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This paper develops methods for model identification of aggregated thermostatically controlled loads (TCLs) in smart
grids, via partial differential equation (PDE) techniques. Control of aggregated TCLs provides a promising opportunity to
mitigate the mismatch between power generation and demand, thus enhancing grid reliability and enabling renewable energy
penetration. To this end, this paper focuses on developing parameter identification algorithms for a PDE-based model of
aggregated TCLs. First, a two-state boundary-coupled hyperbolic PDE model for homogenous TCL populations is derived.
This model is extended to heterogeneous populations by including a diffusive term, which provides an elegant control-
oriented model. Next, a passive parameter identification scheme and a swapping-based identification scheme are derived
for the PDE model structure. Simulation results demonstrate the efficacy of each method under various autonomous and
non-autonomous scenarios. The proposed models can subsequently be employed to provide system critical information for
power system monitoring and control.
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2012), or allowing local consumers with slow dynamics

One of the main challenges in achieving significant penetra-
tion of renewables in future power systems is their inherent
variability (see e.g. Banakar, Luo, & Ooi, 2008). In recent
years, demand side management has gained attention as a
means to balance power supply and demand, in the pres-
ence of intermittent power sources (Mohsenian-Rad, Wong,
Jatskevich, Schober, & Leon-Garcia, 2010; Short, Infield,
& Freris, 2007; Strbac, 2008; Walawalkar, Blumsack, Apt,
& Fernands, 2008). In spite of growing overall consumption
and increased penetration of renewables, new investments
on the demand side may have greater impact than on the
supply side (International Energy Agency, 2006). In partic-
ular, the intermittency and non-dispatchability associated
with renewable energy sources can be partially mitigated
by flexible loads. Conventional generation, the alternative
option, typically exhibits longer response time and can be
an expensive and environmentally damaging method for
mitigating fluctuations in renewable generation (Klobasa,
2010; Strbac, 2008).

Various technologies are being considered for demand
side management. Examples include coordinated charging
of electric vehicle batteries (Mets, Verschueren, Haerick,
Develder, & Turck, 2010), deliberate scheduling of loads
with flexible deadlines (Petersen, Bendtsen, & Stoustrup,

(large time constants) to adjust their consumption (see e.g.
Moslehi & Kumar, 2010). A particularly promising method
is to exploit the large thermal time constants in so-called
thermostatically controlled loads (TCLs), such as deep
freezers, refrigerators, local heat pumps, etc. Some heating,
ventilation, and air conditioning systems (HVAC) in town
houses, cooling systems in storage buildings, etc. also fall
into this category. TCLs operate in cycles by switching
between ‘ON’ (drawing electrical power) and ‘OFF’ (not
drawing any power). The devices have been thoroughly
studied, and models of varying complexity are readily
available. Various methods have been studied to derive
population models from individual TCL models, such
as aggregation (Bompard, Carpaneto, Chicco, & Napoli,
1996), clustering (Zhang, Lian, Chang, Kalsi, & Sun, 2012),
and state queueing (Lu, Chassin, & Widergren, 2005).

An entity — for example, a utility company — interested
in direct load control of TCLs for power demand/supply bal-
ancing may take different approaches to regulating aggre-
gate power consumption. However, to directly manipulate
the individual units’ power consumption, the utility con-
trol system in principle requires knowledge of all system
states, as well as control authority over individual power
consumption. Thus, controlling individual units typically
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require detailed local measurement and feedback of cur-
rent energy and power demands (McDonald, 2008), but has
been shown to be feasible in practice for limited numbers
of units (Andersen, Pedersen, & Nielsen, 2012).

For large load populations, scalability is a key issue.
In particular, attempting to control each individual unit
directly leads to a heavy communication and computa-
tional burden on the system. Thus, rather than attempting
to control every consumer individually, methods for mod-
elling, estimating, and eventually controlling the behaviour
of large populations of consumers have come into focus in
recent years (Callaway, 2009; Callaway & Hiskens, 2011;
Malhame & Chong, 1985; Mathieu, Koch, & Callaway,
2013). In this paradigm, one manipulates the operating con-
ditions of the entire population. Example of control signals
include temperature set-point deviations, temperature dead-
band size, and forced switching. The goal is to manipulate
total power consumption while imposing minimal discom-
fort to the consumers. The most common approach in the
literature models these large TCL populations via proba-
bility distributions and applies set-point control (Bashash
& Fathy, 2013; Callaway, 2009; Kundu & Sinitsyn, 2012;
Perfumo, Kofman, Braslavsky, & Ward, 2012).

This paper focuses on modelling and parameter identifi-
cation of aggregated TCLs, to facilitate control schemes. In
particular, we examine the dynamic behaviour of the tem-
perature distribution in large TCL populations. The tem-
perature distribution models available energy storage and,
hence, the range in which the temperature set points can be
manipulated to shape power flow. Given an accurate tem-
perature distribution, the TCL population can be utilised as
a ‘virtual power plant’ that provides services to the grid,
such as frequency control and peak shaving.

We consider a large population of TCLs and derive two
partial differential equation (PDE) based models for the
temperature distribution evolution. The first model assumes
that all loads are identical, and has been similarly derived by
Malhame and Chong (1985) from a probabilistic viewpoint.
We propose a new model to account for parameter hetero-
geneity, by including a diffusion term in the boundary-
coupled PDE model. In doing so, we expand upon existing
PDE-based TCL models (Bashash & Fathy, 2013), which
do not take inhomogeneity explicitly into account. The
transfer function model of Perfumo et al. (2012) predicts
the aggregate power response to step changes in tempera-
ture set points. In contrast, the PDE models are (infinite-
dimensional) state-space models. That is, they capture
the spatio-temporal dynamics of the population’s tempera-
ture distribution. Both models are amenable to regulating
aggregate power. However, the PDE models are also
amenable to state observer designs (Moura, Ruiz, & Bend-
sten, 2013), which is a criterion for our model development.
Next, we proposed two parameter estimation algorithms to
identify the proposed PDE model in real time. The two algo-
rithms include a passive and a swapping approach. In both

cases, the algorithms utilise full-state measurements. We
derive the signal properties of each identification scheme,
and explore their behaviour under non-ideal scenarios via
simulation examples. The simulations demonstrate how the
algorithms can estimate the PDE model parameters in real
time, given measurements from a population of individ-
ual stochastic TCLs, in both autonomous and controlled
situations. As such, the proposed model and model identifi-
cation algorithms can be used to monitor large aggregations
of controllable flexible loads for demand side management
services.

The remainder of the paper is outlined as follows.
Section 2 presents a hybrid ordinary differential equation
(ODE) model of a single TCL. Section 3 presents two
PDE models of TCL populations, corresponding to homo-
geneous and heterogeneous populations. Sections 4.1 and
4.2 present a passive and a swapping-based continuous-
time parameter identification scheme, respectively. Signal
properties for each method are derived via Lyapunov tech-
niques. Section 5 examines each identification scheme un-
der non-ideal scenarios via simulation, and compares these
methods. Finally, Section 6 offers concluding remarks and
future work.

2. Thermostatically controlled loads

This section presents a simple TCL model, which serves as
the basis for subsequent population models.

Denote the thermal zone and ambient temperatures for
the ith load by 7;(f) and T, (¥), respectively. Note that the
ambient temperature can be time-varying. Assume that the
hardware is purely on/off regulated. For simplification of
presentation, we shall assume a population containing cool-
ing loads only. The generalisation to mixed cooling/heating
loads requires minor adjustments to the mathematical struc-
ture. Then we can derive the following simple hybrid ODE
model (Callaway, 2009; Malhame & Chong, 1985; Perfumo
etal., 2012):

. 1
T:(t) = TC[Tw,i(t) = Ti(t) = si()R; P; + w(?)],

i=1,2...,N (1)

0 if s;(t—¢e)=1 and T;(t) < Tmin,i
Si(t) = 1 if Si(l - 5) =0 and T,(l) = Tmax.i
si(t —e) otherwise

(@)

for some small time €. The symbol C; € R, is the ther-
mal capacitance (kWh/°C), R; € R, is the corresponding
thermal resistance (°C/kW), and P; € R is the (constant)
cooling power supplied by the hardware when switched
on. Variable s; € {0, 1} is a Boolean-valued quantity that
determines the hardware’s on/off state. It switches status
whenever the internal temperature encounters the limits of a
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Figure 1. Evolution of temperature for a typical thermostatically controlled load.

preset temperature span [Timin i, Tmax.i] C R. The term w(?)
encapsulates thermal disturbances due to occupancy, open
windows/doors, etc. The general behaviour is demonstrated
graphically in Figure 1.

Note that the dynamical structure is identical for heat-
ing and cooling systems. Whether the device operates as a
heating or cooling system is only a matter of whether 7'y,
is higher or lower than the operating interval, as well as
the sign of s;(¢)R;P;. In Figure 1, we have Ty, > Tiax and
s(H)yRP > 0 for t > 0.

The temperature limits Tiin; and T,y ; are related to
the ith load’s set point T, through the following fixed
relations:

O; 0;
7, Tmax,i = Tsp,i + 7

Tmin,i = Lgp,i

where ©; is the width of the temperature interval. Further-
more, the cumulative power consumption of the population
of TCLs at any given time ¢ can be computed as

N

o=y P ®
i=1 !

where 1; is the coefficient of performance for the ith heat-
ing/cooling unit.

2.1 Simulations

Figure 2 demonstrates the aggregated behaviour for 25 iden-
tical TCLs. The left plots show how the TCLs alternate
between the on and off states while remaining within the
operation band. The TCLs were initialised at random tem-
peratures, with a quartic distribution around 20 °C, all in
the off state, with parameters adopted from Callaway (2009)
and Perfumo et al. (2012) and given in Table 1. As can be
seen, the power drawn by the population oscillates with a
constant amplitude, since the TCLs are synchronised.

The right plots show a similar situation, however, the
TCL time constants are now drawn from a random dis-
tribution, thus making the population heterogenous. The
corresponding power trace exhibits a damped oscillation.
Namely, it oscillates to start, but due to different time con-
stants the individual TCLs gradually de-synchronise and
the oscillations damp out. Damped oscillations similarly
occur if other parameters, such as ®; or 7 ;, are allowed
to vary across the TCL population.

As the number of units grow, the computational load re-
quired to simulate the individual TCLs (referred to as Monte
Carlo (MC) simulations) grows significantly and eventually
becomes intractable. Instead, the characteristic behaviours
outlined above will be captured in partial differential mod-
els that describe how the distribution of temperature in the
population evolves across the temperature range.

3. Aggregate TCL modelling via PDEs

Consider a large population of TCLs evolving over a finite
temperature interval [T, T], which we assume to be known
and constant. The TCLs in the orn state gradually decrease
until they reach Ti,in;, at which point they switch to the
off state. Conversely, the TCLs in the off state gradually
increase until they reach T,y ;. This evolution can be mod-
elled as a set of coupled PDEs with boundary conditions
(Malhame & Chong, 1985). Previous studies by Malhame
and Chong (1985), Callaway (2009), and Bashash and Fathy
(2013) generate a probabilistic interpretation of these PDEs
(i.e. Fokker—Plank equations) and define the states on an in-
finite domain. In contrast, we model the deterministic evo-
lution on a finite-temperature domain. The derivation fol-
lows concepts from fluid mechanics. In contrast to Bashash
and Fathy (2013), the following derivation does not assume
constant transport speeds, thereby producing reaction terms
in the PDEs. Moreover, we consider time-varying ambient
temperature 7oo(?), thus producing time-varying transport
speeds.
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Figure 2. Evolution of temperature for 25 TCLs from (a) homogeneous and (b) heterogeneous populations. In each case, the population
was initialised with all TCLs in the off state, with temperature distributed according to uy(7), vo(7) in Table 1. Note that the TCLs remain
in synchrony for the homogenous population. In contrast, the temperature distribution diffuses in the heterogeneous case. This observation

motivates the heterogeneous model in Section 3.2.

3.1 PDE model for homogeneous populations

tively. Henceforth, we assume a homogeneous population,

Let the states u(T, ) and v(7, ), both defined on the space where the parameters R;, Ci, P;, Tiin,i, and Tmax,; are equal
[T, T] x R, — R, denote the temperature distribution at for all TCLs. Consequently, the ‘flux’ of TCLs that tra-
temperature 7 and at time 7 in the on and off states, respec- verses temperature 7 at time ¢ in either the increasing or the

Table 1. Homogeneous and heterogeneous model parameter values adopted from Callaway (2009) and Perfumo et al. (2012).

Parameter Description [unit] Homogeneous Heterogeneous

R Thermal resistance [°C/kW] 2 2

C Thermal capacitance [kWh/°C] 10 ~N(10, 1)

P Thermal power [kW] 14 14

T Ambient temperature [°C] 32 32

T, Temperature set point [°C] 20 20

® Temperature deadband width [°C] 1 1

n Coefficient of performance [] 2.5 2.5

B Diffusivity [(°C)?/s] - 0.01

uo(7) Initial distribution of on TCLs 0 0
[TCLs/°C]

vo(T) Initial distribution of off TCLs N1 — A(T — Ty’ N1 — 2(T — Ty, )T’
[TCLs/°C]

0w Standard deviation of thermal 0 0.01

disturbance in Equation

(M
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decreasing direction can be written as

dT dT
¢(T, t) = M(T, I)E s=1 and w(T, [) = U(T, I)E
s=0

“4)

respectively. Substituting Equation (1) and disregarding dis-
turbance term w(f) into the equations above we get

B0 = 2 (Ta) = T = RPW(T.0) (5)

1
V(T 1) = 2 = (Toolt) = T(O)(T, 1) (6)

Next, let us consider the small control volume of width
8T shown in Figure 3. Using standard limit arguments, we
get the relation

2_1,)(1 )= lim [‘”(T”Tv 1) — (T, t)}

§T—0 6T
oy
= (Tt
BT( D
1 av 1
=~"ReC [Too(t) — T(2)] a_T(T’ 1)+ EU(T’ 1)
(7
for the TCLs in the off state and, correspondingly,
oy = L 1y — RPYWT, 1)
or VT T [RCT e
1 ou
= ——[Too(t) = T(t) — RP] —(T,t
o [T = T(0) = RP] (T, 1)
1
+ R—Cu(T, t) (8)

for the TCLs in the on state.

As the temperatures of TCLs in the on state reach Ty,
they switch to the off state, and vice versa at Ti,x. This
gives rise to coupling between the two PDEs indicated in
Figure 3:

(T 1)+ O (T 1) + ¥ (Tnax, 1) = 0
I/I(Tn:im t) + Ip(TnTin? t) + ¢(Tminv t) =0

where (T, 1) is the flux of TCLs coming from higher
temperatures than Ti,x, ¢(T,,. ) is the flux of TCLs just
inside the temperature band and v (Tiax, t) is the number
of units switching from the off state to the on state per
time unit. Y(T,., 1), Y (T, 1), and ¢(Tpin, 1) are defined
analogously. Finally, we shall impose the condition that the
flux tends to zero at the temperature extremes, i.e. (T, t) =
Y(T, 1) =0.

After some time of operation, there will be no TCLs
outside the interval [ Tinin, Tmax], in Which case the coupling
equations reduce to

¢(Tn:ax’ t) + W(Tmaxs t) =0 (9)

u(T,1)
- -
(Tminyt) (Tmaxvt)
P (T
=\ >
L fl\‘)_-l/\/l L T
Z Tmin /'/ Tmax T
v(T,1)
——
(T7t) #: | = (T+ T7t)
T T+ T

Figure 3. Illustration of transport PDE representation of temper-
ature distributions; u(7, ) is the on state distribution, while v(7,
1) is the off state distribution. The bottom part of the figure shows
a zoom on a small control volume of width §7, in which v(T, #) is
assumed to be constant.

Y (T 1) + &(Tin, 1) = 0 (10)
or
TOO(t) - Tmax
Too(t) - Tmax —RP
TOO(t) - Tmin — RP
TOO(t) - Tmin

u(TmaXa t) - - U(TmaXa t)

U(Tmina t) = - M(Tmina t)

For compactness of notation, we write the homogeneous
TCL PDE model as

u(T, 1) = aM(T, ur(T. )+ au(T, 1) (11)

v (T, t) = —aw(T, Hyvp(T, t) + av(T, t) (12)

M(Tmaxa t) = q1(t)v(Tmaxv t) (13)

U(Tmina t) = q2(t)u(Tmins t) (14)

where the parameters o, A(T), u(T), q1, and g, are
given by

o= % >0 (15)
MT,t)=—(Tx(t)—T —RP)>0 (16)
wT,t)y=Tu(t)—T >0 17)
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Too(t)_ Tmax
1= -l 18
DO = T RP (1%
Too(t) — Toin — RP
1) =— 19
(1) - (19)

and the corresponding total power consumption is

P Tinax
P(t)=— / u(T,)dT
n min

where 7 is the coefficient of performance for the TCLs.

Remark 1: Note that the homogeneous PDE model (11)—
(14) satisfies the model property that the total number of
TCLs is conserved over time. Although this property is triv-
ially satisfied in the homogeneous case, it plays an important
role in the following heterogeneous PDE derivation.

Note that the preceding PDE model derivation assumes
a homogeneous population of TCLs. In practice, TCLs ex-
hibit parameter heterogeneity. That is, the heat capacities,
heating resistances, ambient temperatures, cooling power,
temperature deadband sizes, etc. may vary. For this reason,
we modify the model above to account for heterogeneous
populations of TCLs in the following.

3.2 PDE model for heterogeneous populations

Motivated by the diffusive phenomenon observed in the
MC simulations of heterogeneous populations, we consider
the following PDE model:

u(T,t) =aXMT,Hur(T,t)+ou(T,t)+ Burr(T, 1)
(20)

v(T,t) = —au(T, t)vr(T,t) + av(T, t) + Bvrr(T, t)

2
U(Tmax, 1) = q1()V(Timax, 1) (22)
V(Tin, 1) = q2(t)u(Tinin, 1) (23)
7 (Tmin, 1) = =07 (Tmin, 1) 24
U (Timax 1) = =7 (Tmax: 1) (25)

This model adds diffusion terms to PDEs (11) and (12) to
incorporate parameter heterogeneity, based upon observa-
tions of the heterogeneous MC simulations in Section 2.1.
The two boundary conditions (24) and (25) are added to
preserve well-posedness of the PDE system. In particular,
these additional boundary conditions ensure that the total
number of TCLs is conserved.

Lemma 3.1 (Conservation of TCLs for heterogeneous
model): Consider the coupled PDE system (20)—(25) for
heterogeneous TCL populations. Define the quantity as fol-
lows:

Tinax Tinax
N(t) = /T u(T, 1)dT + / o(T, 1)dT (26)

min Tinin

which represents the total number of TCLs at a given time
t. Then,

d
N@W=0.  VieR 27)

Proof: The proof consists of three steps: (1) differentiate
Equation (26) with respect to time along the trajectories of
Equations (20) and (21), (2) apply integration by parts, and
(3) utilise the boundary conditions (22)—(25). O

3.3 Simulations

Next, we study simulations of the homogeneous and hetero-
geneous PDE models. Parameter values and initial condi-
tions for the models are adopted from Callaway (2009) and
Perfumo et al. (2012), and given in Table 1. The homoge-
neous and heterogeneous models are implemented using the
MacCormack (MacCormack, 2003) and Crank—Nicolson
(Crank & Nicolson, 1947) finite-differencing methods, re-
spectively. Both models are initialised with all TCLs in the
off state, with a quartic distribution about the set-point tem-
perature Ty, = 20 °C. Note that any initial condition for the
PDE model can be selected, provided it satisfies boundary
conditions (22)—(25), and thus ensures well-posedness. For
the heterogeneous PDE, o = 1/RC where C is the mean
value from Table 1. Parameter 8 is selected via an offline
optimisation routine which minimises the integrated square
error between the MC and PDE simulations in Figure 5.

Figure 4 demonstrates how the PDE states evolve in
temperature and time. For the homogeneous model, one
can see that the distribution of TCLs migrates across the
temperature deadband in an oscillatory fashion. Similarly,
the heterogeneous model exhibits an oscillatory response,
albeit with damping induced by the diffusion term. Figure 5
compares the aggregate power of 1000 individual TCLs
(MC model) versus the PDE models, for both homogeneous
and heterogeneous parameter sets. The homogeneous PDE
model captures the dynamical effect of undamped oscilla-
tions. In addition, the heterogeneous PDE model captures
the damped oscillations exhibited by 1000 individual TCL
models. Furthermore, the PDE models reduce computation
time by almost two orders of magnitude, as evidenced by
the simulation times provided in Table 2. These simula-
tions were performed on a laptop with a 2.7 GHz dual-core
processor and 4 GB of RAM.
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Figure 4. Evolution of temperature distributions for the homogeneous (left column) and heterogeneous (right column) PDE models.
In the homogeneous model, the TCLs remain in synchrony. In the heterogeneous model, the TCL distribution diffuses due to parameter
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Figure 5. Comparison of aggregate TCL power for the homoge-
neous and heterogeneous populations, using the 1000 individual
TCLs in the MC and the PDE models. The heterogeneous PDE
model captures the damped oscillations exhibited by the 1000
individual TCL models.

4. Parameter identification

In this section, we provide the main contributions of this
work, namely, two parameter identification schemes for the
PDE model (20)—(25), and show that they are bounded in

Table 2. Comparison of simulation times for MC (individual)
and PDE models.

Homogeneous (s) Heterogeneous (s)

Individual models 60.98 60.48
PDE model 1.08 1.86

terms of error norms. Both methods assume full-state mea-
surements of the temperature distribution. In practice, the
distribution can be processed from sampled measurements
of every TCL temperature in the population. That is, one
can compute a histogram with respect to temperature, at
each sampling instance.

As a preliminary step, we first normalise the temper-
ature coordinate to simplify our analysis, by applying the
linear transformation

T — Thin

= 28
* Tmax - Tmin ( )

which renders the heterogenous PDE into
up(x, 1) = ah(x, Duy(x, 1) + aulx, t) + Pucc(x, 1) (29)

v(x, 1) = —afu(x, v (x, 1) + ov(x, 1) + Poe(x, 1)
(30)

u(l, ) =q(@v(l, 1), u(0,1) = —ve(0,2)  (31)

v(0,1) = g2)u(0,1),  ve(l,1)=—u(l,1)  (32)

where the parameters A(x), ji(x), and B are given by

be Too(t) — Tinin — RP
AMx,t)=x— 33
(x ) * Tmax - Tmin ( )

Too(t) - Tmin

Alx, 1) = S22 (34)
Tmax - Tmin
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B - (Tmax f Tmin)2 (35)

To reduce notational clutter, the breves are henceforth
dropped from A(x, t), fi(x,t), and §.

Remark 2: In the following we assume constant ambient
temperature 7o,. A straightforward extension of the pro-
posed identifiers is to incorporate time-varying and mea-
sured Too, provided Too(f) > Tinax V¢ In this case, the algo-
rithms contain time-varying terms A(x, f) and u(x, f).

4.1 Passive identifier

Now, suppose the parameters o and 8 are uncertain, and
exist on the domains ¢ > o > 0 and 8 > B > 0. We seek
to identify o, 8 € R in real time, from measurements of the
states u, v. Inspired by Smyshlyaev and Krstic (2010), we
introduce the following auxiliary system:

iy = A, Dty + Bitee +au + v — )llul*  (36)
0 = —au(x, 1), + e +av + ¥ @ — D)vlI*  (37)

a(l, 1) =qivd, 1), @x(0,1) = —ve(0,1)  (38)

0(0, 1) = g2(1)u(0, 1),

where @ and 3 are the parameter estimates, and y > O is a
constant. This auxiliary system is often called an ‘observer,’
since it incorporates a copy of the plant, but it is not used for
state estimation in this context. The identifier also employs
an additional nonlinear damping term that has the effect of
dynamic normalisation.

To maintain the parabolic character, 8(r) > g > 0, and
advection direction, &(f) > o > 0, we employ projection
operators. We thus choose the parameter estimate update
laws as

(1, 8) = —u (1,2) (39

1
& = plProja|: / [A(x, Dy + u] (u — i)dx
“LJo
1
+ / [—u(x, vy +v] (v — ﬁ)dx:| (40)
0
. 1
B = p2Projs |:/ [tyx(u — 01) + vix(v — D)] dxi| (41)
=LJo
which leads us to the following result.
Theorem 4.1: The auxiliary system (36)—(39) with

update laws (40) and (41) guarantees the following signal
properties:

lal, 1911, & B € Z (42)

i@(0), all, e ll, 00), (DI, MOl ezl leell, IDIHIV] € 22
(43)

Proof: The error signal it = u — it, D = v — 0 satisfies the
following PDE:

il; = GA(x, )ity + Bty + GA(X, 1ty
+ Buy + au — yri|ul? (44)

5 = —Gu(x, )y + Ber — apl(x, 1)vy

+ By +av — o) (45)
a(l,1)=0, i:0,1)=0 (46)
#(0,1) = 0, U:(1,1) =0 (47)

Consider the Lyapunov functional as follows:

1 1 1 1 ~2 Q2
V(t)=—/ ﬁzdx+—/ Pdx + o+ (48)
2 Jo 2 Jo 201 20

where p, p» > 0. The time derivative along the solution
trajectories is

1
V= f [GA(x, )iidiy + Biiiiy + GA(X, )ity
0
+ Bl + &itu — i ||u*]dx
1
+ / [—apu(x, 10Dy + Bidey — au(x, 1)y
0

+ Bivgy + @vv — 20| *ldx — — — pb
P1 P2
(49)

Note that the first term can be written as
& [} M, D dx = & [ Mx, )2 (@)dx. Use inte-
gration by parts and the boundary conditions (46) and (47)
to obtain

. o N a._, . -
V=—5M&mﬂm—5AwW—ﬂwm2
& N & , . .
— —u(1,H* () + w1911 — Bl
2 2
1
+6¢/ [ACx, )iu, + du — u(x, t)vv, + Dv]dx
0

1
+Bf [fttey + Dvg] dx
0
—yrRul? = ol - — — — (50)
L1 P2
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Bounding @ > o and B > B, we obtain

1 A
V< [/ A, Ditrdi + udi — u(x, 1) d + vi] dx — ﬁ}
0

P1
! p
a+ / [tyxll + Ve V] dx — —
0 P2

;1 ~2 Lo ~ 2
P — 570, 0i*(0) — Zarlall” — Blli|

1 R I, . R
—5 a1, NP (1) + Ja' 9] = BlID:|*
— V1@l lul® = v 15017 vl (51)

Apply the update laws (40) and (41). This renders V nega-
tive semi-definite:

' 1 2 LT -2
V() = —3 a(0, 1)a~(0) — Serllall — Bllixl

1 . r o, .
= 5 (1,7 (1) + sa 9] — Bl
=y @Il = 2 o), (52)

which implies that V() < V(0) V¢ > 0. Using the defini-
tion of ¥ in Equation (48), we get that ||i|, |||, &, B are
bounded. Integrating Equation (52) with respect to time, we
obtain the properties that #(0), ||i]|, @], 9(0), [|D]], [|D«]l,
el lall, IO]lv]| are square integrable. This completes the
proof. O

Remark 3: Hence we can claim that for any initial dis-
tributions #(0) and v(0), the parameter estimates and error
signals will remain bounded at all times. However, due
to the unstrict inequality (52), there is no guarantee that
the parameter estimates will converge to the true values.
Boundedness without guaranteed convergence, however, is
a typical best-case theoretic result in parameter identifica-
tion (for details, see loannou & Sun, 1996).

Remark 4: The Lyapunov analysis above enables one
to show that the boundedness of the parameter esti-
mates & and B is independent of the time-varying am-
bient temperature To,(f). Namely, T (f) manifests itself
as the time variation in the advection speeds A(x, f)
and w(x, t). Majorising these terms in Equation (52) us-
ing the relations —A(0; T2™) = maxr,_»{—A(0, )} and
—(0; TiM) = maxr ) {—wn(1, 1)}, we obtain

. 1 . 1 - ~
V(1) = —5ar(0; TE™)a*(0) — e lld|* — Blli I

1 0: Tmin ~2 1 1 2 ~ 2
—Eﬁu( s T )T ( )+§QM 0117 — Bllvxll

=V alP ul® = 2 1ol (53)

Consequently, given bounded values of T4, (¢), which is al-
ways true in practice, the boundedness of the parameter
estimates is independent of varying ambient temperature.

4.2 Swapping identifier

In this section, we consider an alternative parameter iden-
tification scheme — the swapping design. The swapping
identification technique follows a common parameter iden-
tification methodology for dynamic systems. Namely, first
convert a dynamic parameterisation of the plant into a static
form by filtering the measured and regressor signals. Next,
apply gradient or least squares estimation techniques to
identify the parameters of this parametric model (Ioannou &
Sun, 1996). In the derivations that follow, we follow an ex-
tension of this methodology first developed in Smyshlyaev
and Kirstic (2010) to boundary-coupled parabolic PDE sys-
tems, where the filters are PDEs themselves and the adap-
tation laws involve inner products of continuous functions
instead of matrix vectors.

To this end, consider the ‘estimation error’ between the
states u, v, and filtered signals o1, 05, T1, T2, N1, N2, V1, V2!

ey =u—oaoy —at; — Bn — v (54)
e =u—ao—at — P — v (55)

where the static parametric model is wo; + at; + Bn;
+ v;, for i = 1, 2. The variables o;, t;, n;, v; are out-
puts of Kreisselmeier filters applied to the regressor signals
(see also Krstic, Kanellakopoulos, & Kokotovic, 1995).
These filters are deliberately designed such that the two-
state PDE system governing the estimation error, e;(x, f),
ex(x, 1), is exponentially stable in the .%;-norm. In particu-
lar, we select the following PDE for (ey, e;):

e = @A(x, ety + Pers (56)
ey = —Qu(x, tex + Per (57)
e(1,1) =0,  e,(0,£)=0 (58)
e(0,1) =0,  en(l,1)=0 (59)

which one can show is exponentially stable us-
ing the Lyapunov function V(¢)=1/2 fol el(x, t)dx +
1/2 /01 e%(x, t)dx. To obtain the PDEs (56)—(59) for the
estimation error, the filters are designed as follows. The
variables o |, 0 are the filters corresponding to uy, v,:

o1 = GA(x, o1y + Borex + Ax, Dty (60)

Oy = _&M(xs t)UZX + BGZXX - /L()C, t)vx (61)
o1(1) =0, o1:(0) =0 (62)
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02(0)=0,  02(1)=0 (63)

The variables 7, 7, are the filters corresponding to u, v:

i = GAX, T1e + i, +u (64)
T = —&pu(x, Ty + Brare + v (65)
0(1)=0,  1,(00=0 (66)
n0)=0, 1,(1)=0 (67)

The variables 71, 1, are the filters corresponding to uyy, Vyy:

My = QA ON1x + B + U (68)
M = —Gu(x, D + Phiacx + Vax (69)
m(l) =0, m«(0)=10 (70)
n2(0) =0, (1) =10 (71)

The variables vy, v, are the following filters:
Vi = QGAC, DVix 4 Boiey — GAGx, Dty — Buxy  (72)
Vyr = _&I‘L(x7 I)UZX + 3‘)2)()6 + &M(X, t)vx - lévxx (73)

vi(l) = qi()v(l), v(0) = —v:(0) (74

12(0) = 2(Ou(0), Vo (D) = —u, (1) (75)

We now form the ‘parameter prediction error’ as

é1 =u— Qo] — AT — ,3771 -V (76)

&)=V —Qam —&1:2—,3172—\12 (77

Using this parametric model, we implement the following
gradient update laws:

1
a = pyProj, / [e1(o1 + 1) + é2(02 + T2)]dx  (78)
—Jo

1
f=opbroiy [ lem+mldx  (79)
—J0

with py, pg > 0. In Equation (78), we use the projection
operator to conserve the direction of advection, namely, & >
a > 0. In Equation (79), projection conserves the parabolic
character of the system, namely,,é > B > 0. Consequently,
we arrive at a swapping identifier design with the signal
properties summarised by the following theorem.

Theorem 4.2: The filters (60)—(75) with parameter pre-
diction errors (76) and (77) and update laws (78) and (79)
guarantee the following signal properties:

@, pfe Ly (80)
léill, llexll € L N L (81)
& e BHnL (82)

Proof: Consider the following Lyapunov function as
follows:

c ~

1! 1! c
V(t):—/ ezdx—i——/ dx + —a* + —p°
2Jo T 200 T 200 20

(83)

where ¢ = max{\'a, —u'a} > 0. The time derivative along
the solution trajectories is

1 1
V(t) =f &)»(x,[)elelxdx+/ Belelxxdx
0 0
1 1
—/ &u(x,t)ezezxdx—l—/ Berercdx
0 0
BB (84)
Note that the first term can be written as
a fol Ax, terercdx = %fol AMx, 1) (e})dx, and  sim-
ilarly for the third term. Use integration by parts, boundary

conditions (58) and (59), and update laws (78) and (79) to
obtain

: Q Q. R
V(1) = =540, De(0) = 24 leI* = Bllew
a a .
= S D) + i lleal* = Blleacl?
1
—C/ é] [&(U] —i—r])—l—ﬂm]dx
0

1
— c/ & [&(or + 1) + Bma] dx (85)
0

Note that &; — ¢; = &(o; + 1;) + Bn;, fori = 1, 2. We now
have

. & a 5
V() = =24(0,0ej(0) = Z X llerll” = BllerIl®

a & 5
—su, e () + Zlle]* = Bllex?
1 1
—cllé|? +C/ ¢rerdx — cl|éy|? +c/ érerdx
0 0

(86)
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Now use the Cauchy—Schwarz and Young’s inequality as
follows:

b A Coi2, € 2
c | eedx <cllel - llerll < zlleill” + zlleill”,
A 2 2

for i=12 (87)

which renders the following upper bound estimate on V

, & . |
V(1) = =5 40,0€}(0) = Bllew|* + Sle = &Tller |

a . | I
= S, De (1) = Blleall® + S le + anTlea?

—gnélnz - %llézllz (88)

Using the definition ¢ = max{A'a, —u'a} and lower bounds
on o and B, we arrive at the final upper bound estimate of
V:

V(1) = =S20.0€10) = Bllers I = Zu(1.Ne3(1)

C . C .
= Bllexel® = Slénll” = Slé ) < 0 (89)

which implies that V(¢) < V(0), and from the definition of V'
in Equation (83), we get that |le; ||, |lez]l, &, B are bounded.
Integrating Equation (89) with respect to time from zero to
infinity, we get the properties || €1 ||, ||é2]] € £ N L. From

the update laws (78) and (79), we conclude that &, ,é e LN
%~, which provides all the signal properties in Equations
(80)—(82).

Remark 5: Similar to Remark 4, the Lyapunov analysis
above enables one to show that the boundedness of the
parameter estimates & and £ is independent of the time-
varying ambient temperature 7,(¢). Majorising the advec-
tion speed terms with respect to 7, in Equation (89) as
before, we obtain

. o o .
V() = =ZHO0; TE™)er(0) = Bller|* — Su(0; TEMes (1)

C . C .
= Blleasl” = Slé11> = Sl1&2]* < 0 (90)

Consequently, given bounded values of T4 (¢), which is al-
ways true in practice, the boundedness of the parameter
estimates is independent of varying ambient temperature.

5. Simulations and discussion

Next, we study the behaviour of the passive and swap-
ping identification algorithms by examining four scenarios.
Namely, the identifiers are provided plant data from (Case
A) the PDE model (20)—(25), (Case B) the PDE model (20)—
(25) with noise, (Case C) 1000 individual TCLs, and (Case
D) 1000 stochastic TCLs with disturbance w(f) distributed

with standard deviation o, = 0.01 (Callaway, 2009; Per-
fumo et al., 2012). In all cases, the identifiers are incor-
rectly initialised with parameter estimates &(0) = 0.1« and
B(0) = 10B. To assess model fit, we also plot the iden-
tifier error as a function of time, given by || + |||
for the passive identifier and ||é,] + |é.|| for the swap-
ping identifier. The following lower bounds are also used:
o = 0.01, 8 = 0.005. Each algorithm is implemented us-
ing the Crank—Nicolson finite-differencing method (Crank
& Nicolson, 1947).

5.1 Passive identifier

First, we consider the passive identification scheme from
Section 4.1, with parameters p; = 1073, p, = 1073, y =1,
and #(x, 0) = u(x, 0), 0(x, 0) = v(x, 0). Figure 6 demon-
strates how the parameter estimates evolve under Case A.
Subplots (a) and (b) demonstrate the evolution of the pa-
rameter estimates & and B, respectively. Indeed, the esti-
mation errors are bounded according to Theorem 4.1 and,
in addition, converge near their true values. Subplot (c)
demonstrates how the % norms of the identifier’s error
states are also bounded and decay towards zero over time.
Thus, the identifier performs as expected in the ideal case.

For Case B, we add Gaussian noise with zero mean and
a standard deviation equal to 0.01max y ¢ [o, 17#(0) to u(x, £)
and v(x, f) throughout the interval x € [0, 1]. The simulation
parameters are otherwise identical to the first case. The
parameter estimates are shown in Figure 6(a). In this case,

——Case A: PDE
0 - - -Case B: PDE w/ noise |
0.1 T T T T T -'-'Case C: MC —
(b) - - -Case D: MC w/ noise
! - - - Offline Fit

llal + o]

I I I I
1.2 1.4 1.6 1.8 2

0.8 1
Time [hr]

Figure 6. Simulations of the passive identifier under Case A,
using auxiliary system (36)—(39) and update laws (40) and (41).
Subplots (a) and (b) demonstrate the evolution of the parame-
ter estimates & and B, respectively. Subplot (c) demonstrates the
model fit in terms of how the .% norm of the identifier’s error
states decay over time.
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we see that & converges to the vicinity of the true value of
« at almost the same rate as above, whereas ,3 decreases
toward zero. Once it reaches the projection boundary, it
stays at that value. In this case, the measurements do not
have a sufficiently high signal-to-noise ratio to differentiate
between noise and the second spatial derivative.

In Case C, we identify the parameters & and B based
on data obtained from an MC simulation of 1000 TCLs.
This can be considered a proxy for a smart grid scenario,
where the TCLs are able to communicate their temperature
states to a central server and (u, v) are computed directly
from that data. The TCL parameters are given in Table 1.
The temperature interval is divided into 20 equal intervals,
and the number of TCLs whose temperatures fall within
each sub-interval is counted as the value of u or v at that
temperature. The data are smoothed using an averaging
filter along the temperature interval. The passive parameter
identification is then executed on the smoothed data. The
results of the passive identifier are shown in Figure 6. As
before, the parameters converge within a neighbourhood of
the offline fitted values. However, the region of convergence
is larger due to the error induced by using a PDE model of
the population. Nevertheless, the identifier error, shown in
Figure 6(c), is nearly the same order as the PDE model
with measurement noise. Case D considers a stochastic
population of TCLs, and the results are shown in Figure 6.
In this case, the convergence results and identifier error is
similar to Case C.

5.2 Swapping identifier

Next, we consider the swapping identification scheme from
Section 4.2, with parameters p, = pg = 20. All filters are
initialised at zero, except vi(x, 0) = u(x, 0) and v,(x, 0) =
v(x, t). Figure 7 demonstrates how the parameter estimates
evolve under Case A. Subplots (a) and (b) demonstrate the
evolution of the parameter estimates & and B, respectively.
Indeed, the estimation errors are bounded according to The-
orem 4.2 and, in addition, converge near their true values.
Subplot (c) demonstrates how the %5 norms of the para-
metric error (€1, é;) are also bounded and decay towards
zero over time. Thus, the identifier performs as expected in
the ideal case.

For Case B, we add Gaussian noise as before. The sim-
ulation parameters are otherwise identical to the first case.
The parameter estimates are shown in Figure 7(a). In this
case, we see that the convergence of & and B is almost
indiscernible from Case A, since the filters successfully
attenuate the measurement noise. The identifier model er-
ror, however, reaches a larger steady-state error than the
noise-free case.

Next, we consider Case C where the individual TCL
data is smoothed using an averaging filter along the temper-
ature interval. The result of the parameter fitting is shown in
Figure 7. The estimate & converges within a smaller neigh-

0.05F

0.04f

——Case A: PDE
---Case B: PDEw/ noise | |
-~ Case C: MC —
- - -Case D: MC w/ noise
- - - Offline Fit

el + [lé-

7 65
b ommmictay ettt

0 0z 04 06 8 1 12

Time [hr]
Figure 7. Simulations of the swapping identifier under Case 4,
using filters (60)—(75) with parameter prediction errors (76) and
(77) and update laws (78) and (79). Subplots (a) and (b) demon-
strate the evolution of the parameter estimates & and /§ , respec-
tively. Subplot (c) demonstrates the model fit in terms of how the
£, norm of the error states (¢, é;) decay over time.

bourhood of its true value, as compared to the passive iden-
tifier. Indeed, the filters provide the added role of removing
noise, and therefore, the swapping identification scheme
provides more accurate estimates than the passive scheme.
Nevertheless, the estimate for ,3 decreases toward zero and
remains at the projection boundary, due to a lack of persis-
tent excitation. Case D, which considers a stochastic TCL
population, exhibits very similar results to Case C. As be-
fore, the filters inherently remove the noise and identify the
parameters by capturing the inherent diffusion—advection
dynamics of the population.

5.3 A controlled TCL population

In this section, we consider each identification algorithm
under a control input scenario in Case D. That is, we apply
the identification algorithms to a stochastic population of
TCLs undergoing a forced input that changes the aggregate
power consumption. In particular, we consider the forced
switching control proposed by Mathieu et al. (2013). In
this control framework, we consider a control parameter o,
which represents the fraction of TCLs in the population we
force to switch off instantaneously at time # = #;. The TCLs
that switch are random, and can be mathematically actu-
ated by considering a random variable generated from the
uniform distribution, m; ~ % (0, 1), and the switching con-
dition m; < o, foreach TCL, i =1, 2,. .., N. Consequently,
the controlled switching is modified from Equation (2)
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Table 3. Comparison of passive and swapping identification methods.

Property Passive identifier

Swapping identifier

Dynamic order
Nonlinear complexity

Sensitivity to noise/ model

One two-state PDE for the auxiliary
system
The auxiliary system and update law
are nonlinear
No attenuation of noise induced
from ( - ), (- ), measurements

Four two-state PDEs for the filters

The filters are linear, but the update
law is generally nonlinear

Filters attenuate noise induced from
() (- )y measurements

uncertainty
to be
0 if s;i(to—e)=1 and T;(t) < Toin,i
'(l ) — 1 if S,'(l‘() - ‘9) =0 and T;(t) > Tmax,i
i) =10 if mi<o
si(to — &) otherwise

(C2))

Figure 8 demonstrates how each algorithm performs un-
der a forced switching scenario. In this example, o = 0.5,
meaning 50% of the TCLs switch off at time # = 2 hr, as
can be seen in Figure 8(c). Note that this forced switching
creates a disturbance in the parameter estimates. However,
the estimates stay bounded within a neighbourhood of their
offline fitted values. As a result, the parameter identification
algorithms are applicable to a non-autonomous population
of TCLs for demand side management.

PassID
0.1 ; ; ; ; SwaplD
oosfy ® - - - -Offine Fit
006" 1
& 004 ~

2
Time [hr]

Figure 8. Simulations of the passive and swapping identifier un-
der Case D with 50% of the TCLs forced to switch off at time
t = 2 hr. Subplots (a) and (b) demonstrate the evolution of the pa-
rameter estimates & and B, respectively. Subplot (c) demonstrates
the aggregate power of the stochastic TCL population, with 50%
of the TCLs switched off at time # = 2 hr.

5.4 Comparative analysis

In this paper, we have derived, implemented, and analysed
two different parameter identification schemes for PDE
models of heterogeneous TCL populations. Next, we ex-
amine the relative strengths and weaknesses of each identi-
fication algorithm, summarised in Table 3.

From an implementation perspective, the passive iden-
tification algorithm has a smaller dynamic order (one PDE
versus four PDEs). However, the auxiliary system is nonlin-
ear, whereas the filters in the swapping identifier are linear.
From a robustness perspective, the swapping identifier ex-
hibits more accurate estimates in the presence of noise. In
particular, the filters attenuate measurement noise result-
ing in improved estimates for the first and second spatial
derivatives of the PDEs. More importantly, the swapping
identifier demonstrates robustness to modelling errors, as
demonstrated by the results on deterministic and stochastic
TCL populations.

6. Conclusion

This paper develops methods for model identification of
aggregated TCLs in a smart grid setting using PDE tech-
niques. First, a two-state boundary-coupled hyperbolic PDE
model for homogenous TCL populations was derived based
on a hybrid ODE model of a single TCL. An important fea-
ture of the population behaviour is that, under parameter
homogeneity, the aggregated power consumption exhibits
undamped oscillations. In the case of heterogeneous TCL
populations, the power consumption exhibits damped oscil-
lations due to a diffusive effect on the TCL density dynam-
ics. Consequently, this paper proposes to add a diffusive
term to the boundary-coupled PDEs to model heteroge-
neous TCL populations.

Next, two parameter identification schemes are deri-
ved for the heterogenecous PDE models: a passive and a
swapping scheme. We prove signal properties for each iden-
tifier, in terms of relevant error norms. Although there is no
guarantee that the parameters will converge to the true val-
ues, simulations indicate that parameter estimates converge
within a neighbourhood of the true values in the absence
of noise. In the presence of noise, the swapping identifier
generally exhibits improved convergence accuracy over the
passive identifier, at the cost of implementation complexity.
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For MC simulations of deterministic and stochastic TCLs,
the converged parameter estimates are consistent with the
offline model fit performed in Section 3.3. Moreover, the al-
gorithms are applicable to a controlled population of TCLs.

Future work focuses on robust model identification
techniques, incorporating these estimates into adaptive con-
trol of TCL populations, and application to TCLs on a uni-
versity campus.
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