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Abstract: Optimizing the combustion control concepts on a pellet stove with very low heat output
is time-consuming and costly. In order to shorten the required laboratory test time, a 0-D transient
tool was developed within the ERA-NET project “LowEmi-MicroStove”, which simulates a 4 kW
pellet stove with staged combustion and heat transfer. This approach was chosen in order to greatly
simplify the description of the combustion processes and so reduce the computational complexity and
simulation time. The combustion of a bed of pellets is modeled as a superposition of the combustion
cycles of individual pellets, assuming no interactions between pellets. A test setup was developed
and used to determine the ignition and burning cycle of individual pellets. The description of the CO
emissions behavior is based upon an empirically grounded relation which is in turn based on the
air/fuel ratio and the combustion chamber temperature. For the validation of the 0-D simulation
results, a test rig for a 4 kW pellet stove was built. Despite its simplistic approach, good agreement
was found between the simulation and 4 kW pellet stove test results for the mean values and temporal
fluctuations of flue gas temperature and oxygen and carbon monoxide content during start up, stable
operation and load changes. The simulation could thus be used to quantify the effect of air flow rates
and distribution as well as load changes on performance and draw conclusions regarding different
process control strategies. A control strategy which can operate the stove at high temperatures near
the air stoichiometric limit with acceptable CO emissions has been proven to be the most promising.
Additionally, the model can be used to quantify the effects of variations in other process parameters,
for example the impact of fluctuations in the pellet feed. Due to its effectiveness and simplicity, this
model approach can be applied for the development of control strategies for other staged, pellet
combustion systems.

Keywords: wood combustion; transient combustion model; pellet stove simulation; staged combustion;
combustion air control strategy

1. Introduction

Wood pellets are, next to wood logs, the leading biomass fuel for heating systems
in residential buildings throughout Europe [1]. In recent years, the energy efficiency of
buildings has been gradually improved, so that a trend toward heating systems with low
output (<10 kW) can be observed on the market. Pellet boilers can no longer fully satisfy
this market demand due to their larger nominal heat output. Therefore, pellet stoves, which
are usually designed as space heaters for a lower nominal output range of about 6 to 10 kW,
have gained interest. Currently, there is increasing interest in heating systems with even
lower nominal outputs which are suitable for low-energy or passive houses [2—4]. In an
Eranet project, an international team designed a pellet stove with a nominal output of
4 kW [5].

Reducing the nominal output of stoves reduces their volume. This leads to a less
favorable surface-to-volume ratio as compared to stoves with higher output, which results
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in higher heat radiation and thus lower temperatures in the combustion chamber. Fluctua-
tions in the fuel supply and false air contributions also play an important role. These factors
make low-pollution operation of a low-power heating system difficult across all operating
phases. These problems can be reduced by regulating the combustion air supply [6]. The
state of the art for pellet stoves in the field is to control the air supply through a fixed
setpoint for the combustion chamber outlet temperature without taking the combustion
quality (e.g., CO emissions) into account.

To compete with other heating systems such as heat pumps, it is important that pellet
stoves with low heat output have low production costs. For this reason, the combustion air
control system should use as few sensors as possible, and its regulation should not require
too much computational complexity so that it can be implemented on a conventional stove
control system. For this purpose, different strategies must be developed and compared with
each other in terms of their operational behavior and complexity. Then the most suitable
strategies must be tested for their stability. These stability tests can be very time-consuming,
since certain operating states of the stove only occur after several hours of operation due to
the transient heating up of the system.

Currently, there is no tool available that sufficiently simulates the transient behavior of
a pellet stove and system dependency on important process control parameters (actuators),
such as the air flows, which can also be used to efficiently test the suitability of different
control strategies. Thus, the optimization of control strategies requires costly test campaigns
which are a barrier to process improvement.

Golles (2009) [7] used a model to simulate a wood-fired heating boiler. This model was
developed as a model-based control, but not to test control strategies external to the model.
The tool developed for this project allows one to test the suitability of control strategies for
pellet stoves by connecting a controller programmed in LabView to the model. Our tool
reacts to controller-triggered parameter changes in the same way as the real pellet stove,
allowing for optimization of the control strategy. In addition, critical operating states of the
stove can be deliberately induced in the simulation in order to test the stability of the control
system. The aim of the tool is therefore not to represent the detailed combustion processes
exactly, but to simulate the impact of process variables relevant for control. These are the
temperature at the combustion chamber outlet and the oxygen content and CO emissions
in the flue gas. For this reason, the details of the combustion process are represented in a
very simplified way.

2. Simulation Tool

The simulation tool programmed in a MATLAB-Simulink R2021b environment con-
sists of five individual modules that can together simulate a generic pellet stove with staged
combustion. The modular setup allows one to increase the complexity of each module
step by step and to simplify the traceability of changes. A schematic of a typical stove,
with the individual components, is shown in Figure 1. The reactor consists of a primary
(1) and a secondary (2) combustion zone. The air mass flow required for gasification and
combustion is controlled by a fan (3) and divided between primary (4) and secondary
(5) air via a flap. Via a screw (6) driven by a motor (M), pellets are fed to the primary zone
where they are heated up and ignited. Product gas from the primary zone rises into the
secondary zone, where it is then oxidized, reaches its flame temperature and transfers heat
to the combustion chamber wall (7). Due to this heat loss, the exhaust gas cools down on
its way from the burnout zone to the outlet, which has an important influence on the CO
emissions. Depending on the control concept, various parameters are measured in different
combinations at the outlet, such as the temperature, the O; or the CO content. Based on
these values, the process control (8) should adjust the actuators (pellet supply, fan speed,
flap position) so that emissions are minimized.

The described model above is shown as a diagram in a MATLAB-Simulink environ-
ment in Figure 2. Each of the five modules is represented by a block. A simulation step is
performed for each time step of one second in real time, and the calculated results are used
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in the next simulation step as inputs for another block. Arrows indicate the dependencies.
The individual modules are described in more detail in Sections 2.1-2.4.
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Figure 1. Typical construction of a two-stage combustion stove.
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Figure 2. MATLAB-Simulink model of the digital twin.

2.1. Air Distribution

Based on the fan speed and the secondary air flap position specified by the controller
module, the primary and secondary air mass flow rates are calculated in this module. A
possible approach to simulate the air distribution module in a staged combustion process is
described in [8]. The schematics of an adapted version of this module are shown in Figure 3.
The individual resistances that form the basis for the calculation of the primary air and
secondary air supply in this module are derived below.

There are three constant pipe resistances: Rp p, Rp s and Ryx. The variable resistance
Rp s reflects different secondary air flap positions. The resistances are determined via
the general formula for a pressure drop Ap, where R is the resistance and V the volume
flow rate.

Ap = RV (1)

With measurements of the primary air volume flow rate Vp, ambient pressure p,,,;, and
combustion chamber pressure pcc, the primary air resistance Rp p can be determined.

RP p — pamb. _ZPCC (2)
Vp

,
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Figure 3. Scheme of air mass flow with fan and division into primary air and secondary air.

The resistance Rr s in the secondary air supply (see Figure 3) can be neglected when
the secondary air flap position (SAFP) is 100% opened. Under these conditions the pipe
resistance of the secondary air supply Rp s can be determined similarly to the pipe resistance

of the primary air supply. Vg represents the measured secondary air volume flow rate.

_ Pamb — Pcc(SAFP = 100%)
- i
Vs

RP,s (3)

The total resistance in the secondary air supply is the sum of Rp; and Rr . The sec-
ondary air flap resistance Ry ; for different SAFP can be calculated by applying Equation (1)
to the secondary air supply.

RFIS(SAFP) — pamb'_ pCC(SAFP) _ RP,S (4)

Vs(SAFP)?

The resistance at the heat exchanger (downstream of the secondary air inlet until the
fan inlet) is calculated as follows,

pcc — (Pamp — Dpv — Apo) _ pcc — (Pamb — Dpv — Apo)
: 2 = 2
(Vs + VP) Vot

©)

Rpx =

where Apy is determined by the fan characteristic, and Apy is the chimney draft. Finally,
all resistances are determined and can be implemented in the air distribution module.

In the module, the volume flow rates Vp and Vg are calculated by solving
Equations (2) to (5). The non-linear system of equations with its four unknown variables
Vp, Vs, A pv and pcc can be solved via an iterative method by considering the fan charac-
teristics. The fan characteristics describes the dependence of the conveyed volume flow
rate by the fan and the pressure drop Apy.
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2.2. The Primary Combustion Chamber

This module aims to describe the pellet gasification process by using the pellet in-
take expressed by a probability function and the primary airflow calculated in the air
distribution module.

There are modeling approaches to describe the pellet gasification process in a stove [9],
but these are complex and difficult to implement in a transient model as required here [10].
A different approach was taken, assuming that heat release during normal operation
can be directly linked to the individual pellet mass loss cycle, which can be measured
and mathematically described. Although some measurements on pellet mass loss are
available [11,12], no data for staged combustion were found. Therefore, a new test rig
has been constructed for measuring the pellet mass loss. Typical conditions for two-stage
combustion (temperature and air flow rates) were maintained while a single pellet is fed
onto the pellet grate. Preheated primary air is supplied from below and secondary air from
above (see Figure 4a).

To determine the total instantaneous pellet gas mass flow, the respective mass flows
of the life cycle stages of the individual pellets are summed up, which can be seen in
Equation (6) and Figure 4b The primary energy consumption rate, or heat input in the
model is assumed to be proportional to the mass loss, using the net calorific value.

m(t) = Zm,-(t) (6)

S d i
econdary air Pellet gasification at 900°C

0.035
0.03
0.025

0.02
Pellet 1

0.015

Pellet 2

Pellet gas flow [g/s]

0.0 = Sum

Héat source

0.005

0 20 40 60 80 100 120 140 160 180
Time [s]

(a) (b)
Figure 4. Test rig to measure pellet mass loss (a) and the corresponding pellet gas flow (b).

In the next step, a fit function is sought for the pellet mass loss, i.e., the gasification
of a single pellet as a function of time for the different temperatures. In civil engineering,
moisture transport in wood drying is described by a vapor pressure gradient of water [13].
This approach is applied also to the gasification products in the wood. Due to the transient
heating of the pellet to the pellet grate temperature, the pellet is dried, and pyrolysis and
gasification processes cause gases (e.g., hydrocarbons) to be formed and transported from
the inside of the pellet to the surroundings. Concentration gradients cause the gases to
start flowing out of the pellet. The assumption here is that the formation of gases (their
partial pressure in the pellets) is highly temperature dependent (like the vapor pressure of
water in wet wood) and that heat and mass transfer of the pellet gases and water vapor in
moisture transport can be described similarly.

To simulate the transient heating of the pellet, a fitted error function was used (7). We
use this to calculate an average temperature of the pellet Ty as a function of time. Ty is the
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constant ember bed temperature, and Ty is the temperature of the pellet at the beginning of
the process (time ¢ = 0). To adjust the heating rate, i serves as a fit parameter.

Ty — T,
= = —= 7
erf(ut) = 0 = 7 )
The transport of the gasification products from the pellet is controlled by the diffusion
density g in the radial direction x, see (8). The driving force here is a partial pressure
difference from the pellet, p,,, to the environment, in which the gasification products have
been oxidized. D, is the gas diffusion coefficient and Ap, the vapor pressure difference.

g =—DyxApy*x = —Dy* (pgy —0) xx 8)

The partial pressure of the gasification products py, is calculated with Equation (9) [14]
and depends on the current pellet temperature Ty and the mean “boiling point” of all
substances in the pellet T; (estimated by thermogravimetric analysis). The substance
constant a serves as a fit parameter.

Ts )4
Pax = po x el T )

The diffusion flow density g is multiplied by the surface area A of the pellet and the
time step t, to obtain the mass loss Am. The mass loss is also dependent on the mass of
the pellet that has not yet been gasified 1. in relation to the mass at the beginning of the
combustion m;y. In summary, the mass loss of a pellet is given by (10).

Am(t):—%*fl*t*g (10)

In Figure 5 the result of the fit formula is compared with that of the experimental
setup. Here, one gram of pellet was burnt at a temperature of 800 °C.

0.030 - :
—— simulation

0.025 —— measurement

0.020
0.015

ssloss [g/s]

v 0.010

2 0.005

0.000

0 25 50 75 100 125 150 175
time [s]
Figure 5. Comparison of the measured and simulated mass loss of three pellets with a total weight

of 1 g, temperature combustion chamber 800 °C, primary air flow 0.2 g/s and secondary air flow
0.15g/s.

The simulated peak has a maximal deviation of 0.001 g/s compared to the measurement.

2.3. Secondary Combustion

From the air distribution module, the amount of combustion air is transferred to
the secondary combustion module. The products of wood pellet gasification with the
primary air in the primary zone flow into the secondary combustion zone where they are
fully oxidized. An equilibrium calculation was used to determine the composition of the
gasification products resulting from the mass loss of wood, using a substitute fuel for the
wood [15]. The substitute fuel (consisting of H,, H,O, CO,, CO and C3Hg) has the same
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thermodynamic properties and the same elemental composition as wood pellets. Thus,
the elemental composition of the exhaust gas matches the exhaust gas composition when
burning wood pellets and the absolute enthalpy (or calorific value) of the substitute fuel is
identical to that of wood pellets. Subsequently, the flue gas composition and the adiabatic
flame temperature can be calculated iteratively via the mass flows (substitute fuel, primary
and secondary air). The adiabatic flame temperature is needed in the following heat release
module to estimate the heat loss.

2.4. Heat Release Module

In the heat release module, the heat transfer and cooling of the combustion products
is calculated and the emissions in the flue gas are determined.

Figure 6 shows the energy balance of the combustion chamber. It is assumed that hot
combustion products with adiabatic flame temperature T,; calculated in the secondary
combustion module enters the combustion chamber. Heat exchange to the insulation Qz’ns,i

and heat release to the surroundings through a window Quins ool down the product gas
to the flue gas temperature Tf;,.. The energy balance of the stove is represented by the
following equation.

mfluecp,flue(Tad - Tflue) = Qwin + Qins,i (11)

Tflue
mflue

Figure 6. Energy and mass balance of the combustion chamber.

The model represents the transient behavior of the stove through the heat storage in
the insulation

dE. -
dltns = Qins,i - Qins,o (12)

To simplify the calculation, thermal resistances for a cylindrical combustion cham-
ber are introduced, using estimated values for the combustion chamber as well as val-
ues obtained from our partners for the specific stove investigated in this project (see
Figure 7), which can be summarized with three resistances Ry, Riysi- Rinso- At a
combustion chamber outlet temperature of 700 °C (see Equations (13)-(15)), the ther-
mal resistance over the whole window Ry,;, = 0.36 K/W is much smaller than the total
resistance over the insulation Rj,s; + Rjps, = 2.24 K/W. Therefore, the heat loss occurs
mainly over the window. The resistance of the window can be divided into a radiation
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Qins,i

resistance Ry, ;44 = 0.44 K/W and a resistance containing convection and conduction
Ruwin,conoi + Ruwin,cond + Ruwin,convo = 2.31 K/W. Comparing these two resistances for the
specific MPS stove, radiation over the window can be identified as the main source for the
heat loss from the exhaust gas in the combustion chamber.

(Rwin,conv,i + Rwin,cond + Rwin,conv,o)R

Ryin = winrad 0,36 K/W (13)
o Rwin,conv,i + Rwin,cond =+ Rwin,conv,o + Rwin,md
R; dRins conv
Rinsi = Rins cond1 + =222 . =151K/W (14)
et Hecont, Rins,md + Rins,conv
R R
Rins,o = Rins,cond,Z + Rw,cond + _—rad Z0,cone_ =0.73K/W (15)

Rw,rad + Rw,com;

In order to improve the accuracy of the calculated flue gas temperature in the model,
the combustion chamber was divided into 10 sections as shown in Figure 6. The calculation
routine for the flue gas temperature is shown in Figure 8. The procedure is as follows:

1. In the first step, all heat flows Quwin(it), Qins,i (j,t) and Qins,o (j, t) for one section (j)
are determined with knowledge of the flue gas Ty, (j, t) and insulation temperatures
Tins(j, £). For the first section (j = 1), it is assumed that the flue gas temperature
Ttiue(1,t) corresponds to the adiabatic flame temperature. For the first timestep
(t =1), the temperature of the insulation Tj,(, 1) is equal to the ambient temperature.

2. Inthe second step, the heat flows calculated in step 1 are used as inputs to calculate the
exit temperature Ty, (j +1,t) for the next section (j + 1). The routine continues with
step 1 for the new section. The calculations are repeated until the outlet temperature
of the last, 10th, section is determined. In this case, step 3 is carried out.

3.  In the third step, new insulation temperatures (Tj,s(j, t + 1) are calculated for a new
timestep (¢t + 1). Afterwards the calculation routine continues with step 1 in the first
section (j = 1).

Qins,o

Tflue

. T; L
Rlns,rad Lns Rw,rad
R ins,cond,1 ® Rins,cond,z ] Rw,cond T.
Rins,conv Rw,conv — * amb
Rwin,rud
Rwin,conv,i Rwin,wnd Rwin,c(mu,o

Q win

v

Figure 7. Thermal resistance diagram of the stove wall and window.

In the simulation tool, the CO emissions are simulated using empirical values from a
real pellet stove. Since the decomposition of hydrocarbons is much faster than the further
oxidation of CO to CO;, the emissions of unburned hydrocarbons are not considered [16].
The NOx emissions are also not simulated.

The CO concentration in the flue gas is a function of the residual oxygen content
in the flue gas and the dependence in a CO-O; plot has the form of an upward-opening
parabola (see Figure 9). The parabola shifts with the increase in operating time caused by
higher combustion chamber temperatures towards lower CO emissions, at a lower oxygen
content [17]. This makes it necessary to continually adjust this functionality during the
operation and during the simulation of the combustor.
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Figure 8. Calculation routine for the flue gas temperature at the combustion chamber outlet.
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Figure 9. Average CO emissions as a function of the residual oxygen content for different temperatures
in the combustion chamber.

CO emissions increase significantly when the critical oxygen content is no longer
maintained (the “CO-edge” is reached). This behavior was also observed on the test stand
of the pellet stove. The measured data were fitted to obtain a function of the CO emissions
as a function of the combustion chamber temperature and the oxygen content.

2.5. Control Module

The exhaust gas temperature at the exit of the combustion chamber, the O, content
and the CO content determined in the heat release module are used as the input for the
controller. The controller determines the fan speed, the secondary air flap position and the
pellet supply speed.

LabVIEW 2019 software was used on the test stand of the real stove for data acquisition
and implementation of the control strategy. To avoid writing the control software code
twice, it was decided to program the control strategy directly in LabVIEW and to integrate
the code into the MATLAB-Simulink tool via a TCP/IP connection. The connection allows

for the use of the same LabVIEW controller in the real measurement setup and in the model
without modification.
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3. Test Stove

To validate the results of the simulation tool, a test setup of a pellet stove with a
primary energy consumption rate, or input, based on the fuel flow rate and heating value,
of 1.8 up to 4 kW was realized. The stove development and design have been performed
by our development partners BIOS BIOENERGIEYSTEME GmbH and RIKA Innovative
Ofentechnik GmbH. In addition, the mass flows in the exhaust gas and in the primary and
secondary air supply were measured. The mass flows of the combustion air, the exhaust gas
mass flow and the fuel mass flow are recorded on the test rig. The temperature is measured
at the combustion chamber outlet as well as at the inner and outer wall of the lateral
fireclay bricks of the combustion chamber. To determine the combustion quality, the flue
gas is analyzed via a standard measuring section (according to EN 14785). For comparison
and validation of the simulation tool with the real stove, mainly the temperatures of the
combustion chamber insulation, those of the hot flue gas at the combustion chamber outlet
and the data of the flue gas analysis were used.

4. Results

The 0-D simulation tool allows for the simulation of a measurement lasting several
hours in a few minutes (with normal computational power). In the following, simulations
of different pellet feed frequencies and secondary air flap positions have been carried out
to find an optimal operational point. Afterwards, a control strategy based on previous
simulations has been created. The resulting controller has been tested by means of a
representative load cycle which simulates the daily stove performance in real life [18] and
been compared to the simulation results with constant secondary air flap position. Finally,
to show the accuracy of the model, the controller was implemented on a real test rig and
the results from the load cycle test were compared with the simulation.

4.1. Parameter Study

The simulation tool allows for the determination of the influence of different parame-
ters such as primary and secondary air supply or pellet feed. As a first example, a critical
minimum pellet feed frequency, which leads to increased CO-emissions can be identified.
Additionally, the focus of the model is demonstrated: the identification of an optimized
control algorithm using the secondary air flow as a control parameter.

4.1.1. Pellet Supply

A continuous pellet supply is important to keep CO emissions low. At an input
of 4 kW, the effects on the CO emissions (blue) and the temperature at the outlet of the
combustion chamber (red) were studied. When the number of pellets per insertion is
increased, the pellet insertion frequency is decreased to keep an average input power of
4 kW. Simulated temperatures and CO emissions for a pellet feed every 1.2's,10 s, 20 s, and
30 s on average, after 6000 s of operation are shown in Figure 10. The simulation includes a
statistical pellet feed function, described in the next section. A pellet insertion every 20 s on
average (5 g per insertion) has comparable temperature fluctuations and CO emissions to a
pellet insertion every 1.2 s on average (0.3 g per insertion). For a pellet insertion every 30 s
on average (7.5 g) an increase in temperature fluctuations and increase in CO emissions, as
compared to lower insertion frequencies, can be observed. A different number of pellets per
insertion at an equal input power and hence lower frequency does not have a significant
influence on temperature fluctuations and CO emissions unless the amount is equal to or
lower than 5 g per insertion.
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Figure 10. Combustion chamber temperature (T) and CO emissions (CO) after 6000 s of operation
(4 kW input power) including a statistical pellet feed function. Pellet feed every 1s,10s,20s and 30 s
on average.

4.1.2. Effect of Secondary Air with Statistical Fuel Delivery

A statistical pellet supply function has been implemented in the model to simulate
actual variations in the pellet mass supply, using a random number generator. The average
mass flow of pellets corresponded to 4 kW thermal power. Figure 11 shows the elapsed
time until a new pellet insertion occurs and its corresponding probability.

100
80
60

40

Probability [%)]

20

0 L
1 15 2 2.5 3 3.5 :

Next pellet insertion [sec]

Figure 11. Probability of the pellet insertion depending on elapsed time since the last insertion.

A secondary air flap position leading to a good air/fuel ratio is essential to achieve
combustion with low CO emissions. Figure 12 shows the simulated CO concentrations
and temperatures at the combustion chamber outlet depending on different secondary air
mass flows generated by varying the opening of the secondary air flap. The dashed lines
show the standard deviation from the mean value (solid line) for the last hour during a
3 h simulation.
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Figure 12. Influence of the secondary air supply to the temperature at the combustion chamber outlet
(red) and CO emissions (blue) at 4 kW input power. Solid line represents the mean value and the
dashed line the spectrum (standard deviation).

4.2. Developement of a Control Strategy

With the help of the simulation tool, a control strategy was developed to achieve a
maximum efficiency while keeping CO emissions low. The control strategy should be able
to deal with load changes and other interferences such as a partial blockage of air holes
leading to a reduction of the air supply or minor changes to the pellet feed frequency.

The controller is dependent on a CO sensor and a temperature sensor at the combustion
chamber outlet. Value pairs of temperature and CO emissions for the last half hour
of operation are acquired and used to create a function for the dependence of CO on
temperature. This function needs to be updated constantly to react to interferences or
changing operation conditions during the startup phase. With increasing temperature, a
significant CO increase (CO-edge) can be identified as indicated in Figure 12 on the left
side of the graph. The corresponding temperature minus a safety margin—necessary to
deal with statistical fluctuations—determines the optimal operation point. To reach the
optimal temperature, i.e., the maximum temperature with CO below a critical value, the
secondary air must be increased. The CO-temperature curve is constantly adjusted with
simulated or measured values from the last half hour. When running half an hour around
the optimal operation point, the CO-edge is no longer visible in the CO-temperature curve.
The algorithm searches for a new CO-edge by decreasing the primary air supply slowly.

The optimal temperature is adjusted by the controller by changing the position of the
secondary air flap. If the temperature is too low, the flap closes, the amount of secondary
air is reduced, the residual oxygen content in the exhaust gas drops and the exhaust gas
temperature at the combustion chamber outlet rises. When the flap is opened, the system
reacts in the opposite way. The system reaction to changes of the flap position is not
immediate but depends on various delay factors. In order to improve the control stability,
a PDI controller [19] was used. Equation (16) (on the left) shows an integral part of a
conventional PID controller Y pjp with deviation e(T) to the temperature setpoint, integral
factor Kj and the running time t. The PDI Y] pp; controller (Equation (16), on the right) has
incorporated damping elements which reduce oscillation compared to a conventional PID
controller. The integral part of a PDI controller, Y] pp; reduces the overshoot after a fast
temperature increase, because the derivative of the temperature dT(t)/dt multiplied by a
factor Kp is subtracted.
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ar(o)

t t
Yipip = /KIE(T)dT — Yi,pp1 = /KIE(T) —Kp 7t

dt (16)

4.3. Comparison between Constant Flap Position and Controlled Operation

A standardized load cycle [18] was simulated twice, once with a fully opened sec-
ondary air flap and once under controlled operation with a variable secondary air flap.
The load cycle test was developed by a European consortium as part of a previous project
with the aim of being able to map real user behavior in a standardized load cycle. The test
cycle consists of sequences with a maximum input power ((al) and (b)), with minimum
input power (a2) and with medium input power (c). In between, there are two sequences
in which the stove is not operated ((S1) and (S2)). The resulting exhaust gas temperatures
in the load cycle at the outlet of the combustion chamber are shown in Figure 13. For
better visibility of the temperature differences, moving averages have been calculated. The
temperature for the sequences (al), (b) and (c) could be increased.

beReal cycle

800
oo (@) 4KW  (a2) 1.8kW (S1) (b)4kW (S2) (€)2.9kW
— .
(@)
o 700
w 650
g
E 600
o
= 550
500
Time [h]
Simulation Simulation moving average
Simulation without controller Simulation moving average without controller

Figure 13. Load cycle simulations—comparison between an operation with fully open air flap (blue)
and controlled operation (green).

A goal of the control algorithm is to keep CO emissions low while increasing the
efficiency. The average oxygen content over the entire measurement period was reduced
by 1.68% (Table 1) and the temperature was increased by 11.1 °C. Therefore, there was less
excess air in the exhaust and the efficiency was increased, while the CO emissions remain at
a comparable level. The standard deviation of the temperature and CO emissions indicate
comparable fluctuations, while the fluctuations of oxygen are increased by 0.63%. A reason
for this could be the changes of the secondary air flap position when the algorithm searches
for a new optimal operation point in the control algorithm.

Table 1. Average oxygen and CO concentrations as well as temperatures at the outlet of the main
combustion chamber and its corresponding standard deviations. The average and standard devi-
ation were calculated over the sequences (al), (a2), (b) and (c). The sequences (S1) and (S2) are
not considered.

Load Without Control (STD) With Control (STD) A (STD)
O, % 11.15 (1.65) 9.47 (2.28) —15.1 % (+38.2%)
CcO ppm 120.5 (456.6) 134.4 (449.0) +11.5 % (—1.5%)

T °C 618.3 (108.6) 629.4 (112.0) +11.1 °C (+3.4 °C)
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4.4. Comparison between Measurments and Simulation

The controller was tested in the real stove and the results compared with the simulation.
In a first step the temperatures and their frequencies are analyzed before the overall
emissions and other measurement parameters are presented.

The temperature measured at the exit of the stove is influenced by flame radiation.
This leads to a deviation between the measured temperature of the flue gas and the actual
flue gas temperature. The calculated flue gas temperature in the model is not influenced by
radiation. To adjust the calculated flue gas temperature to a measured value, a temperature-
dependent correction factor for the heat loss across the combustion chamber was used.

The temperature curve for the simulation is shown in Figure 14 and closely follows
the measurement.

beReal cycle

(a2) 1.8kW (S1) (b)4kW (S2) (€)2.9kW

Time [h]

Simulation Moving average Measurement — NMeasurement moving average

Figure 14. Comparison of the temperature development in the main combustion chamber according
to aload cycle test performed (red) and a simulation (blue).

Averaged temperatures and their standard deviations around the moving average for
different parts of the load cycle are shown in Table 2. The overall average is calculated
without the off periods (S1) and (S2) in the load cycle. The temperature as a control
parameter is very well represented with an average deviation of 2.1 °C. The fluctuations also
show a small deviation of 0.2 °C over the entire measurement period. At the start during
warmup, the average deviations from the model of 24.9 °C are highest and fluctuations
around the mean value. Otherwise, the temperatures with the corresponding fluctuations
(standard deviations) agree very well with a less-than-15 °C difference and a maximal
difference in the standard deviation of 5 °C.

Table 2. Averaged temperatures at the combustion chamber outlet for different loads.

Load Simulation (STD) Meas. (STD) A (STD)
Overall Average 29 kW 629.4 (19.5) 631.5 (19.7) +2.1 °C (+1.0%)
Warmup (al) 4 kW 586.8 (22.3) 561.9 (23.0) —24.9°C (+3.1%)
Part Load (a2) 1.8 kW 560.9 (15.3) 574.1 (8.6) +13.2 °C (—43.8%)
Full Load (b) 4 kW 666.4 (33.9) 673.3 (36.1) +6.9 °C (+6.5)
Part Load ()29 kW 663.9 (14.1) 667.1 (14.2) +3.2°C (+ 0.7%)

From Table 2, conclusions may be made regarding the absolute temperatures and the
amplitudes of the temperature fluctuations. Equally important for the development of a
controller, however, is the correct reproduction of the frequencies which are shown for the
combustion chamber temperature in Figure 15.
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Figure 15. FFT analysis of combustion chamber temperature at 2.9 kW input power.

The temperature signals in the combustion chamber are sampled at a frequency of
1 Hz. A spectrum is then created using fast Fourier transformation (FFT), which covers the
frequencies from 0.002 to 0.02 Hz.

Figure 15 shows the frequency spectra and the associated moving averages over
0.002 Hz. The sliding mean values (thick lines) show that the simulation and the mea-
surement in the stove have comparable frequencies. However, the simulation does weigh
frequencies above 0.004 Hz (250 s) more. The higher weighting means a larger amplitude
for those frequencies and therefore higher fluctuations. If a control concept can deal with
the increased fluctuations in the model, it can deal with real condition as well and is
more robust.

All other parameters measured during the load cycle have been averaged over the
whole cycle. The results of the measurement and simulation data are summarized in
Table 3.

Table 3. Averaged values of the comparison between load cycle test and simulation results including
the standard deviation (std).

Unit  Simulation (STD) Meas. (STD) A (STD)

Secondary air flap Y% 58.4 (13.8) 53.4 (17.4) —5 % (+3.6%)
Primary air g/s 0.34 (0.08) 0.31 (0.11) —8.8 % (+37.5%)
Secondary air g/s 1.54 (0.47) 1.18 (0.34) —23.4 % (—27.7%)

Exhaust g/s 2.05 (0.58) 2.08 (0.53) +1.5 % (—8.6%)

O, % 9.47 (2.28) 8.7 (2.37) —8.1 % (+3.9%)
CcO ppm 134.4 (449.0) 159.1 (403.8) +18.4 % (—10.1%)
Temperature °C 629.4 (112.0) 631.5 (112.5) +2.1°C (+0.5°C)

combustion chamber

The primary air supply and the exhaust air are well reproduced on average with a
deviation of 0.03 g/s. However, the secondary air has a larger difference. The reason is that
the stove has a significant amount of false air, which is not measured. In the model there is
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no false air and thus, larger amounts of secondary air are necessary. The average oxygen
content in the exhaust gas is simulated to be 0.77% higher compared to the measurement.
The CO emissions, depending on the residual oxygen and temperature, are simulated as
already shown in Figure 9. The CO edge (sudden increase in CO emissions caused by
lack of oxygen) for the simulation is at a higher residual oxygen content in the exhaust
gas compared to the measurement in the stove, leading to a different operational point
(higher amount of residual oxygen). Important for designing a control strategy are the
oscillations of the exhaust gas composition (O, and CO), which can be described with
the standard deviations. These deviations show a good agreement between measurement
and simulation.

5. Discussion

Developing a completely new control algorithm usually requires significant testing
on a prototype pellet stove, which is time-consuming and costly. In order to shorten the
required laboratory test time, a simulation tool of the combustion process in a pellet stove
was developed. The process of wood combustion in a pellet stove is extremely complex
and involves several reactions that take place simultaneously. With the new simulation tool
programmed in MATLAB-Simulink, the process has been simplified so that the simulation
can be run on a normal office laptop and still achieve realistic behavior of the simulated
stove at transient and steady-state operation. The control algorithm was programmed in
LabView; through specific interfaces the same code could be used to run the simulation and
to control the prototype stove. This allowed a quick optimization with the simulation tool
and a confirmation test on the real oven. This was possible despite the relatively simple
architecture of the simulation tool and its simple description of the combustion process.
By using the new simulation tool, we propose a much faster development cycle for new
control algorithms for pellet stoves.

A simple model makes it possible to represent the combustion process sufficiently well
to test different control algorithms. Linking the LabVIEW controller with the MATLAB-
Simulink model via a TCP/IP connection was crucial to test the same controller in the model
and on a real test rig. Additionally, the model can be used to quantify effects of variations
in other process parameters, for example the impact of fluctuations in the pellet feed.

The fit formula used for the burning behavior of a pellet gave a good agreement with
measured pellet mass loss. The fit formula could be used for the simulation of a drying
process in a more complex simulation tool considering the water concentration gradient
within a piece of wood during the drying process.

The temperature in the combustion chamber and the CO emissions of a standardized
load cycle test [18] can be well reproduced by the model. The average temperature fluctua-
tions over the whole cycle (standard deviation to the moving average) are comparable with
a simulated fluctuation of 19.5 °C compared to the measured 19.7 °C. The CO emissions
are simulated to have a standard deviation of 334% around the mean value over the whole
cycle, while the measurements have a smaller standard deviation of 254% around the
mean value.

The model is not able to simulate operational phases with large time intervals be-
tween individual pellet supply correctly, and thus, such phases were not included in the
comparison between the model and test results. The reason for the model’s inability to
describe such phases is that only the superposition of the combustion of single pellets is
being simulated. In the real stove a glowing pellet bed in the first combustion zone can be
established during operation, which can maintain heat release after a stoppage in pellet
supply. The single pellet combustion in the model leads to a fast temperature decrease
after a pellet supply stoppage in the model. In the stove however, the pellet bed is still hot,
and hence the cooling is slower. At an operation temperature above 500 °C, the behavior
of the stove, including load changes, can be accurately simulated, if the pellet supply is
not interrupted. For the investigated loads of this study (1.8 kW to 4 kW) the temperature
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is always above 500 °C, and therefore a simulation of the glow bed was not necessary to
develop and test control strategies.

The established model can be used to develop control strategies for other two staged,
wood combustion systems. The model simulates the transient behavior of a pellet stove
and system dependency on important process control parameters (actuators) such as the
air flows, CO emissions and temperatures. The implemented dependencies are generally
valid and can be used to develop a control strategy for any pellet stove. To adjust the
model to given pellet stove, specific transport parameters need to be known or estimated
(e.g., the heat transfer and heat storage properties of the insulation material as well as an
estimate of radiative heat losses). For the air distribution module, measurements of the
primary and secondary air supply as well as the pressure inside the combustion chamber
are needed.Finally, a probability function describing the pellet supply must be found. In
the heat release module, a function describing an O, /O curve for different temperatures
needs to be found within a measurement campaign.
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