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Abstract—Besides batteries and renewable generation, ther-
mal loads have been suggested in the literature as a potential
solution to cope with the acceleration of power system dynamics
caused by replacing conventional generators with inverter-
interfaced units. While several models and control schemes
exist, a general model suitable to represent different thermal
load types with acceptable accuracy is missing. In this work, we
derive a universal thermal load model capable of representing
heat pumps, air conditioners, and refrigeration systems based
on induction machines, brushless DC motors, or permanent
magnet synchronous machines. To this end, we include detailed
grid- and load-side inverter controls, a DC motor equivalent,
and adequate load-side thermal dynamics. The performed
time-domain studies for a low inertia system demonstrate the
accuracy of the proposed universal model scenarios.

Index Terms—Demand side resources, variable speed drives,
low-inertia systems, differential-algebraic equations, dynamic
load modeling

I. INTRODUCTION

One challenge arising from the increasing share of re-
newable energy resources in modern power systems is the
decline in system inertia and damping caused by replacing
conventional synchronous machines with inverter-interfaced
renewable resources. The literature proposes several solu-
tions to cope with the resulting faster frequency dynamics.
Besides batteries and inverter-based generation, recent re-
search investigates control schemes for single or variable
speed thermal loads to provide ancillary services in inverter-
dominated systems [1].

The proposed continuous control schemes usually employ
a droop control or virtual inertia emulation technique on a
specific type of variable speed thermal load. For example,
[2-4] develop models and control algorithms for variable
speed heat pump systems, whereas [5] develops frequency
support schemes for inverter air conditioning systems. Like-
wise, droop control with variable speed refrigeration is
proposed in [6].

While most of the recent research focuses on the control
design, the applied models differ in complexity. In [7-10],
basic motor models that solely consider the motor efficiency
are coupled with first- or second-order thermal dynamic
models. Neglecting the inverter controls is appropriate for
voltage stability studies but eliminates the fast controls dom-
inant in frequency stability of inverter-dominated systems.
Shorter time scales are included in [4, 11]. The authors
develop advanced linear transfer function models for heat

pumps that include motor and load-side inverter dynamics.
Similarly, [2] proposes a detailed thermal network model and
couples it to a transfer function motor and inverter model,
and a detailed differential-algebraic equation model for sta-
bility studies with refrigeration systems is developed in [6].
Despite the numerous approaches, the representations either
lack generality, are only suitable for one specific thermal
load type, or apply simplifications that are insufficient for
frequency stability studies.

The lack of a universal approach is addressed in [12-14],
where high-order models for variable speed drive (VSD)-
interfaced induction machines (IMs) that connect either
constant or quadratic torque loads to the grid are de-
veloped. Despite the accurate representation of VSD and
motor dynamics, the authors completely neglect the load
side dynamics in order to adapt the model to any IM-
based load. However, thermal loads are not always based
on induction machines. For efficiency enhancement, the in-
dustry progressively employs brushless DC motors (BLDCs)
and permanent magnet synchronous machines (PMSMs) for
heating and cooling applications [15, 16].

This paper addresses the requirement for a universal load
model needed for large-scale dynamic system studies of fast
demand response in inverter-dominated power systems. As
such, the contributions of the presented work are three-fold:

« We derive a universal thermal load model representing
thermal loads of different types, i.e., heat pumps, air
conditioners, and refrigeration systems, with sufficient
detail for stability studies in low-inertia systems.

« Furthermore, the suggested model can express motor
dynamics of IMs, BLDCs, and PMSMs. While mild
assumptions that usually hold for heating and cooling
applications are necessary to generalize the motor and
inverter control sub-models, the grid-side rectifier con-
trols, AC- and DC-side electric circuits are included
with high detail.

« For each motor class, the universal model is compared
and validated against a detailed representation in an
infinite bus setup. The universal and detailed models
are connected to a standard frequency droop control
and a basic dynamic grid equivalent to illustrate and
compare the impact on grid frequency.

The remainder of the paper is structured as follows: In
Section II, we shortly discuss the limitations and recom-
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Fig. 1. Overview of the universal thermal load model.

mended use of the presented model. Then, Section III for-
mulates the universal thermal load model, while Section IV
demonstrates its accuracy through time-domain simulations.
Additionally, the exemplary droop-control technique and
applied grid equivalent are discussed. Finally, Section V
concludes the paper.

II. APPLICATION, RECOMMENDED USE AND
LIMITATIONS

The suggested universal thermal load model is suitable to
represent VSD-interfaced refrigeration, heat pumps, and air
conditioning systems. However, several limitations apply due
to the control algorithms and the mild assumptions required
to arrive at a universal formulation.

The model is applicable to a unit with bi-directional,
controllable front-end drives capable of controlling the DC-
link voltage and the grid current, because it is necessary
to control the power factor at the terminal. However, by
adjusting the rectifier controls the model can be adapted for
self-commutated front-end drives.

Even though the motivation was to apply the model
in large-scale small-signal stability studies of inverter-
dominated systems, it is not limited to this use case. For
example, adding limits on the inverter and rectifier currents
and the rotational speed or varying the power factor setpoint
at the terminal provides a suitable formulation for transient
and voltage stability studies.

In this work, we employ a basic frequency droop control
scheme and synchronization technique to illustrate and val-
idate the model’s performance in case studies. Nonetheless,
any synchronization, frequency, or voltage control scheme
can be connected to the model as long as it acts on the
external setpoints, i.e., the rotational speed or torque of the
motor, the terminal power factor and the DC-link voltage.

IIT. UNIVERSAL VSD THERMAL LOAD MODEL

In Fig 1, a thermal unit is connected to the grid via a VSD
and a motor. The grid-side rectifier maintains the DC link
voltage vq. and the power factor of the unit. On long time
scales, the inverter controls manage the temperature in the
controlled chamber by adjusting the motor’s rotational speed.
During power system transients, the synchronization unit,
for example a phase-locked loop (PLL), detects a deviation
from nominal frequency and passes it to the frequency
droop controller. The latter computes a new terminal power
reference p and forwards it to the power controller. Then,
the steady-state rotational speed reference w,, is adjusted to
achieve the required power change at the terminal.

The remainder of this section derives the universal VSD
thermal load model in detail. The following conventions
apply: First and second-order derivatives are denoted by
z and Z, respectively. The AC-side is formulated in a
synchronously-rotating reference frame (SRF). Thus, AC-
side quantities are denoted with x99 = x¢ + jxz9. While
external system setpoints are marked by x*, internally com-
puted references are indicated by .

A. Variable Speed Thermal Load

The thermal load comprises a controlled thermal chamber
and a thermal cycle. Depending on the operation mode,
i.e., cooling or heating, heat is either discharged from the
chamber and transferred to the ambient or vice versa. Even
though accurate models for thermal dynamics are available,
they exceed the scope of the presented universal model. For
dynamic grid studies, fast thermal dynamics are of primary
interest. Thus, similar to the work in [4, 6], the applied
thermal model includes the compressor and temperature
dynamics within the chamber but neglects components that
operate on longer time scales such as the temperature con-
trol, the evaporator and condenser. An overview of the VSD
thermal load model is depicted in Fig. 2 and mathematically
described in the following.

1) Thermal Chamber: In literature, equivalent thermal
parameter (ETP) models for power systems ancillary ser-
vice applications are either first- or second-order models
[5-10,17]. Even though the work in [9] demonstrates higher
accuracy for a second-order model, a first-order differential
equation is used in this work since the focus is on fast
time scales and an equivalent model can be achieved by
appropriately chosen parameters, as discussed in [9]. Thus,
the temperature in the thermal chamber T, is described by

Tc =C! (Um (To - Tc) - QC) ) (D

where T, denotes the ambient temperature, C' and U,
express the thermal mass and the heat conductance, and g,
represents the heat transferred from or to the chamber by
the thermal cycle. The latter is either positive or negative,
depending on the operation mode.

2) Variable Speed Compressor: Inspired by the dynamic
model of variable speed heat pumps in [2], the dynamics



of the compressor torque I'. and the heat transfer g. are
represented by the following mathematical representation:

COP = ngfn + crwpm + co, (2a)
Lo = Loy (bow?, + biwm +bo) (2b)
qeo = COP I'eo wip, (20)

Ge = nquo - d(ch - dgqc, (2d)
Lo =ngTeo — diTe — dyge. (2e)

Despite the linear torque relationship revealed for com-
mon variable speed compressors in [2], (2b) considers the
steady-state torque I'y as a second-order polynomial with
parameters b; and nominal torque I';,. Correspondingly,
the presented model is capable of representing different
compressor types. Similarly, the coefficient of performance
COP is a second-order polynomial with parameters c;. The
transient response for the heat transfer g. and compressor
torque I'. are second-order differential equations. All of the
required parameters can be fitted with data sheets provided
by thermal load manufacturers or by applying more detailed
thermal models, such as [18].

B. Motor, Inverter and their Control

Since thermal loads operate with different motor types,
a universal model requires the capability to represent all of
them accurately. Preferably, the motor type can be switched
without modifications. Thus, we employ a universal model
that represents BLDCs, PMSMs, and IMs as DC machines.
This section first presents the universal model considering
a BLDC and then lists the required modifications to model
PMSMs and IMs.

1) Universal Model: Fig. 3 depicts the universal motor
model and its controls. The motor control receives a speed
command w,,, from the outer control loop and computes the
reference for the torque producing current i, that is equal
to the armature current in case of a BLDC, with

(3a)

gl—‘ = kw [k;d (wm - wm) + k:),uw] P
' (3b)

o = Wm — Wi,

where k7, k7 are the PI control gains and w,, represents the
rotational speed. The speed control constant k,, is required to
adjust the control gains in case a torque control technique is
employed, otherwise it is equal to one. The current reference
is passed to a second PI controller that establishes the
modulation signal for the pulse width modulator (PWM).
Assuming ideal operation of the PWM and good tracking
performance of the fast current control, the torque producing
current ir is of the form

73F = Wee (EF — iF) 5 (4)

where w,. is the current control’s bandwidth. With the motor
constant kp the motor electric torque constitutes as I'e =
krir and the rotational speed is determined by the mismatch
in torque, the motor inertia H and the friction coefficient b

om = (2H) " (kpir — Te — bwm) - (5)
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Fig. 2. Block diagram of the ETP chamber and the compressor model.
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Fig. 3. Block diagram of the motor and inverter including their controls.

TABLE I
OVERVIEW OF ASSUMPTIONS AND MODIFICATIONS TO APPLY THE
UNIVERSAL MODEL TO DIFFERENT MOTOR TYPES.

BLDC

good tracking of
armature current

PMSM IM

good performance of decoupling
current control,

assumptions

control no flux weakening required
ip armature current g-axis stator current
ip - d-axis stator current
i - ig=0 ih = Yl
kl" 1 wn L n .
ke 1 1 kit =vn

Finally, by neglecting inverter conversion losses and consid-
ering an averaged model the DC-link load current ¢4c o is
computed with

. . 2\ —1
ldc,2 = (kl“wmll" + Tsls) Vic » (6)

where ¢, is the stator current flowing through the stator
resistance 5. In case of a BLDC it holds that 7, = ir.

2) Adjustments for IMs and PMSMs: The derived motor
model is applicable for PMSMs and IMs if, for both motor
types, field-oriented control is applied to decompose the sta-
tor current i, into a torque-generating and a field-generating
part, i.e. i2 = iZ + i%. The torque producing (ir) and field
producing (ir) currents are perpendicular, and an SRF is
oriented such that i* = ir and i? = ip. Since the field
in a PMSM originates from permanent magnets, the field
producing current is controlled to zero in this case, while for
an IM, the nominal flux density v,, and magnetizing induc-
tance /,, determine the field current amplitude. Assuming
proper operation of the decoupling current control strategy,
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Fig. 4. Block diagram of the rectifier and its control scheme.

the d-axis is negligible ergo the presented universal model
is pertinent [19,20].

While PMSMs and BLDCs usually employ speed control,
IMs are commonly operated through torque control. In this
case, the PI-control on the speed mismatch outputs a torque
reference I, that is transformed into a current reference via
ir = Letp; 1 [19,20]. Thus, for IMs k,, = 91 and kr = v,,.
Table I summarizes all assumptions and modifications.

C. Grid-side Rectifier Model and Control

The three-phase grid-side rectifier control maintains the
DC-link voltage vq., the power factor pf, and the grid-side
currents ifq as detailed in [21]. For this purpose, a sequence
of Pl-controllers is employed as depicted in Fig. 4.

First, the voltage controller computes the d-axis terminal
current reference Zf

=d
iy = kp (Ve — vac) + ki pho, (72)
Hy = U:ic — Udc, (7b)

where kp, k? are the PI control gains, v}, is the DC-voltage
setpoint and , the integrator state. Using the reference
power factor pf*, the g-axis terminal current reference ?tl
follows

i =i (1-pt)?*. ®)
Finally, a decoupling current control strategy procures the

reference modulation signals 7% for PWM as outlined in
[21] with

=d . . . —
7mdq = k; (th - qu) + klclu?q + jwpllgtztdqu;c 17 (93)
. =d .
fude =7, — 4, (9b)

where k;, k¢ are the PI-control gains, wy is the estimated
frequency, /; the terminal inductance, and p29 are the inte-
grator states. Since PWM is assumed to have ideal operation,
the modulation signal is equal to its reference m? = m?,

D. Electrical System Dynamics

The VSD is connected to the grid via an impedance
(r¢,£¢). Thus, when neglecting switching losses and consid-
ering an averaged model of the rectifier, the terminal current
dynamics are of the form

d —1 d d .d . -d,
it? = wypl; (vtq — m™vgqe — rtth) — juwpwgiy?,  (10)

as shown in [21], where wy, is the base frequency. Moreover,
the common DC-side dynamics across the DC-link capacitor
cd4c can be derived as

Vi = wpcy (mUif +mif —iqcp). (11)
The terminal power p of the unit is:
p = elif + elif, (12)

where ezq is the grid voltage and ifq the terminal current.

IV. VALIDATION WITH CASE STUDIES

Case studies are performed to assess the accuracy of the
universal thermal load model for all motor types. To this
end, six sets of time-domain simulations are performed to
compare the universal model outcome to a detailed version
for each motor type. Before presenting the results of the
case studies, this section first discusses the simulation setup,
including the applied exemplary outer control loop and
external power system, and the high-order models used for
comparison.

A. Case Study Setup

An overview of the system setup for the case study is
given in Fig. 5. A standard PLL and frequency droop control
technique are added to illustrate the contribution of a fast
demand response scheme on the mains frequency. Moreover,
a thermal load aggregation with ng units is connected to an
infinite bus. The case study parameters are listed in Table II.
Note that, although the universal model could represent the
heating and cooling of chambers with different sizes and
thermal properties, the presented case studies all share the
same thermal parameters for simplification and comparison
purposes.

1) Exemplary Outer Control Loop: A classic PLL es-
timates the grid frequency wg. Then, the estimate wpyy is
compared to the nominal frequency wy and a frequency
droop d is applied to establish the required terminal power
reference p. The latter is passed to the power PI-controller
that outputs the required change in rotational speed of the
motor. The entire system is described by the algebraic and
differential equations as given by

Abpn = (wo — wpn)wp, (13a)
fpn = v, (13b)
fip =D — D, (130)
Wpll = wo + k,‘i“vg + kP o, (13d)
vl = —eg sin(Af) + ef cos(A0), (13e)

P =po+dy (wpn —wo), (131)
W = wio + k2 (B — p) + kY . (13g)
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Fig. 5. Setup for validation test including the external power system and
the exemplary outer control loop.

For a detailed description of the modeling process and
parameter declaration we refer the reader to [6].

2) External Power System: To demonstrate the usability
for frequency control and the effect on the grid, the units
are connected to an infinite bus that represents frequency
dynamics by the swing equation and primary frequency con-
trol through an appropriate equivalent as suggested in [22],
applied in [6, 11] and included in Fig. 5. A mathematical
representation is given by

Awgy
. 1 1
Pm == ?p(pm — Pmo) — m (wg —wo)
— L( — P — nsp) (14a)
2HngTp Pm Yz sP),
. 1
Awg = E(pm —Nsp — pl)a (14b)
0y =wywh, (14c)

and the chosen parameterization can be found in [6]. The
individual thermal units are scaled to account for 5% of the
power systems pre-disturbance load as indicated in Table II.

3) High-Order Models: The universal load model is
compared to high-order version for each motor option. The
following additional elements were included in the detailed
formulations: Instead of assuming ideal current tracking of
the BLDC, the motor current control is accurately modeled.
Then, with the power balance across the inverter, the DC-
link load current is computed as i4c,2 = fugcl (vfnif + U?nig) ,
where v24 is the stator voltage.

Similarly, in case of the PMSM and IM, the load-side
decoupling current control, the stator currents and flux
linkages are modeled as described in [19,20]. The DC-side
load current is computed in the same fashion as for the
BLDC. For the tuning of the inverter controls the symmetric
optimum criterion was applied. Note, that the same control
bandwidths were applied to the reduced-order models.

B. Time-Domain Simulation Results

One set of time-domain simulations is performed for each
motor type, both with universal and detailed representation.

Each of the systems is subjected to a 0.1 p.u. reduction in
power system background load. Fig. 6 demonstrates the per-
formance of the BLDC, PMSM and IM based detailed and
universal models for selected states and algebraic variables.
Most importantly, the presented simulation results show the
overlap of the full and general models for each motor type.
Only for the terminal power of the IM based thermal unit a
slight mismatch occurs. It originates from the computation
of the motor loss with rsif which is not exact for an IM,
but cannot be improved without significantly complicating
the universal model. Moreover, the mismatch is small and
the presented universal model is more accurate than the IM
models presented in [4, 10].

Furthermore, Fig. 6 suggests similar behavior of the grid
frequency for all three motor types even though the current
and speed transients differ. Thereby, the results confirm the
findings in [11] by implying that the grid-side dynamics
and mainly the PLL influence the grid frequency response
rather than the load-side dynamics. Nonetheless, further
investigations are required to validate this claim.

V. CONCLUSIONS

In this paper, a universal thermal load model suitable for
variable-speed heating and cooling systems based on IMs,
BLDCs, and PMSMs was derived. Mild assumptions that
allow the IM and PMSM to be modeled as a DC machine
apply. Otherwise, all system components are incorporated
with the order of detail suitable for dynamic studies in
inverter-dominated systems.

A case study demonstrates the accurate performance of the
universal thermal load model by comparing it to detailed
representations for each motor type. Thereby, it validates
the assumptions required to apply the reduced-order motor
models. Solely in the case of IM-based thermal loads, a slight
but acceptable mismatch of the power at the terminal during
transients occurs.

The three thermal loads, i.e., BLDC-based, PMSM-based,
and IM-based refrigeration, show similar grid frequency
responses in the case studies. In particular, the frequency
nadir is equal, although the rotational speed and torque
current transients differ. Therefore, the conducted case study

TABLE 11
SYSTEM PARAMETERS.THERMAL AND GRID-SIDE RECTIFIER
PARAMETERS WHERE TAKEN FROM [6]. MOTOR PARAMETERS WERE
TAKEN FROM EXAMPLES IN [19,20]. ALL PARAMETERS WERE
TRANSFORMED INTO PER UNIT.

Grid Equivalent PIl

H 0.5s kp pl 0.4p.u.

Ry 0.02p.u. ki pui 4.69p.u.s—?!
D, 0.2p.u. Frequency Droop

T, 0.5s dy 50 p.u.

Ty 9s Nominal Power

base power 200 MW IM 2.5 kW
base frequency 50 Hz PMSM  1.3kW
background load  0.95p.u. BLDC  3.3kW
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indicates that outer loop controls dictate the grid-side re-
sponse of the system. However, this might change when
the units’ converter and motor limits, which remain to be
included in the model, are added.
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