplying frequency
droop control. Recently, [6] developed an inertia emulation
scheme for general smart induction motor variable frequency
drives, while [7] suggested a virtual inertia control scheme
specifically for heat pumps. The latter includes a small-
signal model for heat pumps and a detailed representation
of load side characteristics. Similar modeling for VSD-based
refrigeration driven by a brushless DC motor (BLDC) has
been proposed in [8]. While most of these papers exploit the
improvements achieved through their control algorithms and
study underlying stability regions, none of them assess po-
tential restrictions from the thermal dynamics or compare the
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obtained frequency response to other fast-frequency reserve
supply technologies such as batteries.

In addition, the damping contribution from demand-side
resources has received little attention in current literature.
Even though the work in [9] was motivated by the increasing
share of controllable loads in smart grids, it focuses on the
impact of the load-damping coefficient in linear frequency
studies without modeling the loads as such. Nonetheless, this
work emphasizes the importance of accurate inclusion of
load damping contribution for frequency stability. The studies
performed in [10] included a more detailed load model, but the
applied demand response scheme is limited to load shedding.
It does neither incorporate technology-specific models nor
continuously controllable methods.

This paper tackles the topic by assessing whether the fre-
quency reserve supplied by VSD thermal loads is compatible
with the one offered by batteries. The contributions of our
work are threefold:

« We formulate simple Single Input Single Output (SISO)
transfer function models for thermal demand response
technologies and battery systems suitable for small-signal
frequency stability studies in low-inertia power systems.
Since VSD heat pumps (VSD-HP) and VSD refrigeration
(VSDR) employ different motor types, these two have
been selected as representatives for thermal loads.

o« We showcase and compare the practicality of thermal
demand response technologies in damping frequency
oscillations in inverter-dominated systems.

« We compare the fast-frequency response contribution of
VSD-HP and VSDR technology to batteries.

The remainder of the paper is structured as follows: In
Section II, we present the system modeling encompassing the
derivation of SISO transfer functions for VSDR, VSD-HP and
battery (BESS) unit. Section IV demonstrates the time-domain
performance of the different reserve options on several case
studies, whereas Section V concludes the paper.

II. SYSTEM MODELING

The demand response technologies considered in this paper
include variable speed thermal devices, i.e. a refrigerator and
a heat pump, as well as a battery (BESS). An overview of the
implemented system for linear frequency response studies is
shown in Fig. 1. The respective colors and transfer functions
indicate the contribution of the considered demand response
technologies.

The considered grid equivalent exhibits fast frequency dy-
namics and accounts for traditional primary frequency reserve
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Fig. 1. Block diagram of the linearized small-signal test system.

provision simultaneously. The primary response block dia-
gram in Fig. 1 was previously proposed in [11] and provides a
suitable grid equivalent for summarizing the effects of inertial
response and primary frequency control of an external system
with simple transfer functions. As a result, the frequency
dynamics can be adjusted and controlled by tuning the time
constants (7,,T,), the system inertia H and the primary
frequency droop constant Rj.

In addition, Fig. 1 suggests that the contribution of the
demand response technologies can be split into three separate
components as:

AP, A&, AP AP, 0
Aw, Aw, AL, AP;
—— —— ——

PLL specific Control specific ~ Device specific

where Aw, is the estimation of the grid frequency Aw,, AP}
is the active power reference and AP, is the actual terminal
power of the technology z.

As this study aims to assess the differences in internal
dynamic performance imposed by the load characteristics
of the technologies themselves, all devices have the same
synchronization and frequency control schemes. Thus, the first
two contributions to each technology’s overall transfer func-
tion will be exactly the same. The remainder of this section
will first detail the synchronization unit and control scheme
modeling before considering each technology separately.

A. Synchronization Unit

For grid synchronization, standard synchronous reference
frame phase-locked loops (SRF-PLL) are employed. This con-
figuration is currently one of the simplest and most commonly
used for various converter interfaced applications [12]. Even
though low-power refrigeration is connected via a single phase
to the grid, the resulting difference in the phase-detection
scheme is omitted in the presented work to focus on the

load-side dynamics. In particular, the phase detectors within
the PLLs are assumed to operate ideal, independent of the
actual method installed. The frequency for each of the three
technologies is estimated as presented in [13]. The transfer
function G'py is characterized by the proportional and integral
controller gains ky, i, k; pi; and the base frequency wy. The
estimated frequency Aw, tracks the grid frequency Aw, as
follows:

sz _ wb(kpplls + ki,pll)
Awg s2 + wbkp,plls + wbkw”

Gpn = 2

B. Frequency Control Scheme

Due to the focus on comparing the inherent dynamic
behavior of different demand response technologies rather
than assessing control strategies, the same standard frequency
droop controller is employed for all three investigated tech-
nologies. Therefore, the required change of active power A P}
for a technology x is proportional to the estimated frequency
deviation Aw,,, described by the transfer function of the form

AP} = d;Aw,, 3)
with d; being the frequency droop gain.

III. DEMAND RESPONSE TECHNOLOGIES

This section presents the transfer function models for each
of the studied demand response devices. While the heat pump
model is taken from [7], the battery and VSDR models are
obtained by simplifying the set of differential algebraic equa-
tions (DAEs) presented in [14] and our previous work in [8],
respectively'. Nonetheless, the modeling of each technology
requires certain assumptions. Besides considering the small-
signal model to be valid, it is assumed that no limits of the
converter interface and system components are reached, which
is reasonable for adequate frequency droop control gains.
In particular, neither will the thermal loads be switched off
during operation nor will the battery shift into discontinuous
conduction mode.

A. Variable Speed Refrigeration

The considered refrigeration unit is based on a brushless DC
motor (BLDC) that allows for variable speed operation of the
compressor. The latter extracts the heat from a refrigeration
chamber. The motor is connected to the grid via two back-
to-back converters that permit the control of the BLDC’s
rotational speed, thus allowing continuous manipulation of
the active power consumption. To formulate a SISO-transfer
function, the non-linear model presented in [8] and depicted
in Fig. 2 is simplified and linearized. Since the goal is to
find a transfer function capturing the active power change
following a frequency disturbance, several assumptions were
made: (i) The active power change at the terminal p, is
solely determined by the power change following a change
in the rotational speed of the motor w,, in the refrigeration
unit. Therefore, the DC-link dynamics are negligible. (ii) The
rectifier controls, i.e. the DC-voltage vq4. and terminal current

INote that, to enhance the readability of the notation, identical symbols will
be used to denote some of the quantities within the individual technologies,
e.g. the symbol H will refer to the motor and compressor inertia constant of
that particular device. Besides, linearized variables are labeled with A.



iy control, have a fast tracking performance that does not
significantly influence the overall change in active power.
Thus, they are negligible and the power factor at the terminal
is unity. (iii)) The rectifier and inverter operate losslessly.
Thus the power at the AC terminals equals the DC link
power and the BLDC motor power. (iv) The temperature
control dynamics are significantly slower than those associated
with the supply of fast-frequency reserve. Moreover, the
activation time will not affect the refrigeration compartment’s
temperature T significantly. Thus it is neglected. Nonetheless,
the temperature dynamics govern the initial quasi-steady-state
operation point. As a result, the final VSDR model includes
the active power and inverter controllers, the BLDC and the
compressor dynamics, as indicated by the green box in Fig. 2.
Note that the inverter controls consist of cascaded rotational
speed and motor current loops. Furthermore, the equality
Pt = Pfr = Pdc holds.

The active power control loop processes the active power
reference A P from the frequency droop controller, compares
it to the measured terminal power APF,¢ and computes the
required change in BLDC’s rotational speed Awy;, as

Aw?, = (kpp + kips ™) (APE — APyy) 4)

where kp, and k;, are the proportional and integral active
power control gains. Subsequently, the speed setpoint is
passed to the cascaded speed and current PI-control loops
of the inverter controls that output the required BLDC motor
voltage vy,. Assuming good tracking performance of the inner
current control loop, the motor current can be formulated as:

kpr + kiw
s(tes +1)
with k., and k;,, being the proportional and integral speed
control gains, respectively, and 7, denoting the time constant
of the current control loop.

The BLDC voltage equation relates the line voltage Awv,,
to the motor current and rotational speed via

Ay, = (Awy;

m

—Awp,), 5)

Av,, = (fjs + ra> Aiyy + ke Awpy,, (6)
b

where ({,,7,) are the motor armature inductance and resis-

tance and k. is the motor back electromagnetic force constant.

Furthermore, the motor swing equation relates the change in

motor current Ai,, and compressor load torque AT, to the

motor speed:

Aw. — kDN, — AT ky
™ 2Hs+b _2Hs+b+%

Aig,  (7)

with k; being the motor torque constant, H the motor and
compressor inertia and b the friction coefficient.

Assuming lossless conversion in the inverter unit and using
the voltage equation in (6) as well as the swing equation in
(7), the DC-link and thus refrigerator power Py = vy, %, are
expressed as a linear function of the motor current:

APy
Aim

imOkekt
2Hs+ b+ AA% .

l
= Umo + tmo (S + Ta) + ®)
W

The load torque in (8) is related to the rotational speed of the
motor by I'. = w,,,p., where p. is the power consumed by
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Fig. 3. Block diagram of the variable speed refrigerator transfer function.

the compressor. In [8], the compressor power was observed
to follow a first-order transfer function

o = azwfn + aiw,, + aO. )

Tps+1
The coefficients a; and time delay 7, can be estimated from
data sheets provided by manufacturers and were obtained
in [8]. Linearizing and combining the torque and power
expressions yields the transfer function of the compressor as:

2awmo + ay
s+l
Finally, the DC-link power is measured and fed back to

the power controller. The low-pass filtered power AP is
obtained as:

(10)

Y

From (4)-(11), the transfer function of the VSDR shown in
Fig. 3 can be completed.

A}D]pf = (T]pfS —+ 1)71 APfr.

B. Variable Speed Heat Pump

In general, a VSD-HP operates similar to the VSDR as
displayed in Fig. 4, with the major differences to a refrig-
erator marked in blue. In particular, HPs employ induction
motors (IMs). Thus, the VSD no longer controls the motor and
compressor’s speed (C) directly but manipulates the torque by
employing a standard vector control technique. A complete
transfer function model for a VSD-HP to supply inertia control
was published in [7] and is described below.
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Fig. 4. Overview of the variable speed heat pump control scheme.

In accordance with the assumptions made for the refriger-
ating system, the following applies for the heat pump: (i) The
thermal room dynamics are significantly slower than the grid
dynamics of interest and thus can be neglected. Nonetheless,
they determine the initial operating conditions. (ii) Both the
inverter and rectifier are lossless and the rectifier controls
ensure a power factor of unity. Thus the active terminal power
equals the active power drawn from the motor.

As a result, the transfer function for the heat pump dis-
played in Fig. 5 is obtained. In particular, the IM is controlled
by a sequence of power and internal vector torque control. The
former compares the required active power deviation AP
established by the frequency control scheme to the measured
terminal power APj,s computed as in (11), and provides
the electric torque reference AI'; by employing proportional-
integral control with the gains k,, and k;p:

ATS = (kpp + kips™') (AP}, — APpg) . (12)
The inner control first transforms the torque setpoint into
a current reference by synchronizing a rotational reference
frame with the rotor field of the IM. As a result, the stator
current reference Ay, is proportional to the reference torque.
Assuming good tracking of the subsequent g-axis current
control, the stator g-axis current Aig, is given by

1 2(1+ 0y)

Aigy = ) AT (13)
> Tes + 1 3 mimr e’
——
isq-control reference transformation
where 7. is the delay of the PI-current control, ¢, and i,

are the magnetizing inductance and current, respectively, and
o= fm, with ¢, denoting the rotor inductance.

The motor electric torque AT, follows from the IM dy-
namics and can be expressed in terms of the stator current by

applying the back-transformation:

3£m7/m7'

AT, = otmbmr A;
¢ Yo, +1)

(14)

The effect of the electric and compressor torque on the speed
of the IM are determined by a swing equation

AT\ 7!
Aw,, = ( Awm) AT,.

(15)
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Fig. 5. Block diagram of the variable speed heat pump transfer function.

Due to the lossless operation of the VSD and the motor g-axis
voltage equation, the active power is formulated as:

£,
A]th = SAqu |:qu0 < bs + 7aa) + U5q0:| + 3€sisq0istAwma
(16)

where ¢, = /, ,éi andr, = rs+7= g = are machine constants,
and (rg,l) denote the stator parameters

Similar to the refrigerator, the dynamic heat pump and
compressor models are formulated in terms of a transfer
function [15]. Following a change in rotational speed Aw,,,
the torque change AT, is described by

Nw1S + Mwo
Al = [ -~ = 7Y
¢ (52—|—dw15+dw0

where the parameters d,, and n,, are obtained from [15] by
using a polynomial regression algorithm. This step completes
the VSD-HP transfer function depicted in Fig. 5.

- PcU) oJmO_lAWma (17)

C. Battery

The battery model is based on the DAE model presented in
[14]. In general, the control scheme shown in Fig. 6 signifi-
cantly deviates from the one for the thermal loads, since the
load is only indirectly activated. The battery connects to the
grid with a sequence of a rectifier and a buck-boost converter.
While the control objectives for the first stage are to control
the terminal power (p*, ¢*), frequency w, and voltage v, as is
common for voltage source converters (VSCs), the control of
the second stage ensures a stable DC-link voltage v4.. Thus,
if the terminal power reference changes, the rectifier controls
will increase the current drawn from the DC-link 7., and
the DC-link voltage will drop, causing the DC-DC-converter
controls to draw more current ¢, from the battery. As a result,
the transfer function is split into an AC-side and a DC-side
contribution:

A]Dbat o Aiout AF’bat (18)
APy, AP];*at Adgut

The AC-side relates the required terminal power change
APy, to the required DC-current Adqy, whereas the DC-
side contribution includes the battery and DC-link dynamics
to obtain the power change AP, ;. For our formulation to
be valid, the following assumptions apply: (i) The change
in active terminal power is determined by the power drawn
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Fig. 6. Overview of the battery control scheme.

from the battery. (ii) The VSC inner control loops have good
tracking performance. (iii) The conditions presented in [14]
hold so that a zero-order model can capture the internal battery
processes. (iv) The DC/DC-converter operates in continuous
conduction and discharging mode.

As a result, the battery transfer function of the DC-side
model includes all of the components indicated in purple
in Fig. 6, and is described by the following algebraic and
differential equations in (19) and (20), respectively:

Vp = Uoe — Tplb (19a)
Vdclin = Uplp (19b)
ide = kpo(Vic — Vac) + kivpto (19¢)

d = kpe(ife + iout — Gin) + Kicfli (19d)
Pyat = vaclout (19¢)
i =5 (o = (1= d)oac) (202)

Vde = :Tb (i — Gout) (20b)

fly = Ve — Vde (20c)

fti = e + dout — bin- (20d)

For a detailed description of the modeling process and param-
eter declaration, we refer the reader to [14].

A SISO transfer function with the desired input and output
variables Gpc_pat can be derived by linearizing and trans-
forming the DAE model into its state-space representation and
from this derive the transfer function as follows:

&= Ax + Bu, y=Cx+ Du, 21)
APy,

Gpc—bat = Al LI C(sI —A)™'B+D. (22)
out

To obtain a transfer function with the desired input and output
parameters, the input w is the DC current drawn from the
rectifier i,y and the output y is the battery power P;,¢, while
the state vector z includes the battery current ¢;, DC-link
voltage vq., and the voltage and current integrator states i,

He-
The current drawn from the AC side can be formulated as
APr 1
foup = —2ab ——— (23)
vy, TS+ 1
N——

compute 7,y YSC control

where 7. is the time constant of the slowest and outermost
inner control loop of the VSC. Combining (22) and (23)
finalizes the formulation of the BESS transfer function.

IV. TIME-DOMAIN CASE STUDIES

This section examines the system response for different
configurations of fast-frequency support from the introduced
demand response technologies. The system configurations
considered in the case studies are defined in Table I. The
chosen refrigeration capacity of 3% is comparable to the
actual share of residential cooling loads in electricity con-
sumption of Switzerland [16], [17]. Note that achieving the
same power contribution from different technologies requires
different aggregation sizes, i.e. considering the nominal power
displayed in Table II, 60 000 VSDR units, 3000 VSD-HPs and
30 battery systems are required in total.

For each case study, the system is subjected to a step
decrease in system load power of AP, = —0.1p.u. at time
instance of ¢ = 0s. Some of the system parameters are
defined in Table II, while all remaining technology-specific
parameters and the initial operating conditions were taken
from the corresponding literature in [7], [8], [14].

The results displayed in Fig. 7 indicate that the system is
slightly underdamped for the base case scenario and exhibits
a frequency nadir of 1.05Hz. By adding any of the fast
reserve response options, the frequency damping is signif-
icantly increased independent of the activated technology.
More specifically, each of the three technologies is capable of
reducing the frequency nadir by 0.2 Hz and thus enhancing the
primary frequency reserves during transients. Nonetheless, the
rate-of-change-of-frequency (RocoF) remains constant as well
as the response time and steady-state frequency deviation.

Fig. 8 compares the different technologies during the tran-
sient response phase. Even though the performance is similar
for all technologies, thermal loads tend to outperform the

TABLE 1
OVERVIEW OF PERFORMED CASE STUDIES.

Capacity of Demand Technology

Case Study Identifier in % of system load

VSDR  VSD-HP BESS
1 0 0 0
2-FR 3% 0 0
2-HP 0 3% 0
2-Bat 0 0 3%

TABLE II
SYSTEM PARAMETERS. ALL OTHER PARAMETERS WHERE TAKEN FROM
[71, [8], [14] AND TRANSFORMED TO THE PER UNIT SYSTEM.

Grid Equivalent Pll
H 0.5s kp,pll O4pu
Ry 0.02p.u. i,pll 4.69p.u.s_1
Dy 0.2p.u. Frequency Droop
T, 0.5s dy 50 p.u.
Tp 9s Nominal Power
base power 200 MW VSDR 0.1kW
base frequency 50 Hz VSD-HP 2kW
BESS 200 kW
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batteries slightly and are undeniably capable of supplying a
competitive response. Moreover, thermal loads show faster
activation and result in a lower frequency nadir.

In conclusion, the two thermal loads, more precisely VSDR
and VSD-HP, show little deviation in their response despite
the different motor types and internal control loops. Both load
models slightly outperform the reserve supplied by batteries
for the selected operation point, and hence are justified al-
ternatives for the supply of fast-frequency support. However,
the effect of the converter and motor limits, as well as the
initial operating condition on the effectiveness of the reserve
remains to be studied.

V. CONCLUSION

This paper compares the fast-frequency response provided
by VSD thermal loads to the one offered by batteries. There-
fore, SISO transfer function models that include detailed load
dynamics were developed for each of the technologies. The

conducted case study not only confirms current literature on
the practicality of VSD-based thermal loads for fast-frequency
reserves but also suggests that even with proportional control
a small fraction of system load has a significant potential to
enhance frequency damping.

The thermal loads under investigation showcased similar
frequency responses. In particular, the frequency nadir was
significantly reduced while RoCoF and steady-state frequency
deviation were not affected. Comparing the thermal loads
to batteries, the former accomplish a higher reduction of
frequency nadir, while batteries show a delayed response.

The converter, motor and battery limits remain to be added
for a follow-up study. Besides, the availability of the re-
sources, e.g. the seasonality in heat pumps, should be included
when discussing the technologies’ usability in a larger scope.
Nonetheless, the results based on linear modeling already
indicate that thermal loads are as capable as batteries for
supplying fast-frequency reserve.
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