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Abstract

In order to reach the ambitious net-zero emission target by 2050, various technological solutions need to be developed
o ensure efficient utilisation of energy. Commercial and residential buildings are a big source of greenhouse gas emissions,
here efficient utilisation of energy can play a major role towards decarbonisation of the buildings sector. Heat pumps have

ecently emerged as an effective solution for space heating applications in buildings. Energy-efficient operation of heat pumps
ill make a significant contribution toward making buildings energy-efficient. In this context, heat pump control systems have
major role. Some of the existing literature on the heat pump control systems assume that various system states are available

o measure. This may not always be true and/or economical to measure all the states. Moreover, the system is subject to
arious disturbances which cannot be directly measured. To reduce the number of sensors in heat pump control systems,
n adaptive observer is developed in this paper to estimate inaccessible system states and disturbances simultaneously. An
dvantage of the proposed approach is that it does not require any bound on the disturbance itself, however, only assumes that
he rate of change of disturbance is bounded. This is always the case in practice. In the developed method, adaptive control
echniques and variable structure control techniques are combined to implement the proposed observer. In order to estimate
he unknown disturbance, an augmented systems model is considered. Globally uniformly ultimately bounded property of the
rror dynamical systems is established by suitably designing the adaptive laws. The developed method is applied to a model
f the heat dynamics of a house floor heating system connected to a ground source-based heat pump. Different disturbance
ignals formats and amplitudes are considered to show the effectiveness of the proposed technique. Simulation results are given
o demonstrate the suitability of the proposed method.
rown Copyright © 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In 2019, the United Kingdom (UK) government had made it legally-binding to achieve net-zero emission by
050 [1]. To address this challenging target, significant alteration of the current energy mix will be needed, which
s still heavily relying on the fossil fuels. The recent energy crisis and the subsequent price hike of fossil fuels has
urther exacerbated the effect of fossil fuels on the environment and economy. The UK government has already
ledged to achieve 100% power generation from renewable energy sources by 2035 [2]. The decarbonisation of
ower generation will be a great step towards the ambitious net-zero target. In addition to the power generation
ecarbonisation, the energy consumption will also need to be decarbonised. Efficient utilisation of the energy is
ne such step that will be necessary for the net-zero target. Commercial and residential buildings are a big user of
nergy. Ensuring efficient utilisation of energy in building is therefor a topic of great interest for the sustainable
nvironment.

Modern buildings consume energy to provide various services such as thermal comfort (heating or cooling),
entilation, hot water for cooking and other usage, electric appliances (TV, fridge, washing machine etc.). According
o the United Nations Environment Programme (UNEP), buildings are the biggest consumers of electricity, roughly
0% of the total electricity production [3]. This also makes buildings the biggest contributor to greenhouse gas
missions. As such, there is huge potential of emission savings in buildings through efficient utilisation of the
nergy. In colder climate, e.g., Europe, space heating accounts for the majority of energy consumption in buildings.
arious national and international organisations have promoted heat pumps as an effective indoor heating solution.
eat pump is powered by electricity and can provide more than three times equivalent heat than the consumed

lectric energy. As heat pumps are typically grid-connected, they can be used to mitigate the effects of uncertainties
hat arise from connecting variable renewable energy (VRE) sources to the grid. If heat pumps are connected to
istrict heating systems, heat pumps then can provide wider flexibility of shifting the electric load in daily or weekly
ycle. This can further accelerate the adoption of VRE sources into the grid. Production uncertainties are a big
oncern for large-scale adoption of VRE sources. District heating system connected heat pumps can be effectively
onsidered as a large-scale thermal battery energy storage system which is capable of absorbing the uncertainties
f VRE.

Different heat pump controller design schemes have considered in literature to meet the desired performance
4–7]. In much of this work, however, it is assumed that all the system state variables are available for use by the
ontroller. However, in real world, this assumption can limit practical application as usually only a subset of state
ariables may be measurable. Therefore, it becomes of interest to establish observers to estimate the system states
nd then use the estimated states to replace the true system states in order to implement state feedback decentralised
ontrollers [8,9]. In addition, disturbances effect is a very important issue in real physical systems and need to
e considered in any control problem. Hence, disturbances estimation is very useful in designing robust control
ystem schemes [10]. The concept of the observer was first introduced by Luenberger in 1964 where the observation
rror between the output of the actual plant and the output of the observer converges to zero when time goes to
nfinity. Subsequently, many approaches have been developed to design observers for different systems to estimate
ystem states [11–14]. However, the problem becomes more challenging when the system is subject to parametric
ncertainties various disturbances. Therefore, adaptive techniques are utilised to estimate online unknown time
arying parameters and/or disturbances [15–18]. When variable structure control techniques is applied to systems
o obtain and maintain the desired performance, the system becomes a variable structure system. One of the main
pproaches in control field that using variable structure control techniques is so-called sliding mode control [19]. It is
ell known that sliding-mode control techniques exhibit high robustness and insensitivity to the so-called matched
ncertainty (uncertainties that lie in the range space of the input distribution matrix). However, it is sensitive to
nmatched disturbances (uncertainties do not generally enter into the system via input channel). In addition, the
iscontinuity of the control law around sliding surface may result in chattering phenomenon that might limit the
racticability of the technique in some systems such as mechanical systems ([20] and references therein). However,
o sliding motion is required in the methods that only use variable structure control techniques as no need to design
liding surfaces, and hence, the chattering issue is avoidable [8,9].

An adaptive observer, which is one of the effective methods to handle the system uncertainties, is designed for
any different kind of systems to estimate the disturbances in order to be taken into account in control system design

chemes to improve the robustness and efficiency [21–23]. However, in much of this work, it is assumed that the
isturbances are bounded. Unbounded disturbances are considered in Guerrero [24] and Xiao et al. [25], Yu et al.
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[26] where adaptive disturbance observers are developed for specific purposes and particular applications, and all
system states assumed to be measurable. In this paper, the advantages of adaptive techniques and variable structure
techniques are combined to develop a robust adaptive observer to estimate the system states and disturbances
simultaneously. It is not required that the disturbances to be bounded, but the time derivative of the disturbances
need to be bounded. A dynamical system is proposed and then, the error systems between the original system
and the designed dynamical system are analysed. The Lyapunov direct method is used to analysis the stability of
designed system and it is not required to solve the so-called constrained Lyapunov problem. Sufficient conditions are
developed such that the augmented systems formed by the error dynamical system and the designed adaptive laws,
are globally uniformly ultimately bounded. The developed method is applied to a model of the heat dynamics of a
house floor heating system connected to a ground source-based heat pump. Different disturbance signals formats
and amplitudes are considered to show the effectiveness of the proposed technique. Simulation results are given to
demonstrate the suitability of the proposed method.

2. System description and preliminaries

Consider a nonlinear system described as follows:

ẋ = Ax + H f (x) + Bu + Eθ (t) (1)

y = Cx (2)

where x ∈ Rn, u ∈ Rm and y ∈ R are the state variables, input and output, respectively. The function f (x) is known
ontinuous, and θ (t) represents the disturbances. The matrices A, B, H, E and C are constant with appropriate
imensions, and C is of full rank.

ssumption 1. The matrix pair (A, C) is detectable.
From Assumption 1, there exist matrix L such that A − LC is Hurwitz stable. This implies that, for any

ositive-definite matrix Q ∈ Rn×n the Lyapunov equation

(A − LC)T P + P(A − LC) = −Q (3)

as unique positive-definite solution P ∈ Rn×n .

ssumption 2. The disturbances θ (t) satisfy⏐⏐θ̇ (t)
⏐⏐ ≤ µ (4)

emark 1. Assumption 2 implies that there is a limitation to the unknown disturbance θ (t), which requires that the
hange rate of disturbance θ (t) is bounded. This can be satisfied in most cases in reality. It should be noted that
n this paper, it is not required that the unknown disturbance θ (t) is bounded. Appropriate adaptive laws are to be
esigned to identify it.

ssumption 3. The nonlinear term f (x) satisfy the Lipschitz condition with respect to x ∈ Rn and uniformly for
∈ Rm , that is, there exist nonnegative function l such that f (x) − f (x̂)

 ≤ l
x − x̂

 (5)

. Adaptive variable structure observer with disturbances estimation

In this section, adaptive variable structure observer (AVSO) is proposed to estimate system states and disturbance.
For system (1)–(2), construct dynamical systemsˆ̇x = Ax̂ + H f (x̂) + Bu + L(y − ŷ) + E θ̂ (t) + φ(ŷ, y) (6)

ŷ = Cx̂ (7)

here
−1 T T
φ(ŷ, y) = αP C (y − ŷ) sgn(y − ŷ) (8)
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and P&C satisfies the Lyapunov equation (3), with adaptive laws

θ̂ (t) = Γ + ρ y
Γ̇ = −ρ ˙̂y

(9)

where α and ρ are positive constants.
Let ex = x − x̂, ey = y− ŷ, and eθ = θ (t)− θ̂ (t). Then from (1)–(2) and (6)–(7), the error dynamics are described

by

ėx = (A − LC)ex + H [ f (x) − f (x̂)] + E[θ (t) − θ̂ (t)] − φ(·) (10)

rom (9),

ėθ = θ̇ (t) −
ˆ̇θ (t)

= θ̇ (t) − [Γ̇ + ρ ẏ]
= θ̇ (t) − [−ρ ˙̂y + ρ ẏ]
= θ̇ (t) − [−ρ C ˙̂x + ρ C ẋ]
= θ̇ (t) − ρ C ėx

= θ̇ (t) − ρ C{(A − L C)ex + H[ f (·) − f (·̂)] + E[θ (t) − θ̂ (t)] − φ(·)}
= θ̇ (t) − ρ C(A − L C)ex − ρ C H[ f (·) − f (·̂)] − ρ C E[θ (t) − θ̂ (t)] + ρ C φ(·)

(11)

. Stability of the error dynamical systems

The following result is ready to be presented:

heorem 1. Under Assumptions 1–3, the error dynamical systems (10) with adaptive law (9) are globally
uniformly ultimately bounded if the matrix W T

+ W is positive definite, where

W =

(
wa wb

wc wd

)
(12)

nd

wa
= [ λ

min
(Q) − 2 ℓ ∥P∥ ∥H∥ + 2α ∥C∥

2],

wb
= wc

= −[∥P∥ ∥E∥ − ρ ∥C∥ ∥A − L C∥ − ρ ℓ ∥C∥ ∥H∥ + ρ α ∥C∥
P−1

 ∥C∥
2],

wd
= 2ρ ∥C∥ ∥E∥

roof. For systems (10) and (11), consider the candidate Lyapunov function

V = eT
x Pex + eT

θ eθ (13)

he time derivative of V (·) along the trajectories of systems (10) and (11) is given by

V̇ =
{
eT

x [(A − L C)T P + P(A − LC)]ex + 2eT
x P H[ f (·) − f (·̂)] + 2eT

x P E eT
θ − 2eT

x P φ(·)
}

+
{
ėT
θ eθ + eT

θ ėθ

} (14)

rom (3), (5), (8) and (11), it follows that

V̇ ≤ −eT
x Q ex + 2 ℓ eT

x P H ex + 2eT
x P E eθ − 2eT

x P φ(·) + 2eT
θ ėθ

≤ −eT
x Q ex + 2 ℓ P H e2

x + 2eT
x P E eθ − 2αeT

x CT (y − ŷ) T sgn(y − ŷ)
+2eT

θ θ̇ (t) − ρ C(A − L C)ex

−ρ C H[ f (·) − f (·̂)] − ρ C E[θ (t) − θ̂ (t)] + ρ C φ(·)

(15)

rom the inequality ∥X∥ ≤ X T sgn(X )

V̇ ≤ −eT
x Q ex + 2 ℓ eT

x P H ex + 2eT
x P E eθ − 2α eT

x CT
y − ŷ

 − 2ρ C eT
θ (A − LC)ex

T T T −1 T
  T ˙

(16)

−2ρ ℓ C H eθ ex − 2ρ C E eθ eθ + 2ρ α C eθ P C y − ŷ + 2eθ θ (t)
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From Assumption 2 in (4), it follows that

V̇ ≤ − λ
min

(Q) ∥ex∥
2
+ 2 ℓ ∥P∥ ∥H∥ ∥ex∥

2
+ 2 ∥P∥ ∥E∥ ∥ex∥ ∥eθ∥ − 2α ∥C∥

2
∥ex∥

2

−2ρ ∥C∥ ∥A − LC∥ ∥ex∥ ∥eθ∥

−2ρ ℓ ∥C∥ ∥H∥ ∥ex∥ ∥eθ∥ − 2ρ ∥C∥ ∥E∥ ∥eθ∥
2
+ 2ρ α ∥C∥

P−1
 ∥C∥

2
∥ex∥ ∥eθ∥ + 2µ ∥eθ∥

≤ [− λ
min

(Q) + 2 ℓ ∥P∥ ∥H∥ − 2α ∥C∥
2] ∥ex∥

2
+ [2 ∥P∥ ∥E∥ − 2ρ ∥C∥ ∥A − L C∥ − 2ρ ℓ ∥C∥ ∥H∥

+2ρ α ∥C∥
P−1

 ∥C∥
2 ] ∥ex∥ ∥eθ∥ − 2ρ ∥C∥ ∥E∥ ∥eθ∥

2
+ 2µ ∥eθ∥

≤ −{[ λ
min

(Q) − 2 ℓ ∥P∥ ∥H∥ + 2α ∥C∥
2] ∥ex∥

2
− 2[ ∥P∥ ∥E∥ − ρ ∥C∥ ∥A − L C∥ − ρ ℓ ∥C∥ ∥H∥

+ρ α ∥C∥
P−1

 ∥C∥
2 ] ∥ex∥ ∥eθ∥ + 2ρ ∥C∥ ∥E∥ ∥eθ∥

2
} + 2µ ∥eθ∥

(17)

hen, from the definition of the matrix W in Theorem 1 and the inequality above, it follows that

V̇ ≤ −
1
2 XT

[
W T

+ W
]

X + β ∥X∥

≤ −

(
1
2 λ

min

(
W T

+ W
)

∥X∥ − β

)
∥X∥

(18)

here β = 2µ and X = [ex , eθ ]T . Therefore, from the condition that W T
+ W is positive definite, system (10) is

lobally uniformly ultimately bounded.

. Simulation studies

In this section, the developed method in this paper is applied to a model of the heat dynamics of a house floor
eating system connected to a ground source based heat pump. The matrices (A, B, C) in (1)–(2) that described in
alvgaard [27] are used in this paper to develop AVSO. The system parameters used in this simulation example can
e found in Table II in Halvgaard [27]. The system states are x = [Tr T f Tw]T , where Tr is a room air temperature,

T f is a floor temperature, and Tw is a water temperature in floor heating pipes. The disturbances considered in this
aper θ (t) is the sun radiation. The system matrices (A, B, C, E) are

A =

⎛⎝ −0.7358 0.7704 0
0.1882 0.1798 0.0084

0 0.0335 −0.0335

⎞⎠ , B =

⎡⎣0
0
0.0036

⎤⎦
C = [100], E =

⎡⎣0.0011
0.00003
0

⎤⎦
Choose L = [0.01050.48090.4846] and Q = I . Then, the Lyapunov equation (3) has unique solution:

P =

⎛⎝ 6.7689 5.9083 −7.2926
5.9083 6.9965 −3.3811

−7.2926 −3.3811 117.0517

⎞⎠
For simulation purposes, the controllers are chosen as u = −ku x where ku = 1 × 105[2.37162.42910.0095].
By direct computation, it follows that the matrix W T

+ W is positive definite, where W is

W =

(
3 0.0457

0.0457 0.0051

)
Thus, all the conditions of Theorem 1 are satisfied.
Simulation results in Fig. 1 show the system state variables and their estimations in the presence of disturbances.

igs. 2, 3 and 4 show the disturbances estimation at different signal formats and amplitudes (θ (t) = sin(t),
(t) = 5 sin(t) and when θ (t) is a square wave signal, respectively). The estimation error between the states of

he system and the states of the observer converges to zero globally ultimately bounded.

. Conclusion

An adaptive variable structure observer has been proposed based on Lyapunov direct method to estimate the
ystem states and disturbances simultaneously. Variable structure technique is combined adaptive techniques to
553
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Fig. 1. System states estimation.

Fig. 2. Disturbance estimation θ (t) = sin(t).

guarantee the ultimate boundedness of the estimation error of the designed observer. No bound is considered on
the disturbances, but the rate of change of the disturbances should be bounded. Case study on model of the heat
dynamics of a house floor heating system connected to a ground source based heat pump shows the practicability of
the developed observer. Disturbances at different amplitudes are considered to show the reliability of the proposed
technique.
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Fig. 3. Disturbance estimation θ (t) = 5 sin(t).

Fig. 4. Disturbance estimation when θ (t) is a square signal with amplitude 5.
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