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Control of a Biomass-Furnace Based on Input-Output-Linearization

Christoph Schorghuber!, Markus Reichhartinger!, Martin Horn!, Markus Golles? and Richard Seeber!

Abstract— The operation of modern biomass combustion
plants with high efficiencies and low emissions requires ad-
vanced control strategies. In this paper the controller design
for a medium-scale biomass furnace based on input-output-
linearization is presented. A fourth order nonlinear model with
four inputs and four outputs forms the basis for controller
design. Due to a time-delayed input the stabilization of the
internal dynamics is challenging. Two stabilization methods are
suggested and a stability analysis is given. Finally, experimental
results are presented and discussed.

I. INTRODUCTION

Due to increasing efforts to reduce COs-emissions
biomass combustion has gained in importance over the last
decades. Grate combustion is a common and well developed
technology for burning solid biomass fuels. Modern grate
combustion plants are optimized in geometry and consist
of air staging strategies enabling low emission operation. In
order to achieve low emissions at high efficiencies advanced
control techniques play a decisive role.

From a system theoretic point of view a biomass boiler is
a nonlinear multivariable system. In industrial state-of-the-
art controllers nonlinearities and crosscouplings usually are
neglected. Typically PID-controllers are designed on basis
of linear, mutually decoupled SISO-systems, e.g. [1]-[3].
Due to these simplifications the full potential of the plant
in terms of low emissions and high efficiencies cannot be
exploited at all. Up to now just a few groups worked on the
development of modern model based control strategies for
biomass furnaces, e.g. [4]-[7]. Several approaches deal with
model predictive control of medium- and large-scale biomass
furnaces, e.g. [S]-[7].

The approach outlined in this paper is based on the well
known input-output-linearization technique, e.g. [8]-[10]. To
design the controller special attention has to be paid to the
internal dynamics of the linearized and decoupled plant. Due
to time-delay in the system the stabilization of the internal
dynamics is challenging. In [11], [12] this stabilization is
achieved by means of a proportional controller without a
rigorous proof of stability. In this paper a stability analysis
is outlined for two different stabilization methods on basis of
a medium-scale biomass furnace with a horizontally moving
grate and a hot water boiler (nominal capacity: 180kW).

The paper is organized as follows: In section II a descrip-
tion of the plant is given and in section III a mathematical
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model is presented. Section IV outlines the controller design
and discusses the stabilization of the internal dynamics. In
section V simulation and experimental results are presented
and finally in section VI a conclusion is given.

II. PLANT DESCRIPTION

A schematic overview of a medium-scale biomass fur-
nace with a horizontally moving grate and a fire tube hot
water boiler (nominal capacity: 180kW) is shown in Fig.
1. The combustion process is sub-divided into two zones,
the primary and the secondary combustion zone, each with
separate air supply. Via the fuel screw conveyor biomass
(typically wood chips) enters the primary combustion zone,
where the combustion is provided with primary air flowing
from below the grate. Due to air staging strategies only
a certain part of the air massflow required for complete
combustion is supplied via the primary air. At the beginning
of the secondary combustion zone secondary air is injected
with high velocities to get a homogeneous mixture of the
still combustible flue gas and oxygen leading to a complete
combustion with low emissions. The hot flue gas then enters
the heat exchanger (hot water boiler) where most of the
thermal energy is transferred to water. Finally, the cooled
flue gas is routed to the chimney from where a certain part
is recirculated into the primary combustion zone in order to
reduce the combustion temperature, see Fig. 1.
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Fig. 1. Schematic overview of a medium scale biomass furnace (1 primary
combustion zone, 2 secondary combustion zone, 3 hot water boiler)
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The combustion process can be influenced by the fed
fuel- rhg, the primary air- 7hhy,,, the secondary air- 7hg,
and the recirculated flue gas-massflow 7,¢. These massflows
represent the four actuating signals. In [13] a method to
control the air and flue gas massflows via fans and flaps is
presented. Variables to be controlled are the oxygen content
of the flue gas xo,y, the combustion temperature in the
secondary combustion zone Tj,, the feed temperature of the
heated water 7 and the (non-measurable) air-ratio in the
fuel bed \g, describing the ratio between supplied primary
air and minimal necessary air for complete combustion. The
biomass furnace therefore is a multivariable system with four
inputs and four outputs.

III. MODELLING

The model used for controller design can be divided into
three parts. The first part, the so called fuel bed, describes
the decomposition process of biomass on the grate. Because
of the high moisture content the behavior of dry fuel and
water is modeled separately. The evaporation of water and the
decomposition of the dry fuel is described by mass balances

dmy, —Ce dy .
G irad ™ Trag et ()
dmg CeCt 1 .
W :1+Ctd1mw 1+Ctd1mﬂ(t_7—)_
cada (Mpa + Mpao)me, (1b)

where m¢ and m,, denote the masses of dry fuel and water
respectively. Here d; = 1’_“;‘; is a disturbance determined
by the time-varying moisture content wyy,, and de is a
disturbance describing a variable decomposition factor which
averages 1. Usually these disturbances are not measurable.
Note that the fuel-feed rhg is delayed by a variable time-
delay 7. For steady-state, a simple approximation for this
time-delay is given by 7 =~ c,;d;. The positive constant
parameters ce, Ci, Cd4, Mpap and c; can be obtained by
experiments. More details on the model and the parameter
estimation is given in [14]. The resulting flue gas massflow
g, and the flue gas temperature T, are obtained via energy
and material balances and depend on the variables my, and
mg. Additionally the oxygen content xo,f; of the flue gas
and the air-ratio \g, in the fuel bed are calculated via material
balances.

The second part of the model describes the heat exchanger.
The heat exchanger is connected to a water circuit with a feed
(temperature Tt) and a return (temperature 7,). The dynamics
of the feed temperature can be modeled by

% = %” (dy — T%) + Cfcgw g (Trg — Tw), 2
with the measurable disturbance ds = iy, describing the wa-
ter massflow of feed and return, the measurable disturbance
dy = T,(t — 1) describing the return temperature delayed
by a variable time-delay 7, the specific heat capacity of
water ¢y, and a constant average water temperature 7,. The
time-delay 7, is dependent on the water massflow m.,. The

positive constants ¢; and ¢, are found by experiments. The
flue gas massflow g, and the flue gas temperature T, are
the inputs of the model as it is outlined in detail in [15].

The last part of the model describes the temporal behavior
of the sensor measuring the flue gas temperature Tt in the
secondary combustion zone. The dynamics of the sensor
temperature T}, is modeled via

dT, 1

dt = 7'75 (ng - Tsz) 3 (3)

where 75 is the time constant of the sensor.

The overall model with the states x1 = T, xo = Ty,
r3 = my, and x4 = m¢ and the inputs w; = 1hpa + Mpao,
U = Myf, U3 = Mpa+Tss and ug = 1g can be summarized
as follows:

dx - - - .

dTl = c1ds(ds — 1) + 273 + Cadaurza + Cauz + Csuz, (4a)

dzo crr3 — cgdau1 T4 — CoUz — CloU3 | -

92 cowa — 4b
dt coz c11x3 + ciadau1 s + uz + us +as, (b)

dzs —c11 d1

s _ t— 4
dt 14 crady BT + crady ua(t =), (4e)

dzy C11C14 1

s t—7) — cradourza, (4d
dt 1+ c1ads 3 1+ c1ads U4( T) crzdzurzs, (4d)
y1 =T = x1, (4e)
Y2 = Ty, = T2, (4f)

. _ —ci15d2u124 + C16U3 (4g)

ys 2l c17%3 + c1sdau1 s + c1ous’ g
ys = Ap = M. (4h)

c15d2u1T4

Here c¢; are constant positive parameters. A tilde denotes
slowly time-varying positive parameters.

IV. CONTROLLER DESIGN AND STABILITY
ANALYSIS

Due to the time-delay of the actuating signal w4 only the
inputs u1, us and ug are used for input-output-linearization.
Consequently only three output variables are controlled using
this technique. Thus, the non-measurable output y4 = Ag, is
neglected in a first step. The relative degree of system (4)
is then given by {0 1 1}. Hence, the total relative degree
equals 2 and leads to an internal dynamics of second order.
The actuating signals u1, us and u3 can be chosen such that
the desired input-output dynamics

d

% = Bi(v1 — 1), (5a)

d

% = Ba(vs — o), (5b)
Y3 = v3 (5¢0)

is satisfied. Therein vy, vo and vs are regarded as auxiliary
input variables and 87 and (35 are positive constant controller
parameters. The system state required for the resulting con-
trol law is estimated by an extended Kalman filter as it is
described in [11], [16]. With the new state variables
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the controlled system can be represented in Byrnes Isidori
form i.e.

&1 51(“1 - fl)
d &) _ Ba(va — &2) 7
dt |m q1(m1,us) '

2 q2(m, &1, &2, v1, v2, U3, Usg)

Note that the actuating signal w4 appears as input variable
of the internal dynamics represented by the state variables
11 and 7. For any operating point & = v; = const, & =
v9 = const and vs = const the zero dynamics reads as

] e P B | R o R
m 0(v1,va,v3, ds, dy), ®)

with the positive parameters a;, a, b; and by and the
bounded function 6 stated in the appendix. Because this zero
dynamics is not asymptotically stable the input signal u, is
used for stabilization and additionally to control the fourth
output variable y4 = Ag,. For this purpose a combination of
feed-forward and feedback control is proposed, see Fig. 2.
The feed-forward component w4 .4 of the input signal uy is
computed such that the system remains at its desired steady-
state T4.cq = 7)2,eq- The values x4 oq and uy oq are determined
by an equilibrium point calculation of model (4) with the

desired output values yq = [yl’d Y2.d  Y3.d y47d]T and
the current disturbance values d = [di dy ds d4]T

Thus it is possible to give a desired value y4 4 for the output
Y4 = Am and to adapt the values x4cq and uyqq to the
desired load of the plant. With the feedback control the
steady-state T4.eq = 12,eq 15 Stabilized.

The parameters a1, az, by and by of the zero dynamics (8)
depend on the disturbance d; and in addition as is dependent
on the input value vs. The dependency of parameter as on the
input value v is arranged within the model inaccuracies and
thus can be neglected'. Compared to the system dynamics
of (8) the disturbance d; is slowly time-varying. Thus,
the parameters are assumed to be constant’ and the zero
dynamics (8) in combination with the control law

us(s) = R(s) [24,q(5) = n2(5)] + uaeqls) — (9)

can be regarded as a linear and time invariant system with
bounded inputs 0, z4.q and ug.q. For stability analysis
the inputs are neglected and the differential equations are
transformed into the Laplace domain i.e.

1 —sT
ST a (Mo — biR(s)n2(s)e™""]

m(s) = (10a)

n2(s) = . (77 + 2 n )
2 20 10 | »
s+ R(S)‘bQ(S?s%il)Laz e ST s+ a1
(10b)

'A variation of vz = TOo,RG Within its maximum range given by
[0 0.21] causes a variation of the parameter ao of about 1%.

2This assumption is necessary to enable the suggested way for the stability
analysis. However, the influence of slow parameter variation (due to a
variation of dy) on the final results is discussed later.

U4 eq

equilibrium
d point
calculation

4 — “ - R(S) Héﬁ&)

Fig. 2.

Control structure for stabilization of the internal dynamics

with 719 = n1(t = 0) and 799 = 12(t = 0). Provided that
R(s) is a BIBO-stable transfer function the states 7; and 7
remain bounded if the transfer function

1

T(s) = s
1+ R(s) 71)2(5:[53(;?“12 e—sT

(1)

is BIBO-stable. To determine R(s) the Nyquist stability
criterion is used and the frequency response L(jw) of the
corresponding open loop transfer function

s+a; + agbl/bg e—5T

L(s) = R(s)by ST an)

(12)
is investigated. Subsequently, two different structures for
R(s) are proposed.

The first idea is to use a proportional controller (P-
controller) R(s) = k. For a special value of kj, the Nyquist
plot L(jw) is shown in principle in Fig. 3. The Nyquist
stability criterion holds if the condition 0 < x < 1 is satisfied
and thus if the positive parameter k;, is less than a maximum
value kp max. Thereby « is the intercept depicted in Fig. 3.
As mentioned earlier the parameters aj, as, by and by as
well as the time-delay 7 are dependent on the disturbance
dy. It can be shown that » increases for increasing values of
dy. Thus & is determined graphically for a maximum value
(fl (with a maximum moisture content Wy, of the biomass).
For ky, = kpmax the condition —x = —1 holds and the
maximum value kp max can be derived. If the controller &k,
is chosen according to 0 < k;, < kp max and the condition
dy < dy holds, the internal dynamics remains asymptotically
stable.

In order to solve the problem of stabilization analytically
the proportional controller is extended by a lead-controller
(lead-lag compensator) given by

S + wp
o .
S + wq

13)

Im

Fig. 3. Nyquist plot of the frequency response L(jw)
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If the positive parameters w;, and wq are chosen according
to

wy = aq and wg = a1 + agby /be (14)
the transfer function (12) is simplified and reads as
kpb
L(s) = 2257, (15)
S

Note that this compensation is possible only if the parameters
a1, agz, by and by are constant. The case of time-varying
parameters will be discussed later. For a special value of k,
the corresponding Nyquist plot L(jw) looks as depicted in
Fig. 3. The Nyquist stability criterion holds if the condition
0 < K < 1 is satisfied. Evaluating the frequency response
L(jw) of (15) for wy = 5= and ky = kp max yields

2b
L(jwo) = —kpmax —2 = —k = —1. (16)
T
So the maximum value kj, max is calculated by
T
k max — a7 =~ 17
p.ma 2b27’ ( )

where 7 = 7(d;) is the maximum value of the time-delay
7 determined for a maximum value czl (with a maximum
moisture content Wy, of the biomass). If the parameters wy,
and wq of transfer function (13) are chosen according to (14),
the parameters a1, as, by and by are assumed to be constant
and kj, is chosen according to 0 < kp < K, max the internal
dynamics is asymptotically stable.

Due to unknown variations of the disturbance d; the real
parameters aj, as, by and by differ from the values used for
selecting w, and wq according to (14). Hence, expression
(15) for the open loop transfer function (12) will not be
achieved. However, if the parameters a;, as, 131 and 132 are
calculated using the maximum value dy (with a maximum
moisture content Wy, of the biomass) and the parameters
wy and wq are chosen according to

wn=a1 and  wq=aq +asbi /by (18)

a stability margin is achieved for disturbance values d; < ch
(respectively wpy < Wpm). Fig. 4 shows the frequency
response of the open loop transfer function (12) with the
controller (13) and the parameters (17) and (18) for different
moisture contents wy,,. The control parameters are deter-
mined for the moisture content Wy, = 0.5. For decreasing
moisture contents the same controller results an increasing
phase margin of L(jw) (see Fig. 4). Hence, the internal
dynamics is asymptotically stable for d; < dy (respectively
Wphm < UA)bm)-

In summary the control concept consists of a state con-
troller for input-output-linearization, the investigated stabi-
lization method and a Kalman filter for state estimation.
Additionally PI-controllers are used to eliminate the steady-
state control errors for the measured outputs y1, yo and ys.
The structure of this concept is depicted in Fig. 5. There
the vectors v = [vl Vs U3]T, X = [sﬁl To I3 554]T,
u=[u ur uz ug] and ym = [y1 W yg]T are
introduced.

15 ; : 1 i Whbm

|L(jw)| [dB]

phaseimargin //

-450

1073 w [rad/s] 102

Fig. 4. Frequency response of the open loop transfer function L(jw)

1. I
yd
v__ |state-controller _iu biomass Ym

PI-controller

& stabilization furnace

[

al

Kalman filter

Fig. 5. Overall control structure of the proposed concept

V. RESULTS

The proposed control strategy is implemented on a
medium-scale biomass furnace with a nominal boiler ca-
pacity of 180kW. To select the controller parameters and to
show the behavior of the two suggested stabilization methods
simulation studies are performed. The model parameters
are found by experiments. The parameters kp max for the
proportional controller as well as kp max, wn and wq for
the lead-controller are determined for a moisture content of
Whm = 0.5. The final parameters k, = 0.5kp max are found
via simulation studies. The parameters of the state-controller
(1 and o are chosen such that the actuating signals do not
saturate for common characteristics of the desired outputs
and the disturbances. All parameters are summarized in
Table 1. In order to demonstrate the performance of the
controlled plant an increase of the return temperature 7, from
70°C to 76°C resulting in a load change from 180kW to
120kW will be discussed (see Fig. 7 subplot 4). The water
massflow ds = iy, = 2.4kg/s as well as the desired values

TABLE 1
CONTROLLER PARAMETERS
| parameter | value
P-controller kp 0.0020 1/s
kp 0.0045 1/s
Lead-controller Wn 0.0012rad/s
wd 0.0033 rad/s
51 0.0083 1/s
State-controller B 0.0083 175
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Fig. 6. Simulation results - comparison of the methods for stabilization

of the internal dynamics for a load change from 180kW to 120kW at time
t=0

Yi,d = 880C, Y2.d = 10000C, Ysd = 7% and Ya,d = 0.6
remain constant.

A. Simulation

The simulations are based on model (4), where the dis-
turbance do = 1 is assumed to be constant. The simulation
is performed for two different moisture contents wyy, = 0.3
and wpy = 0.4 for both stabilization methods respectively.
As a consequence of input-output-linearization the outputs
¥m track their constant desired values yi 4, y2,4 and ysq
exactly. The results for the actuating signal uy = g, the
states of the internal dynamics 7; and 72 and the output
Y4 = App are depicted in Fig. 6. For both moisture contents
the feedback loop based on stabilization with the P-controller
leads to an oscillating behavior for the states 7; and 72 and
subsequently for the output y4. Using the lead-controller
for stabilization this oscillation is damped. Furthermore,
the steady state behavior is reached in a shorter period of
time. The discrepancy between the two stabilization methods
decreases for smaller moisture contents. In summary both
stabilization methods lead to a stable behavior of the internal
dynamics.

B. Experiment

To control the outputs of the real biomass furnace the
control structure depicted in Fig. 5 is implemented. Because
the states are not completely measurable a Kalman filter
is designed according to [16]. For the stabilization of the
internal dynamics the proportional controller is used and
the parameters listed in Table I are selected®. The used

3Due to limited access to the investigated biomass furnace it was not
possible to test the stabilization with the lead-controller in experiment.
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Fig. 7. Experimental results - the states x3 and x4 of the internal dynamics
are stabilized by w4 for a load change from 180kW to 120kW at time ¢ = 0

biomass fuel consists of wood chips with an average moisture
content of Wy, ~ 0.35. Fig. 7 shows the results for the
actuating signal uy = mhg, the estimated internal states &3
and 24 and the heat flow transferred to the water circuit QW
in comparison with the respective simulation results. The
simulated and measured results show similar behavior. The
estimated value &4 is appreciable higher than in simulation.
This deviation is caused by offsets of the measured values y,
used for estimating Z4. The measured heat flow QW tracks
the desired value almost perfectly. Variations of the desired
value are caused by fluctuations of the water massflow 1y,
and the return temperature 7} used for calculation of QW.

The controlled outputs y are shown in Fig. 8. The mea-
sured values y1, y2 and ys track their desired values in a very
satisfying manner. At time ¢ = 0 - when the load change
begins - there is an overshoot of 0.8°C of the measured feed
temperature 7¢ and the measured flue gas temperature Ty,
drops to about 970°C. Both deviations are relatively small
confirming the good control performance. The measured
oxygen content xo,f; of the flue gas matches its desired
value without any appreciable reaction. The steady state
behavior of all measured values is very satisfying. The value
yYa = A Was estimated with the help of the oxygen content
Z0o,tg Of the flue gas and the relation between primary and
secondary air massflow. The variations of Ag, are caused
by the disturbance dy describing the variable decomposition
factor of the combustion in the fuel bed. However, the
deviation of the estimated value to the desired value is within
an acceptable range. Due to the time-delay 7 in the actuating
signal u, this deviation cannot be completely eliminated.
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Fig. 8. Experimental results - controlled outputs for a load change from

180kW to 120kW at time ¢t = 0

VI. CONCLUSION

The scope of the paper is the controller design for a
biomass furnace based on input-output-linearization. Two
methods for stabilization of the second order internal dynam-
ics are discussed. For stability analysis the Nyquist stability
criterion is used. Both stabilization strategies, a proportional
controller as well as a lead-controller result in a stable
closed loop behavior also for different moisture contents of
the biomass. In experiment the stabilization of the internal
dynamics with the proportional-controller results in good
control performance of all four outputs. In particular using
the discussed methods for stabilization fast convergence of
the internal states is achieved. Finally, the resulting control
performance of the air-ratio in the fuel bed leads to low
emission operation and enables fast load changes.

APPENDIX

The parameters of the zero dynamics are calculated as
follows:

C11

a = ———— 19a
YT + c1ads (152)
c11c14 S _
ag = ———— + (c12(c17(C10¢4 + ¢13(Ca — &5) — 589 )v3+
1+ crady

(€4(c11813 — c7) — €2(C13 + &9))(c16 — c19v3)))/
((€10€4 + ¢13(C4 — €5) — E5€C9)(c15 + c18v3)—

(€13(€3 — c12€4) — Cacs + 389)(c16 — Cc19v3)) (19b)
di
by = —— 19¢
YT + c1ad (19¢)
1
bg = —— (19d)
S + c1ady
0 = (c1c12d3(da — v1)(é13 + €9 — cov2)(c16 — c19v3))/
((€10€4 + ¢13(Ca — €5) — C5Cg + (—C4 + &5)cev2)
(c15 + c18v3) — (€13(C3 — c1284) — Cacs+
€389 — €3CeV2 + c1284c6v2)(C16 — C19V3)). (19e)
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