Observability analysis and state estimator proposal
for the chocolate conching process
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Abstract—The conching process is a crucial stage involving the
development of sensory attributes and rheological properties of
the final product. Currently, the monitoring of critical variables
during this process is done off-line through extensive mea-
surements with conventional methodologies based on laboratory
analysis, e.g., the quantification of the concentration of the volatile
active compounds of the flavor and aroma of a chocolate batch
and its viscosity. All of them are related to an indicator for
the chocolate sensory quality known as Conching Degree (CD).
In this work, the observability analysis for a Phenomenological
Based Model for the conching process is done as a first condition
for the solution of a state estimation problem. Besides, the initial
idea of a virtual sensor is proposed considering the available
measurements from the conching process.

Index Terms—Phenomenological Based Semi-Physical Model,
virtual sensor, state estimation, conching process, chocolate,
Conching Degree (CD).

I. INTRODUCTION

The conching process is considered as the final stage or
the final operation in the chocolate manufacturing, where the
chocolate mass is changed from a flaky, dry powder into
a fine flowing melt that has an intensive, harmonious and
long-lasting flavor [1, 2]. Danzl and Ziegleder [3] proposed
the use of a quality sensory indicator of chocolate namely
Conching Degree (CD). The CD relates the presence of two
volatile compounds, which are chosen as flavor markers of
chocolate, namely tetrametilpirazine (TMP) and benzaldehide
(BA). A high CD means, in sensory terms, a harmonious
and intense chocolate flavor; in rheological terms, proper flow
properties and a fine consistency, whilst in chemical terms, an
analytically measurable flavor homogenization.

Standardize the conching process is an important objective
since it allows defining different strategies to control the
variability of raw materials such as cocoa beans. However,
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there are factors from the harvest and from the required supply
needs at each year period that limit the possibility of estab-
lishing strictly equal initial conditions. Additionally, during the
conching it is important to monitor different chemical, physical
and rheological process variables for the final determination
of the product quality. Some of the process variables are
currently controlled in the PLC of the conches, however, some
others, such as the CD, require the quantification of TMP
and BA, which are impossible to determine in real time with
existing tools since their quantification requires conventional
laboratory methods as Gas Chromatography-Mass Spectrom-
etry (GC/MS) [4, 5].

On the other hand, the most important effect of the phys-
ical changes in the mass rheology is to develop suitable
flow properties as a prerequisite for optimum performance
regarding flavor perception, and product pleasant mouth feel
[1]. Therefore, monitoring the chocolate viscosity is also an
essential task for guaranteeing the optimum performance of
the product.

For the previous discussion, having this response through
the development of Phenomenological Based Semi-Physical
Model (PBSM) as virtual sensors would be a convincing
result to establish the optimal process times, since it allows
the estimation of the CD and the chocolate’s viscosity, by
means of the relationship of these variables with other process
variables that are possible to quantify in real time, fact that
guarantees permanent monitoring of the process, facilitates
decision making, and generates improvement opportunities in
it.

According to the current production measurements technol-
ogy for industrial chocolate processes, there are several on-
line and off-line sensors for recording and measuring some
typical variables. In that sense, to measure product quality
related to the aroma released in the conching process, Tan
and Kerr [6, 7] use gas sensors as electronic nose system



installed in a cocoa grinder to predict the overall volatile
compounds at different refining stages. The degree of roasting
of cocoa beans could be determined as an essential variable in
chocolate’s quality by training an Artificial Neural Network.
On the other hand, Tan and Balasubramanian [8] put forward
three suitable alternatives to measure the size of cocoa particles
at different stages of refining and conching processes in
both conical and cylindrical cocoa grinder configurations. The
use of micrometer and light microscopy image analysis are
adequate to monitor cocoa’s particle size during the processes
from the proposed alternatives.

In this work, a PBSM for the conching process, which
was previously reported [9, 10], will be use with the aim of
verifying observability as a first condition for the solution of
a state estimation problem. In addition, an initial proposal for
the estimation of both the CD and the viscosity of a chocolate
batch is addressed and some preliminary results are presented.

The work is organized as follows: in Section II, the general
structure for the PBSM of the conching process is reported. In
Section III the observability analysis is development, while in
Section 1V, the preliminary idea for the virtual sensor towards
estimating the CD and the viscosity in the conching process
taking into account the available measurements in the process
is presented. Finally, some conclusions are drawn in Section
V.

II. MATHEMATICAL MODEL FOR THE CONCHING PROCESS

To perform state estimation, the observations with explicit
physical insight in a mathematical model is a necessary
task [11]. In that sense, the Phenomenological Based models
for predicting the CD of chocolate [9] and the chocolate’s
structural changes during conching process [10] will be used
to verify the observability. These models allow to follow the
evolution of the CD as a chocolate’s quality indicator and
the dynamic evolution of chocolate’s rheological variables.
Mathematically, the time-varying CD is computed as

CD = ;, (1)
WrpMp + WBA
where wr s p and wp 4 are the concentration of TMP and BA,
respectively.

The conching process has been divided into three phases:
dry, plastic, and liquid. During the dry stage, there is a
considerable decrease in the water and the concentration of
undesirable volatile compounds while the perception of the
desirable ones is enhanced [1, 12]. During the plastic stage,
there are important changes in the mass’s rheology; the fat
migrates to the surface of the solids, allowing the viscosity
reduction of the mass. Furthermore, in the liquid stage, there is
an addition of cocoa butter and/or emulsifier promoting mixing
and ending the development of the required flow properties [1].
Figure 1 shows the block diagram representation of the Process
Systems PS used to develop the considered mathematical
model [9, 10]. Mass and energy balances were performed
on each PS. Based on the proposed balances, the basic
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Fig. 1. Process systems defined to model the conching process

model structure consists of 10 differential equations, which
are presented below. Variables definition are stated in Tables
I and II.

PS;: Mass balances are formulated for water, the volatile
compounds (TMP and BA), exposed fat (cocoa butter, CB),
and the total mass balance is also considered.

« Total mass balance:
d

a(MPSI) = e + 1y — Mo, ()

where Mpg, is the total mass in PS7.
e Mass balance for the moisture content:

d . . .

%(MPSIU)HQO,Z) = MM WH,0,e 114 WH,0,4— M2 WH,0,2,
3)

where wg,0,; is the water concentration in stream ¢ €

{2,4,¢}.
e Mass balance for BA:

%(MPSIU/BA,Q) = M WBA,e +74 WBA 4 — T2 WBA,2,
4)
where wpa,; is the BA concentration in stream ¢ €
{2,4,¢}.
e Mass balance for TMP:

d . . .

T (Mps,wrarp,2) = 1e W p,e+1ia W pa—12 WTM P2,
5

where wrpsp; is the TMP concentration in stream % €

{2,4,e}.

« Mass balance for exposed fat fraction:



TABLE I
CONSTITUTIVE EQUATIONS FOR THE STRUCTURAL PARAMETERS

TABLE II
CONSTITUTIVE EQUATIONS FOR THE FUNCTIONAL PARAMETERS

# [ Description | Constitutive equation # | Description | Constitutive equation
Mass flow in 7hg [kng)?ns] e = ws VPs;; PecWsol,0 1 | Volume of PSy; [m3] Vps,, = % T2 Ly
2 Mass flow 7y kgj] Ty = Mo Mass flow of H>O .
1imn ) . . 2 [M Mmy2,,3 =
3 Mass flow i3 M] mg = myg,0,3 + MTMP,3 min
m . Koy, oA (w — kyy*)
+mpBa,3 0‘;}20 M (WHy0,4 — ky Y
Lo ‘ 2 PS
4 I[L{(Qg?{ 2cgncentratlon in rh3 oo — TH,0.3 3 | Mass transfer area [m?] Anr = € Asp 11
—_— 2 20,3 = ~ P
KEmio . ms3 Superficial area of spheri- 5
5 Bré;;(:\ncentratlon in 1h3 wpas — MmBA3 4 cal particle [mQ] Asp =m Dy
[kgmm ’ mg 5 | Particle volume [m?] V. — 1 x D3
TMP conceptration in _ PTe TP
6 . Tmegrmp wrpMPp3 =1-wWBA3—WH,0,3 Fictional.  concentration
s &mi 6 SH, O y* = Py 18.02
7 Stream 2 specific enthalpy =~ KeEDA (P=Py) = 28.97
[J/ke] 4 Hy = Cp (I'—Trey) 7 ][Exijosed particle fraction o1 We f
5 E]tr/z‘g]l *#specific enthalpy Hy = Cyp (T = Trey) 8 | Ve ssure [Pal o 3985.44
9 | Total Heat [J/min] Q=UA(T - Tjaer) dzor pressufe ([ Ta Py = 1000 exp <16'5362 ~ T—38.9944
i i V — BA mass flow in m . .
10 | Electric power [J/m.m] W =1m P 9 o 3 MBAs = kr BATH,0.3
11 | Thermal work [J/min] Wrer = php W min
12 | Friction loss [m?2/s2] (rws)? TMP mass flow in 13 . .
hy = Kpy 5 10 [ ke ] mrMP3 = ke, TMP TMH,0,3
Pumping capacity 3 o
13 . P. = N, BA Mass transfer coeffi-
[kgT/mln] c QWsTy 11 cient kT,BA = apa exp (_ﬂl%A>
T M P Mass transfer coef-
121 fcient krrmp = armp exp (—LTﬁ/{P)
13 | Friction loss factor [—] Kpr = fp Lt
d 03161
%(MPSI Wef) = pe B Po (Wef — war kyr) + e, , 14 | Darcy factor [—] fp = ]\'{025
Re
. (6) 15 | Reynolds number [—] Npo = pe (rp ws) Dr
where w,y corresponds to the fraction of the exposed fat N w
with the cocoa butter (CB) already homogenized on the 16 g]hOCOIate viscosity [Pa— p=2
i v
chocolate particles. 17 Herschel Bulkley shear _ A
o Thermal energy balance stress [Pa] o =00+ky
18 | Shear rate [1/s] N = P
d ~ ~ . . ) Vps, o
%(MPSI CpT) =1y Hy — thoHy + Q — Wrer, (7) 19 | Motor Power [J/min] Pn=VI

where T is the chocolate mass temperature.
¢ Mechanical energy balance

d [ Mps, (ryws)*
dt 2

where w; is the shaft’s radial velocity.

):W—m4hf, (®)

PSp: The considered balances assumed that there is no
mass accumulation in the control volume of this process
system, i.e., the mass of DS mobilized (Mpg,,) remains
constant.

o Total mass balance:

0 = 1hg — 1ig — Th3. )

e Mass balance for the moisture content:

d

dt (10)

where Mpg,, is the total mass in PSy;.
e Mass balance for BA:

d . . .
—(Mps,;wBA4) = 1o WBA2—1M3 WRBA3— T4 WRBA 4.

dt
(11
e Mass balance for TMP:

d . .
%(MPSUU)TMPA) =1 Wrarp2 — M3 WTMP,3

— M4 WP MPA- (12)

Moreover, to have a consistent problem, 13 constitutive
equations were defined to explain the structural parameters,
and 19 constitutive equations are used to explain the structural
and functional parameters of the model, summarized in Tables
I and II, respectively. Finally, nine parameters were identified
from experimental data. The details of the model construction

—(Mps;; WH,0,4) = T2 WH,0,2—1M3 WH,0,3— 114 WH,0.4¢an be found in [9, 10].

The resulting model corresponds to an index 1 semi-
explicit Differential-Algebraic Equations (DAEs) system.Thus,
through one differentiation step of the algebraic part of the



model with respect to time ¢, it is possible to transform the
DAE:s into an Ordinary Differential Equations (ODEs) system.

Therefore, the resulting ODEs system can be compactly
expressed as follows

jf'a:Fa(xaau)a (13)

where the state vector of the system corresponds to x, =

[Mps,, WH,0,j> WBA,j WTMP,j, Wef, 1, ws,a, Q, Pe, Npe,
T

s 5 A1

ITII. OBSERVABILITY ANALYSIS

The observability analysis of a model consists of knowing
the conditions that allow to reconstruct the state x(t) from the
knowledge of the inputs u(¢) and outputs y(¢) in a defined
interval of time.

Therefore, considering the conching process as a batch
process, local observability is verified in a set of finite points
of the system’s nominal trajectory. To perform observability
analysis, it is necessary to know the function that describes the
output of the system y = h(x,, ). To this aim the analysis of
the available measurements in the process is presented below.

A. Definition of the system’s output function

Figure 2 shows the location of the temperature and relative
moisture sensors which are installed in the conche. Sensor 1 is
located in the upper conche compartment, measuring the tem-
perature and relative moisture inside this compartment. Sensor
2 is located outside the conche, measuring the temperature and
relative moisture of the conche’s surrounding air. In addition,
chocolate temperature 7' is measured by an already installed
sensor in the equipment. All of the sensors send a wireless
signal to the signal receptor located near of a computer in
which the signal is received in real time.
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Sensor 1

.>>>>>>>>
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&

Signal receptor

T

éonche frontal view
Fig. 2. Location of the temperature and moisture sensors.

To formulate the output of the system, a new process
system P Sy corresponding to the upper conche compartment
is considered (Figure 3). Additionally, to directly relate the
measure from sensor 1, a mass balance of water in the upper
conche compartment is formulated as:
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Fig. 3. Process Systems for the conching process
d

%(MCMHQO,G) = M3 WH,0,3 + M5 WH,0,5 — 1106 WH,0,65

(14
where wg,0 5 1s the absolute moisture in the sourronding air
[kegn,0/kgas], obtained using the relative moisture measure
from sensor 2, wp,0,6 cotresponds to the absolute moisture
content in the upper conche compartment [kgmn,o/kgas] ob-
tained by using the relative moisture measure from sensor 1,
1 and g are the mass flow of dry air in the inlet and outlet,
respectively, of the upper conche compartment [kgp, o /min].
Due to the lack of information of these inlet and outlet mass
flows, 5 and 1 were identified using the real data obtained
from sensors 1 and 2. Finally, M. is the air mass in the upper
conche compartment [kg], calculated considering its volume ,
i.e,

M. = pair Li; (15)
where L. is the length side of the compartment [m] and pg;,
is the air density [kg/m?].

Considering the new balance (14) as a part of the ODE
system (13), it is possible to obtain wp,0,6 as an additional
differential variable x,. Then, analyzing the ODE system, a
classification of the variables is presented in Table III. Note
that there are 18 state variables from which two of them are
measured.

Finally, considering the system’s output function as a part
of the model structure in (13), the resulting model is written
as follows:

x.a = Fa(t»xavu)
y= T (16)
Y2 = WH,0,6



TABLE III
CLASSIFICATION OF THE ODE SYSTEM VARIABLES

[ Symbol
ZTa = [Mps;, WH,0,j» WBA,j WTMP,js Wef> 1
ws,M4, Q, Pe, Nge, 4, 0,7, WH,0,6]
_ T
y=[T,wm,0,6]

Type

State variables

Measured outlets
with j € [2,4}

B. Local observability analysis

At this point, observability analysis can be performed. Ac-
cording to the definition of local observability, it is necessary
to find some equilibrium point of the system, namely z.
Taking into account that the conching process is analyzed as
a batch process, the observability analysis is performed for
the model at each time instant (¢*,z%) corresponding to the
solution of the nonlinear model at each point (¢*) defined in
the nominal trajectory of the system.

Using the non-linear model shown in (16), the model is
linearized by computing matrices A, B and C' at each point
(t*, %) of the nominal trajectory, i.e.,

Az, = AAz, + BAu
Ay =C Az,

with Az, = x4 — 23, Au = u —u*, Ay = y — y*
being the deviation variables for the states, the known in-
puts, and the outputs, respectively, while A = g—ﬁ |(t*7$;),
B = aaiua |(t*,z;) and C = 867;2 |(t*,z;)'

Taking into account that the observability relates the system
states with its outputs, the observability matrix M, is calcu-
lated for as follows each time instant (¢*,x}) considering the

matrices A and C:

a7

C
CA
C A2

My | (1 ox)= (18)

CA('n—l)7

with 7 the number of states, A(1gx1s) and C(1gx2) matrices
evaluated at time instant (¢*,x}). Finally, the system is ob-
servable for each point (¢*, z}) if and only if Rank(M,) =n
where n is the dimension of the state vector (in this case
n = 18).

When performing the analysis for all points (¢*, %) of the
nominal trajectory of the model, it was found that for the
observability matrix in (18) Rank(M,) = 7 which means that
some states are re-constructable (observable) from the output,
but their measurements are not enough to reconstruct some
other state variables.

However, while observability is a sufficient condition for the
estimation of process state variables, there is a necessary and
sufficient notion for the estimation called detectability. The

concept of detectability is close to observability. A system is
detectable if and only if all unstable modes are observable.
That is, when the state vector of a system is not completely
re-constructable, but the state that is not re-constructable
converges to a steady state value, the system is detectable.
In that sense, taking into account the notion of detectability
and evaluating the system’s stability by the analysis of the
eigenvalues, \;, of matrix A at the end of the batch (\; €
(—40.6,—6.3 x 10716) € R™), the system is defined as stable

and therefore detectable for each point (t*, z%)

IV. STATE ESTIMATOR PROPOSAL

A proposal of a Nonlinear Moving Horizon Estimator
(NLMHE) to estimate the CD [mg/kg] and the chocolate
viscosity p [Pa*s] by using the non-linear model presented
in (16) is proposed. It should be noted that since the CD
is not a state variable of the process, the knowledge of the
estimation of two state process variables, i.e, the concentration
of BA wpa4 [mgBA/kgps] and the concentration of TMP
wrmpa (mgTMP/kgpg] is required, as stated in (1). The
estimation structure of the proposed NLMHE is sketched in
Figure 4, where the estimator requires the inputs and outputs of
the conching process model, which represent the real process.
With the proposed structure, the TMP concentration wrasp,4,
and the BA concentration wp4,4 can be observed directly by
the NLMHE. Moreover, since j is a state variable of the ODE
system proposed in Section II, its observation can be also
obtained directly using the NLMHE. Then, observed TMP and
BA concentrations will be used for internal calculation of the
estimated CD as well as the inputs and outputs of the conching
process model by a block calculation.

PROCESS

Inputs CONCHING PROCESS Measured outputs

u MODEL ¥y T
|
|
| ESTIMATOR
|
|
NONLINEAR MOVING
A Observed- Unmeasured
T HORIZON ESTIMATOR — — ul
| (NLMHE) | Xa1 = Wpaa
| | Ra2 = Wrmpa
| | Ra3 =41
' '
L €D BLOCK Estimated- Unmeasured
_________ COMPUTATION oD

Fig. 4. Estimation structure using an NLMHE for the estimation of CD and
chocolate viscosity.

A. Simulation results

Some preliminary results are shown in Figure 5, where the
comparison among the estimation of the measured variables,
i.e., chocolate temperature and moisture content in the upper



conche’s compartment, are shown. According to Figure 5, the
proposed estimator follows the real behavior with small differ-
ences between the value of the real variable and the estimation.
The obtained estimation has a suitable noise propagation and
the estimated value follows smoothly the real value of the
variable.

Chocolate temperature

339.800 4

339.775 1

339.750 A

339.725 A

339.700 A

Chocolate temperature [K]

339.675 1

339.650 A

Time [min]

water in upper compartment

0.0175

0.0170 A

0.0165 4

0.0160 4

0.0155 1

0.0150 A

0.0145 4

0.0140 A

Conche’s camera water [kgu,o/kgss]

0.0135 A

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time [min]

Fig. 5. Estimation of the measured variables, i.e., T' and wg 20,6 from 0 to
3 min, where the black continuous lines correspond to the real value of the
variable and the gray dotted lines correspond to its estimated value

V. CONCLUSIONS

A proposal of virtual sensor to predict the Conching Degree
and the viscosity of a chocolate batch was presented. To this
end, the conditions of detectability for the estimator design
were satisfied by the selection of the state variables, the known
inputs, the outputs, and the equations considered in the model
structure. In addition, an estimation structure where the TMP
concentration, the BA concentration, and chocolate’s viscosity
were estimated is proposed, considering only two measured
variables available from the process. Thus, by the knowledge
of the estimation of TMP and the BA concentrations, it is
possible to estimate indirectly the CD of the chocolate. Some
preliminary results show that the state estimator proposal has
a suitable performance. The complete design of the virtual
sensor and the real implementation are considered as future
work.
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