ROBUST CONTROL OF NET-ZERO OFFICES WITH INTEGRATED HYBRID
SUPPLY SYSTEM AND ENERGY STORAGE
a

John Allisona*
Energy Systems Research Unit, Dept. Mechanical & Aerospace Engineering, University of
Strathclyde, 75 Montrose St., G1 1XJ, Glasgow, Scotland
*corresponding author: j.allison@strath.ac.uk

ABSTRACT
Commercial office buildings are a key target for
energy reduction measures. One method of reducing commercial buildings’ energy consumption is to make them more autonomous – creating
more of their own energy, disposing of their own
waste, collecting their own water; ultimately being
as sustainable as possible (i.e. self-sustaining).
A move towards these energy autonomous systems could be accomplished by the use of renewable and co-generation energy sources. However, there are a multitude of these energy
sources available, such as combined heat and
power (CHP), thermal energy storage and electrical energy storage plants, heat pumps, photovoltaics, etc. Making these systems work together
presents a control challenge for their efficient use,
especially since they can have a simultaneous
effect on both the thermal and electrical energy
networks.
This paper describes a robust multi-input multioutput (MIMO) controller applicable to any configuration of the aforementioned systems, with
the control goal of minimising the electrical grid
utilisation of an office building while maintaining
the thermal comfort of the occupants.
The controller employs the inverse dynamics of
the building, mechanical/servicing systems, and
energy storage with a robust control methodology.
This inverse dynamics provides the controller with
knowledge of the complex cause and effect relationships between the system, the controlled
inputs, and the external disturbances, while an
outer-loop control ensures robust, stable control
in the presence of process uncertainty and unknown disturbances.
Results indicate that the control strategy is effective in minimising the electrical grid use and
maximising the utilisation of the available renewable energy – towards net-zero office buildings –
and shows the potential for deployment in future
energy-autonomous office buildings.
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INTRODUCTION
Commercial office buildings are a key target for
energy reduction measures. One method of reducing commercial buildings’ energy consumption is to make them more autonomous – creating
more of their own energy, disposing of their own
waste, collecting their own water; ultimately being
as sustainable as possible (i.e. self-sustaining).
A move towards these energy autonomous systems could be accomplished by the use of renewable and co-generation energy sources. Combined heat and power (CHP) systems are a
promising technology for these future energy autonomous offices as heat and power are simultaneously required during the operating hours
of typical office buildings. Furthermore, due to
the high thermal efficiencies and the production
of immediately usable electricity, Stirling engine
based CHPs are ideal for isolated or off-grid application [1]. However, the efficient use of CHP
systems in off-grid applications presents a control
challenge due to this simultaneous production of
thermal and electrical energy – especially with no
electrical buffer typically provided by the electrical
grid to account for the intermittent nature of photovoltaics (PV), or when the CHP is unable to fulfil
the demand.
Many of the current approaches to the control
of these hybrid energy supply systems involves
model predictive control [2, 3], and/or optimisation
methods [4, 5]. These are very useful tools for
determining the feasibility of a proposed energy
supply system, or the optimal operational strategy
provided the assumptions on the performance of
the systems are in line with the those predicted
by the models. However, the issue with these
approaches is that they not only rely on models to
predict the optimum operation regime, but rarely
is attention given to the control strategy used
in operation i.e. it is assumed that a thermallyled CHP is capable of providing the thermal load
when it is required, and similarly for electrically-led
systems.
These energy systems – and the external environment in which they operate – cannot be mod-

elled precisely, may change in an unpredictable
manner, and may be subject to significant disturbances. The design of building energy management systems in the presence of significant
uncertainty requires the development of a robust
control system. Recent advances in robust control design methodologies can address stability
robustness and performance robustness in the
presence of uncertainty in the models.
The zone and plant models will always be an
inaccurate representation of the actual system
because of
• parameter changes
• unmodelled dynamics
• unmodelled time delays
• changes in equilibrium point (operating point)
• sensor noise
• unpredicted disturbance inputs.
The goal of robust systems design is to retain assurance of system performance in spite of model
inaccuracies and changes. A system is robust
when the system has acceptable changes in performance due to model changes or inaccuracies.
This disturbance attenuation is especially important in off-grid applications when considering the
impact of an undersized or oversized system. For
example, there may be occasions when the availability of the PV system energy exceeds both the
power demand and the available storage capacity.
This paper describes a robust multi-input multioutput (MIMO) controller with a methodology that
is applicable to any configuration of cogeneration
and renewable energy systems, with the control
goal of minimising the electrical grid utilisation of
an office building while maintaining the thermal
comfort of the occupants.
CONTROL THEORY
A robust control method of control allows the models to be imprecise, where the imprecision in this
system stems from two major areas:
System uncertainty: It is not possible to know
precisely the system parameters (e.g. the exact
heat capacity of the building structure, or the heat
transfer coefficients, or the vast array of disturbances to the system)
Simplified dynamics: The models used in this
study are purposefully a simplified representation
of the overall system (e.g. using a reduced model
of the building structure, modelling the radiation
heat transfer as linear, neglecting the modelling
of the high frequency dynamical modes, such as
internal mechanisms of the CHP plant or thermal
store etc.)

In control literature, these two areas of imprecision are known as structured uncertainties (related to the parametric uncertainties) and
unstructured uncertainties (the unmodelled or
reduced-order dynamics) [6].
Robust controllers are comprised of two parts:
1. The inner model reduction component – commonly a feedback linearisation or inverse control law, and
2. An outer component used to account for the
structured uncertainties
The following section details these two components of the controller that can be used for the
robust control of hybrid energy supply systems in
office buildings.
Nonlinear inversion control law
The differential equations that govern the dynamics of the office zone and its energy systems
can be written in state-space form as the class
of nonlinear MIMO control/input-affine systems
described by
̇
𝒙(𝑡)
= 𝒇(𝒙(𝑡)) + 𝑮(𝒙(𝑡))𝒖(𝑡) ,
𝒚(𝑡) = 𝒉(𝒙(𝑡)) ,

(1)

where 𝒙(𝑡) ∈ ℝ is the state vector, 𝒚(𝑡) ∈ ℝ are
the measured outputs, 𝒖(𝑡) ⊂ 𝑈 ∈ ℝ , are the
controlled inputs, 𝒇 ∶ ℝ → ℝ and 𝒉 ∶ ℝ → ℝ
are smooth vector fields, and 𝑮 ∶ ℝ → ℝ ×
ℝ is a matrix whose columns 𝒈 ∶ ℝ → ℝ ,
𝑗 = 1, … , 𝑚 are smooth vector fields. Also, for
notational compactness from now on the timedependence is implied so that 𝒙 ≔ 𝒙(𝑡), 𝒖 ≔ 𝒖(𝑡),
𝒚 ≔ 𝒚(𝑡).
The control objective is to make any output 𝑦
(such as internal air temperature, or electrical
grid power use) track a desired trajectory while
keeping the system stable. The difficulty with this
is that any output is only indirectly related to a
controlled input, through the state variables and
the nonlinear state equations. For example, a
direct convective air heater will have a more deliberate effect on the air temperature that a hydronic
radiator. The inability to quickly see a change in
the output based upon a change in the controlled
input often results in poor control and inefficient
utilisation of the energy systems. In buildings a
common result of this is over-heating/cooling.
A measure of this ’indirectness’ is the relative order/degree of the output. From the mathematical
representation of the system (1), it is possible to
calculate the relative degree of each output in relation to the controlled input. This is determined by
continually differentiating the output of the system
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where ℒ denotes the Lie derivative, and for at
least one 𝑗, ℒ𝒈 ℒ𝒇 ℎ ≠ 0, and 𝜌 denotes the
relative degree of output 𝑦 i.e. the relative degree
corresponds to the lowest order derivative of the
output that depends explicitly on an input.
The same method (2) can be applied to each
output of the system (1) and written together
in a single compact vector-matrix equation as
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results in the simple linear system
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If the matrix 𝑸(𝒙) in (3) is invertible, then utilising
feedback control of the form
𝒖 = (𝑸(𝒙))

The PDF control is given by
𝑣 =𝑟 −

or
𝒚̂ = 𝑷(𝒙) + 𝑸(𝒙)𝒖 .

model, and disturbances. The typical choice for
the outer-loop controller is designed so that the
output 𝑦 asymptotically tracks the demand trajectory 𝑦d, . For example, in building and energy
systems control, demand trajectories are typically
the air temperature set-points. For this work, an
outer-loop controller has been utilised that is a
combination of local asymptotic stabilisation (via
pole placement) and integral action. This type
of control, known as pseudo-derivative-feedback
(PDF) control, was pioneered by Phelan [7] as an
alternative to the traditional proportional-integral
(PI) controller that is used in most of cases in the
industry. This control has been proven to perform
better than PI when the relative order of the output
is less than two (𝜌 ≤ 2), but is also applicable
to systems with a order of greater than two – to
which PI control is not suitable since the order
is higher than the degrees of freedom provided
by the controller. The superior performance is
gained by not introducing zeros into the system
(which PI control does), allowing for a faster transient response with less overshoot.

(5a)

where 𝑟̇ = 𝐾i, 𝑒 and 𝒌 = (𝐾I, , 𝐾d , … , 𝐾d ) are
the controller gains.
In order to demonstrate the performance of this
control, and the selection of the controller gains
𝒌 , substituting (6) into a single output of (5a),
and taking the Laplace transform results in the
following transfer function between the demand
trajectory and the output:
𝐺 (𝑠) =

(5b)

where each 𝑣 is an outer-loop control law to be
defined in order to achieve the required performance tracking on 𝑦 . It can be seen that utilising
(4) has resulted in an input-output relation that is
linearised and decoupled, such that each output
𝑦 is a linear function of a single input 𝑣 . For
this reason (4) is called a decoupling control
law, and the invertible matrix 𝑸(𝒙) is called the
decoupling matrix of the system (1) [6].
Robust outer-loop control
The decoupling control law alone suffers the same
drawbacks as model predictive control – in order
to assure that the system has been decoupled
and each 𝑣 can be selected independently – relies on an accurate model of the system. However, is it possible to introduce a robust outerloop control to account for the uncertainty in the

𝑌 (𝑠)
=
𝑌d, (𝑠)
𝑠

𝐾I,
+∑

𝐾d 𝑠 + 𝐾I,

(7)

Note that the introduction of the integral action has
increased the order of the system by one. Now
the controller gains 𝒌 are selected so that the
denominator of (7) forms a Hurwitz polynomial,
which ensures all the poles are in the left-half
plane – resulting in a stable system. System
performance can then be tuned via any poleplacement technique to get the required tracking
performance.
This combination of a inversion based control law
and PDF control was originally developed in the
aerospace and robotics industry [8], and more recently applied to the controllability of buildings [9].
However, the theory was only developed for application to the control of ‘fast’ system modes i.e.
was only originally applicable to MIMO systems
where the outputs were of relative order of one
or less. Therefore, the theory presented in this

section is a generalisation of this work not only
to the nonlinear inversion, but also extending the
PDF control to higher-order systems.
System/actuator limits
The performance of all real systems is limited by
the capabilities of the actuators that are responsible for the transfer of energy from the control
system to the process being controlled. The actuating control value that supplies fuel to the CHP
engine has a maximum and minimum fuel supply,
as well as restricted rate at which the fuel can
be delivered. Electrical energy storage also has
low-level electronics that restricts the maximum
permissible current that can be transferred to the
device to avoid overheating and to protect their inner circuitry. Depending on the type of thermal energy store, these can have mechanical/hydraulic
actuators that have physical limits on the magnitude or flow rate of water entering/exiting from the
tank. Many of these discontinuous limits are designed to ensure safe performance of the energy
system, and so the ‘high-level’ controller should
be respectful of these system limitations to ensure
optimal and safe control.
There are many cases when a system may reach
the limits of the actuator; this can be when there
is a large change in set-point such that the system must drive as hard as possible to reach its
target. There is also the case where a large disturbance may cause the actuator to saturate. A welldesigned controller should be capable of handling
exceptional disturbances, i.e. disturbances of
intensity higher than the predicted bounds which
are used when tuning the control parameters. If
integral control is used in such cases, the integral
term in the control action may become unreasonably large, so that once the disturbance stops, the
system goes through large amplitude oscillations
in order to return to the desired trajectory.
Fortunately, it is possible to compensate for these
control limitations.
If the system is well designed, the final control
elements will be capable of supplying the energy
required by the controlled system to insure that
the controlled variable follows the reference setpoint within the performance specifications over
the specified linear range of operation. Under
such circumstances, the only way a reasonably
well tuned system can get into trouble is for it to
be driven into the saturation region.
A common and potentially obvious way to avoid
integrator wind-up is to avoid saturating the actuator in the first place. This can be achieved by
appropriately sizing the energy supply systems
and their actuators so that it is always able to
supply any potential demand for energy. How-

ever, this will often not be practical or efficient,
since maximum/peak demand may only occur for
a limited time during the lifetime of the system
if they were to be sized this way. Also most
energy supply systems are at their most efficient
when running at full load, so operating at (but not
beyond) the actuator limits can actually be the
most energy efficient control option.
Another option is to ‘de-tune’ the control system,
so that its response to large errors is slower,
which will in turn smooth the changes in the control signal such that it avoids entering the saturation region. Obviously this will lead to a downturn
in controller performance that will almost always
be unacceptable or fall far from the performance
specifications. Again, this is especially true for
the control of energy supply systems since they
must react quickly to the electrical and thermal
demands of the building.
The final, and most affective way to cope with
integrator wind-up is to design a variable structure
controller so that when the controller output has
reached either limit, any future control action must
either keep 𝑢 constant or reduce it so that it will
continue its normal linear mode of operation [8].
Mathematically this can be expressed as:
𝑢𝑢̇ ≤ 0

when 𝑢 ≥ 𝑣max ∨ 𝑢 ≤ 𝑣min .

(8)

If (8) can be ensured, then the controller output
𝑢 will always tend to decrease away from the
saturation limit.
To implement this new switching surface with a
PDF controller, first define the following nonlinear piecewise ‘dead zone’ function, where for an
given input 𝑢, the output 𝑢̃ is given by
0
𝑢̃ = 𝑢 − 𝑣max
𝑢 − 𝑣min

if 𝑣min ≤ 𝑢 ≤ 𝑣max
if 𝑢 > 𝑣max
if 𝑢 < 𝑣min

(9)

Then from (9), when 𝑢̃ ≠ 0 then the system has
been overdriven as the controller output, 𝑢, is out
with the physical limits (𝑣min , 𝑣max ). This can be
represented as the logical function:
isSaturated ≔ 𝑢̃ ≠ 0 .

(10)

The other aspect of the integrator clamping logic,
is determined by the direction of the system –
if the error signal would cause the system to
move further into the saturation region then the
integrator should be clamped. This is determined
easily by realising that when the sign of the error,
sgn(𝑒), is the same as that of 𝑢̃ then the system
will be pushed further into the saturation region.
This is easily represented by the following logical
function:
isIncreasing ≔ 𝑒 ⋅ 𝑢̃ > 0 .

(11)

Then the new integrator clamping logic can be
implemented as
𝑟̇ =

0
𝐾i 𝑒

if isSaturated∧isIncreasing
(12)
otherwise

The synthesis of the nonlinear variable structure
inversion control law, the outer-loop PDF control,
and final control elements is given in the block
diagram schematic of fig. 1.
Special theory: Linear systems
Although all real systems are nonlinear, there are
systems which either predominately perform as
linear systems, where the dynamics are given as
a set of first-order ordinary differential equations
(ODEs), or the system operates around a local
equilibrium point. This is also applicable to a subset of building control problems such as well insulated buildings and energy systems which have
a limited range of operation. For these cases,
small signal analysis applies and the behaviour of
the system can be well approximated as a linear
system. In any case, the nonlinear system (1)
can be linearised via the Jacobian linearisation
approach. Define
𝜕𝒇
𝜕𝒙

𝑨≔

𝜕𝒉
𝑪≔
𝜕𝒙

𝑩≔
(𝒙e ,𝒖e )

𝜕𝒇
𝜕𝒖

𝜕𝒉
𝑫≔
𝜕𝒖

(𝒙e ,𝒖e )

(𝒙e ,𝒖e )

(𝒙e ,𝒖e )

Then the system becomes
𝒙̇ = 𝑨𝒙 + 𝑩𝒖 ,
𝒚 = 𝑪𝒙 + 𝑫𝒖 .

(13)

Applying the method (2) to the linear system (13)
is straightforward and results in ℒ𝒇 ℎ = 𝒄 𝑨 𝒙
and ℒ𝒈 ℒ𝒇 ℎ = 𝒄𝒊 𝑨 𝑩. Then, the subsystem of
relative order 𝜌 that directly relates an input to
the output 𝑦 is given by
𝑦

(

)

= 𝒄 𝑨 𝒙 + 𝒄𝒊 𝑨

𝑩𝒖 .

(14)

Utilising the same feedback control as (4) results
in the decoupling control law for linear systems
where the elements 𝑷(𝒙) = 𝑷𝒙 and 𝑸 are defined
as
𝒄
⎡
𝒄
𝑷𝒙 = ⎢
⎢
⎣𝒄

𝑨
𝑨
⋮
𝑨

⎤
⎥𝒙
⎥
⎦

𝒄 𝑨
⎡ 𝟏
𝒄
𝑨
𝑸=⎢ 𝟐
⋮
⎢
⎣𝒄𝒎 𝑨

𝑩
⎤
𝑩⎥
⎥
𝑩⎦

(15)

Note that for linear systems, the decoupling matrix 𝑸 is static and is not a function of the state.
Therefore, provided reasonable estimates of the
system parameters, the system can be decoupled
without state measurement or estimation.
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Figure 2: Wire frame drawing of office zone
Inverse dynamics
It is possible by utilising (4), and assuming that
all disturbance inputs are known, to find out what
initial conditions and control input 𝒖 should be
in order for the system output to track a reference output perfectly. This can be useful for
several purposes; namely ideal control in building
simulation. With the controller implemented in
a building simulation, it is possible to determine
the feasibility of a proposed combination of energy systems, and then the related sizing of the
aforementioned systems. Then, the real-world
control strategy implemented would incorporate
the robust outer-loop control strategy in order to
account for unmeasured disturbances, parameter
uncertainty, and unmodelled dynamics.
This could be incorporated into the building design
stage, whereby the appropriate mix and size of
energy systems for a proposed building can be
determined in building simulation via inverse dynamics, and then the real-world controller implemented based upon these models and the robust
control strategy presented herein.
What follows is a case study applied to a small
office zone that has a complex hybrid energy
supply system.
CASE STUDY
The zone modelled is a small office located in
Trappes, France, for which the climatic data (external air temperature and solar radiation) is available. Figure 2 shows the wire-frame drawing
of a single office zone, with major dimensions
indicated. The overall office controlled consists
of four of these zones in parallel, joined along
their length so that all windows are facing west.
The thermal demands of the zone are served by
a hydronic radiator system supplied by a Stirlingengine based CHP system. The electrical demands are fulfilled by the electrical generation of
the CHP, PV, and electrical energy storage. The
chosen control objective is to make the measured
air temperature track a desired trajectory while
minimising the electrical grid utilisation. The dif-
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Figure 1: Schematic of control theory
ficulty is that the air temperature is only indirectly
related to the input fuel flow rate – which must first
influence the engine, cooling water, and radiator
temperatures before changes to the internal air
temperature will be seen. The number of ‘elements’ or states downstream of the control input
are related to the relative order/degree of that
output discussed earlier.
Therefore, it is not easy to see how the input
can be designed to control the tracking behaviour
of the output. This configuration of systems is
well suited to the application of the control theory
presented in the previous section.
System specifications
The CHP specifications are based upon a WhisperGEN CHP engine, with empirical data taken
from [10]. The engine has an external pump,
and a permissible water flow rate of 3 l min to
8 l min . It is assumed that the lower heating
value of the fuel supply to the engine is 𝐿𝐻𝑉fuel =
35.16 MJ kg . This particular engine has a small
electrical capacity of 750 W (nominal) – equivalent
to 575 W once the parasitic electrical consumption
of the CHP is subtracted – and large thermal
output 6.5 kW (nominal). The typical application is
residential micro CHP, but is shown here to be applicable to an array of small office zones. Where it
may be possible in the future to use multiple micro
CHP units throughout a larger building to serve
specific levels or zones within the larger whole.
These engines are typically controlled by heat
demand (heat-led) rather than electrical demand.
The control developed here is ‘led-agnostic’, as
the CHP is operated based upon the prevailing demands of both the thermal and electrical networks
due to the decoupling control law.
The unit also has several low-level controls: The
unit will shutdown if the cooling water temperature
at the outlet of the system exceeds 85 ∘C. The

cool-down period of the unit was 25 min, but is assumed that the cool-down period is optional, that
is if the unit receives demand while in cool-down
mode it will switch to warm-up before completing
the entire cool-down period.
For the purpose of control demonstration, it is
assumed that the unit can also modulate down to
as low as 3 kW, while still generating electricity.
Furthermore, a fixed efficiency and heat-to-power
ratio is also assumed.
The results given here are calculated using two
reference inputs. The first is the operative temperature (in this case the air temperature of the
zone). This heating set-point is 20 ∘C between
08:00 and 18:00 on weekdays, with a night time
and weekend setback temperature of 12 ∘C. The
cooling has been disabled for these simulations in
order to draw closer comparisons between different configurations that may not lend themselves
to incorporating cooling, as such, a cooling device has not been included in this set of results.
The second is the electrical grid power set-point,
which is set to zero. This means that the controller
will strive to neither import or export from or to the
national grid, thereby minimising the use of the
grid.
The internal gains are defined per floor area at
20 W m and are defined as 50 % convective to
the internal air of the zone and 50 % radiative to
the walls and floor. The electrical loads are comprised of the internal gains, at 20 W m , which
equates to a standing load of 396 W for each cell
between 08:00 and 18:00 during weekdays.
The energy production from photovoltaics is calculated using PVWatts [11]. The PV system characteristics consist of a 650 W solar array, south
facing with a fixed tilt of 48.73° (which is equal to
the latitude of the climate data).

Electrical grid measurement
The theoretical electrical grid use is based upon
an energy balance with all demand and supply
elements given by:
𝑦 = 𝑃grid = 𝑃load − 𝑃bat − 𝑃pv − 𝑃chp

Energy conversion control volume:
𝑃chp = 𝜂e 𝛷gross
𝛷gen = 𝜂q 𝛷gross
𝛷gross = 𝑚̇ fuel 𝐿𝐻𝑉fuel

(16)

It can be seen from (16) that the availability of
PV is considered a disturbance. In this way,
priority is given to utilising as much of the PVgenerated electricity as possible, while the CHP
can compensate for the remaining demand.
However, note that in (16) the control is immediately affecting the output of the system i.e. the
electrical grid output has a relative degree of zero,
that is, the manipulated fuel flow rate and battery
(dis/)charge instruction has an immediate and direct effect on the interaction with the electrical
grid.
Although the theory can be amended to account
for such systems by making the control input be
its rate-of-change i.e. 𝑢̇ would become the new
control input. However, a more robust approach
is to use the output-redefinition method, whose
principle is to redefine the output function so that
the original control theory can be utilised. Provided that the new output function is defined in
such a way that it is essentially the same as the
original output function in the frequency range of
interest, exact tracking of the new output function
then also implies good tracking of the original
output 𝑦 . i.e. the electrical grid regulation will still
be achieved since the outer-loop compensator will
drive the actual output to zero. This method is
preferable to the first, since the first method can
introduce large chattering in the control input if
there is any measurement noise in the electrical
grid output.
The output-redefinition method is achieved by introducing an additional state for the electrical grid
power, given by
𝑥̇ grid = 1/𝜏grid (𝑃grid − 𝑥grid )

how the control operates. Original validation has
of the model was carried out in [17].

(17)

This increases the relative order of the electrical
grid output by one, so that (4) can be implemented
directly. The time constant 𝜏grid dictates how
quickly the control model will estimate the actual
grid use.
Plant models
There are a number of Stirling-engine based dynamicCHP models in the literature [12–14] but
the Annex 42 model [15] was selected for this
work as it was the simplest model that was still
independently empirically validated [16]. The
engine model consists of three control volumes
(subsystems): (1) Energy conversion, (2) engine,
(3) cooling water. These subsystems are described briefly here to facilitate understanding and

(18)
(19)
(20)

Engine control volume:
𝐶eng 𝛩̇ eng = 𝛷gen − 𝛷HX − 𝛷skin-loss

(21)

Cooling water control volume:
𝐶cw 𝛩̇ cw = [𝑚𝑐
̇ ]cw (𝛩rad,2 − 𝛩cw ) + 𝛷HX

(22)

where 𝛷HX = 𝐻HX (𝛩eng − 𝛩cw ).
Radiator (2-node) model:
𝐶rad 𝛩̇ rad,1 = [𝑚𝑐
̇ ]cw (𝛩cw − 𝛩rad,1 )
(23)
𝐶rad 𝛩̇ rad,2 = [𝑚𝑐
̇ ]cw (𝛩rad,1 − 𝛩rad,2 ) − 𝛷rad (24)
where

𝛷rad =

and 𝛩e ≈

a

𝛷
𝛥𝛩

s

r

⎡
⎢ 𝛩rad,1 − 𝛩rad,2
⎢
𝛩
− 𝛩e
⎢ ln rad,1
𝛩rad,2 − 𝛩e
⎣

⎤
⎥
⎥
⎥
⎦

r

,

.

Building model
The building model utilised in the work is a simplified dynamic building model with energy performance results validated [18] with European
Standard EN 15265 [19]. Each enclosure component (e.g. wall, floor, ceiling) are assigned
two thermodynamic temperature nodes according
to the theory of [20], which can account for the
fluctuations seen on either side of a construction
in typical residential and office zones.
Air temperature node:
𝐶a 𝛩̇ a =

ℎci 𝐴 (𝛩s, − 𝛩a ) + 𝐻loss (𝛩e − 𝛩a )

+ 𝛷rad + 𝛷load + 𝛷sol
(25)
Structural node:
𝐶s, = ℎci (𝛩a − 𝛩s, + (1/𝑅cp, )(𝛩si − 𝛩s 𝑗)

(26)

The overall system to be controlled can be expressed in a general state-space form by combining the zone equations and plant models and selecting the state vector 𝒙 as 𝒙 = (𝛩a , 𝛩s1 , … , 𝛩s, )

Preliminary results
Figures 3 and 4 show the dynamic results from
the model with robust control law for a cold, bright
day. The sampling frequency of the controller
was set to 0.5 Hz. Best performance and accurate
simulation from the numerical solver is achieved
when the update period of the controller is set four
to five times faster than the slowest time constant
in the system.
As can be seen in fig. 3, the control is able after
a stable transient period to maintain the set-point
temperature with no oscillation or ‘ringing’ around
the set-point typically associated with thermallyled CHP switching on and off to fulfil the demand.
Figure 4 shows all of the elements of the electrical network working together to achieve zero
electrical grid interaction. This demonstrates the
strength of the robust control strategy as it is
able to balance both the thermal and electrical
networks without any reliance upon the electrical
grid.
CONCLUSION
A robust nonlinear control strategy has been presented, with potential application to a vast array of
hybrid energy supply systems that have coupled
electrical and thermal demands – with the goal of
minimising the interaction with the national grid –
and move towards energy autonomous offices.
The control is a pragmatic solution that runs in
real-time without knowledge of the external environment or future prediction of zone use or availability of energy sources. It is also respectful of un-

Temperature / ∘

The inversion control-law does not assume knowledge of any of the disturbance signals to the
model, these are compensated for by the outerloop control. Increased control performance
could be attained by incorporating an estimate of
the disturbances, such as the rate of heat loss to
the outside environment.
While the theory can be applied to the nonlinear
system directly, the computational effort to calculate the inverse is much greater. Furthermore, the
nonlinear dynamics of the system are governed
by the 𝒇(𝒙) term, which is due to the radiator
model. Since the fluctuations with the building are
relatively small, the local linear system (13) will
be sufficient for control model purposes. Furthermore, the modelling inaccuracies are addressed
by the use of the outer-loop PDF control, which
compensates for the matched disturbances and
parameter inaccuracies.

internal
set-point

2
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external

14
Time /

18

22

26

Figure 3: Dynamic response – temperature
698
Electrical power / W

and the control inputs 𝒖 = (𝑚̇ fuel , 𝑃bat ), the measured exogenous signals as 𝒘 = (𝑃load , 𝑃pv ), disturbances as 𝒅 = (𝛩e , 𝛷sol ) and system outputs
𝒚 = (𝛩a , 𝑃grid )
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Figure 4: Dynamic response – Electrical power
dersized heating systems and actuating elements
so that the system remains stable and achieves
best possible performance in the face of parameter uncertainty and modelling inaccuracies.
Only preliminary results have been presented
here, as the emphasis was placed on the underlying theory and its application to general energy
systems. Future work will detail its application to
larger and more in-depth case studies, with the
ultimate goal of field trials with physical systems
out with the simulation environment.

NOMENCLATURE
𝛷gross
𝑚̇ fuel
𝐿𝐻𝑉fuel
𝑃net
𝜂e
𝛷gen
𝜂q
𝐶
𝛷HX
𝛷skin-loss
𝛩eng
𝛷
𝛥𝛩
𝛩e

gross heat input into the system
(W)
fuel flow rate (kg s )
lower heating value of fuel (J kg )
electrical output of CHP engine (W)
CHP electrical efficiency (−)
rate of generation within CHP (W)
part load, thermal efficiency of the
CHP engine (−)
thermal capacitance of state
(W K )
rate of heat transfer to the cooling
water (W)
rate of heat loss from the unit (W)
bulk temperature of engine (∘C)
Nominal radiator output (W)
Nominal radiator inlet-outlet
temperature (∘C)
Environmental temperature
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