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Adaptive Simmering Control for Domestic Induction Cookers

D. Paesa, C. Franco, S. Llorente, G. Lopez-Nicolas and C. Sagues

Abstract— The goal of this paper is twofold. Firstly, we aim  highly decreases the efficiency of the whole cooking process,
at investigating the potentials of reset observers applied to although the efficiency of the power electronics is very
process control. Secondly, we aim to overcome the existing high. Therefore, an improvement in the efficiency during

performance limitations of the temperature control in domes- th hol Ki d b hieved b f
tic cookers. To this end, we present an adaptive simmering U'€ WNOI€ COOKING process could be achieved by means o

control for induction cookers, whose parameters are updated POt temperature control. Besides, it has more advantages.
on-line depending on the estimates provided by a Multiple- For instance, pot temperature control ensures a correct food

Model Reset Observer (MMReO). This new observer results cooking minimizing the cooking time, and avoiding to reach
of extending the idea of multiple models to the state observer too high temperatures, which burn the food, or too low

framework. MMReO consists of a reinitialized reset observer, ¢ t hich derd food. Additi v, it
and of multiple fixed identification models. The resultant control emperatures, which cause underdone 1ood. ionally, 1

scheme satisfies the user requirements such as quick heating up, €@n be U_Sed tol Perfom_‘ more complicated COQKing process
accurate temperature control, and fast disturbance rejection, such as simmering. During simmering, the food is submerged
outperforming previous results. Moreover, the proposed control  in water at a temperature from 88 to 94°C which causes
scheme reduces energy consumption and, consequently, it cany great effect on the flavour of food. However, it is almost

increase the efficiency of the whole cooking process. Addition- . ible t ti Hi | K h
ally, a fixed robust QFT-based controller is designed, and it is IMpossibie to carry out In conventional Cookers where user

also used for comparison purposes. Several verification tests are does not control the temperature of the cooking pot.
carried out in real induction hobs, to underline the effectiveness The first work related to pot temperature control for
of our proposal compared with the QFT-based controller. ~ jnquction hobs is [5]. There the authors developed a tem-
Hele:]t?r?g);(, (;?Jrsfgfv_eré(,j?;%%erg&r;goéoﬁr%???—tigﬁj Ag;}%‘;ﬁé‘é’;. perature control for frying pans. Since the pan temperature
was not directly measured, it had to be estimated from the
measurements of a NTC sensor situated below the ceramic
|. INTRODUCTION glass. However, that measurement was highly dependent

In domestic induction cookers, an inverter topology su on the cooking load. Therefore, it did not work properly

. . . . ; . “with high-load cooking process such as boiling and deep
plies a high-frequency current to an induction coil, producmg[}rying This problem does not appear when using the external
an alternatir_lg magr_1etic field. If this field is applied to anfraréd sensor proposed in [6], rather than a NTC sensor.
L(;rg(t);::é;iget\;\(/:h?;n,hlt';;tr(l)ﬁ)uct:ﬁ; ([a);icri]y ;Zrégml“;’ znodng?:?ﬁlﬁis approach guarantges an accurate measurgment of the pot

. ' . y ' all temperature, and it was successfully applied to radiant
duction hobs have become increasingly popular thanks %bs in [7]. Fig. 1 shows the lay-out of both sort of sensors
their specific features such as quick warming, energy savingged in dofnest.ic induction hobs. It is worth mentioning that
and high efficiency. Consequently, the research on indUCti?H this work, the measurements.of the NTC sensor are not
cookerslhas attracte[d]the attention of theory specialists, anged and the proposed control strategies only relay on the
practical engineers [1]. T

The effort to increase the efficiency, and the energi?Xternal infrared sensor.
saving during a cooking process using an induction hob has 1
been mainly focused on providing to the pot the maximum
power in the more efficient way. For instance, designing v )
highly efficient resonant inverter topologies [2], modulation
strategies [3], and inductors [4]. 5

However, since user has no any feedback about how ﬁ/
high the temperature is, user tends to use more power than 2; J,:D A

the cooking process actually needs. This waste of energy

This work was supported in part by DGA project PI065/09 and BSH 3 ) _,5:
Home Appliances Group. 4

D. Paesa, C. Franco, G. Lopez-Nicolas and C. Sagues are with
Departamento de Informatica e Ingenieria de Sistemas / Institu i . I . . L

o L : : g. 1. Main elements of a domestic induction hob. 1: pot. 2: o@a

gf) aiIrTYZS—tIn?;(I::lodnp aeer; alé%?]?g:z s,difrl:rr\?:go@rb]l’miig;./ :gsyldg%(:“ odpeezgllrj?]?zo ;:g%%ss 3: induction coil. 4: internal NTC sensor. 5: external infrared sensor
csagues@unizar.es

S. Llorente is with the Research and Development Department, Induction . . . .
Technology, Product Division Cookers, BSH Home Appliances Group, In this paper, we present an adaptlve simmering control

50016, Zaragoza, Spain. e-mail: sergio.llorente@bshg.com for domestic induction cookers. It is based on an infrared



TABLE |

sensor rather than on a NTC sensor, and consequently, it
NOMINAL MODEL PARAMETERS AND THEIR RANGES

can be applied to high-load cooking process unlike other

previous works [5]. Our proposal exploits the potential Parameter Nominal Value NVanations

benefits of using an accurate model of the system [8]. One oL 20,0197 [-0.0461 -0.0048]
of the contributions of this work compared with [7], is that a2 0.0097 [0.00230 0.02291]
our control strategy is based on an analytical model of ozl 90018 [[(_’(')98828 %.00005042?]
the system rather than on multiple experimental tests, and bi1 0.0018 [0.00120 0.00290]
consequently, the controller tuning process is highly $iimp b2z 0.0001 [0.00010 0.00040]

fied. Specifically, we propose an adaptive controller whose
parameters are updated on-line depending on the estimates

provided by a Multiple-Model Reset Observer (MMReO). Iltyhereg; = T — T, is the difference between the pot bottom
consists of a reinitialized reset observer, which is a nov%mperaturépB and the ambient temperatury, = Ty —

sort of observer recently proposed by the authors, and of is the difference between the pot wall temperatiite
multiple fixed identification models, which estimate thetbeszng the ambient temperatur®, is the power supplied by
initial parameters of the reset observer. For this reasofhe inductor coil which takes into account the efficiency of
this paper also contributes at analyzing the potentials @he electronics and of the inductor, agl; is the energy
reset ol?servers applied to process _control. Furthermore, floss because of evaporation. Additionally;, a12, as1, ass,
comparison purposes, we have designed a fixed robust QRT;  and b,, are uncertain parameters that depend on the
based controller, which is a control technique widely agbli pot and glass thermal properties, as well as on the different

to industrial applications. To highlight the performané®@or  thermal losses of the system. Namely, convection, radiant,
proposal, both control schemes have been implemented iyaqg conduction losses.

real induction hob, and several verification tests have beensijnce the pot which is being used during the simmering

carried out. process is unknown, these uncertain parameters are linitial
This paper is organized as follows. In Section II, the statgnknown. However, according to our results obtained from
space model of the system is presented. In Section Ill, thgmulations, the value of each uncertain parameter is withi
adaptive MMReO-based controller design is given. Afteg known variation range. Table | summarizes the nominal
that, the tuning process of the fixed QFT robust controllefa|yes of all model parameters and their variations obthine
is outlined in Section 1V. Experimental results are shown ifrgm a study of 150 different pots.
Section V in order to test the robustness and performanceNotice that most of cooking processes are carried out using
of both control schemes. Finally, concluding remarks arg |id, because it highly decreases the thermal losses of the
outlined in Section VI. system, and consequently, improves efficiency. Therefoee,
consider that the simmering cooking process is done in a
pot covered with a lid which implies th& g = 0. It is also
State space model can be used to represent the relatiwarth mentioning that the pot bottom temperatiliie cannot

between the power supplied by the induction coil, and thkee directly measured, therefore an observer scheme iseeede
temperatures of the system. Generally, linear time inwariain order to estimatd’s. Since the output of the system (i.e
systems are described as follows Tw) is the variable to controll' is not strictly needed for

] control purposes. That is the way in which the QFT-based

at) = A-x(t)+B-u(l) controller is designed. However, better performance wbeld

y(t) = C-x(t) (1) obtained, if all the state variables were known or estimated
Thus, the MMReO-based controller relays on the state space
model (2), considering all the state variables.

Il. SYSTEM MODEL

wherexz(t) € R" is the state vector(t) € R is the input
vector, y(t) € R™ is the system output vector, antl B, C
are constantn x n), (n x 1), (m x n) matrices. [1l. ADAPTIVE MMREO-BASED CONTROLLER

In this paper, we use the analytical pot model presented in Robust control techniques such as QFT og Han be
[8]. Thus, readers interested in how that system is obtainedgarded as conservative, due to the fact that the resultant
are referred there. The main idea is that, by using agontroller has to be designed to meet control requirements,
electrical equivalent model that represents the diffet@@t  for the worst-case behavior between all the considered op-
transmissions which appear in our system, it is possible &ration points (i.e. for all the uncertainty of the system).

obtain the following state space model: Therefore we could obtain a better performance, if we
; were able to reduce the uncertainty of the cooking process
05 ain a2 05 h
6 asy Ggo Ow SOMENOW. R
w Adaptive observers can play a key role in this approach,
n { by 0 ] [ P ] since they have been widely used to estimate the unknown
0 b ) parameters of a system from the information available (e.g.

O [ 01 ] { 0p } @ system input and output measurements) [9]. Therefore, this

Ow sort of algorithms represents a useful tool in order to cope



with problems that may appear in any industrial applicatiorcost functionJ; to find out the best modelc [1, N]
For instance, they can be used to deal with systems whose t=oco
parameters are initially unknown due to modeling uncer- Ji = €Xt) +/ e (t)dt (3)
tainties, and also to handle systems whose parameters are t=0
time variant. Additionally, they have important applicats Wheree;(t) = y(t) — 3;(t) is the identification error of the
not only in adaptive control but also in fault detection andnodel: defined as the difference between the output of the
isolation [10]. systemy(t) and the output of the identification modgl(¢).
The algorithm also generates a switching sign#iat is used

Among the different sort of adaptive observers, we presett update the parameters of the reinitialized reset observe
an estimation strategy that relays on multiple models of th8ince the observer parameters are closer to the real system
system, in order to increase the robustness of the estimatiparameters, it is expected to decrease the transient loghavi
process. The idea of multiple models was firstly introducedf the observer and, as a consequence, to improve the control
for control purposes [11]. It is commonly accepted that thperformance which relays on the estimated state.
convergence time of an adaptive control scheme will be _
large if the initial parameter of the controller are not eos ~ _____ Multiple Model Reset Observer ______ .

enough to the plant parameters. This transient behavior can i /

be improved using multiple models [12], [13]. Assuming that X Reinitialized y
the plant parameters belong to a compactSsehis approach Reset Observer Y
relays on usingV identification models with different param-

eters but uniformly distributed ir. A controller for each -

model is also calculated and tuned. Therefore, the proposed
strategy is to determine the best model for the real system
at every instant, and using the corresponding controller to
control the plant.

M (4, B [

Multiple Fixed Model

Build on [12], we extended the idea of multiple models to
the state observer framework. The resultant observer sehem
is denoted as Multiple Model Observer (MMO). In a similar
way, N identification models with different parameters but Fig. 2. Multiple Model Reset Observer Scheme.
uniformly distributed inS are used to estimate the best model
for the real system. At every instant, the parameters of the As it is shown in Fig. 2, we use a reset observer (ReO)
best identified model are used as the starting parametersviose matricesA, B are reinitialized according to the
an additional state observer. This process is known as theatrices of the best model chosen. The aim of the ReO is
reinitialization of the state observer. Since the reifited 0 estimate the system state variables (ke= [05,0w]),
parameters of the state observer are closer to the real on@8ich will be used afterwards in the control law. The ReO
the convergence time of the estimation process is decreaséynamics are described as follows [14]

Afterwards, the state estimated by the reinitialized oleser i = Aé+Bu+ K+ Kpi

can be used in the control law. Furthermore, the parameters ) )

corresponding to the best identified model can also be used to y = Cz )

adapt the control law, to improve even more the closed-looghere i is the state estimated by the Re®; and Kp

response of the system. represent the integral and proportional gain of the ReO
respectively, andj = y — ¢ is the output estimation error

Based on this approach, we present in this paper @i the ReO,A and B are the system matrices associated
adaptive controller whose parameters are updated on-lipgth the best model previously identified. In additiap,is
depending on the estimates provided by a Multiple-Modehe reset integral term which is computed as
Reset Observer (MMReO). MMReO scheme is depicted in . o
Fig. 2. It consists of a reinitialized reset observer, and of C+ =AcC+ By §-¢=0 (5)
multiple fixed identification models. Each fixed identifica- ¢ =4 y-6=0
tion model has the structure shown in (2) with differentvhere A € R and B, € R are two tuning scalars which
parameters s, aio, as1, ass, b1, andbys defined according regulate the transient response @f and A, is the reset
to Table I, which actually define the convex setfor our  matrix.
system. The behavior of the MMReO scheme is as follows. Regarding (5), ReO can be seen as an hybrid observer
It selects the identification model that best represents thth a flow and aresetstate, and the two conditions at the
cooking process depending on the output of the sysgemright side are thdlow and theresetcondition respectively.
(i.e. the temperature measured with the infrared sensad), aOn one hand, as long d@s ¢ > 0 the observer behaves as a
the input of the system (i.e. the power supplied with the proportional integral observer. On the other hang;, if < 0,
induction coil). Specifically, the algorithm uses the follog  the integral term is reset according to the reset Map

I
1
1
1
1
I
1
T
1
1
: Switching
I
1
1
1
1
I
I
1
1



Recent results have highlighted the potential benefit gferformance of the MMReO, since both temperatures are
including a reset element in the estimation laws. Since th@operly estimated.
ReO is mainly nonlinear, it can meet requirements that Additionally, Fig. 6 shows the action computed by us-
cannot be satisfied by pure linear observers. Namely, resay the control law (6), which relays on the temperatures
elements can decrease the overshoot, and settling time of #sstimated by the ReO. It is evident the good performance
estimation process without sacrificing the rise time. Remdeof the whole control scheme, sindg;, reaches the target
interested in the stability, and convergence analysis ef themperature without overshooting as it is shown in Fig. 5.
ReO as well as in how to select the tuning parameters of theénally, Fig. 7 shows the reset integral tergp and how
ReO are referred to [14]. it is reset att = [200,310,550]. These resets as well

Once the estimation process is done (i.e. whemas as the reinitializations of the state observer, cause small
been computed), the parameters of the adaptive controler aliscontinuities in the temperature of the bottom of the pot
updated depending on the identified model. An adaptive Rstimated by the ReO, and thus, in the action computed by
controller is selected because of its simplicity and ea$g-au the adaptive controller, as it is shown in Fig. 6. However,
tuning. Fig. 3 shows the proposed adaptive control schemiese discontinuities allow the water temperature to reach

whereas the designed control law is the desired reference, minimizing rise time and overshoot.
u = L[l‘] — Lsi‘ 0 _ _
o= ey © —005[‘\‘-—‘7?—’“‘_""'7 """ Foliolioll =it

where r is the target temperature,; is the integral error,

L; and Lg are the integral gain of the controller and the O'OSL{_,,-,—_——‘— ___________ R eyl
state gain of the controller respectively, which are afli 0

computed with pole placement method, and afterwards, ai

updated on-line through a look-up table depending on th 0%8;%___,__7 : _ m

best model identified with the MMReO scheme. 0
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y Fig. 4. Simulation Results with the adaptive controller lbase MMReO.
Solid lines are the parametesis1, ai2, az1, azz2, bi1. Dashed lines are
the estimated parametefis:, ai2, d21, a22, bi11. Notice that, since it is
. . assumed) g = 0, the effect of@Q g - ba2 is negligible for allbas. Therefore,
Fig. 3. Adaptive Control Scheme. bas is not estimated on-line but set to the nominal value duringhalitests.

It is worth mentioning that since we have implemented

N = 60 fixed identification models, we do not include here 140;
for brevity all the values of the parameters involved in this
control scheme that depend on the identified model (¢;g. 120
and B; in the MMReO schemeL;, and Lg in the adaptive 100l
control scheme). G
To give insights into the behavior of the proposed adaptive g g
control based on MMReO, we show some simulation results £
obtained with the simulator developed from [8]. We aim at é 60F
heating up a cooking pot filled with 1 liter of water from e
ambient temperature (i.€5°C) to the target temperature 40 —
(i.e. 91°C). sor ‘ _gg
Fig. 4 shows the parameters of the best model identified - Ty
minimizing the cost function (3) at every instant. Since the 0 \ \ \ \ ——Rel
number of fixed identification models is finite there still 0 100 200 Timio[iec] 400 500 600

exists a small difference between the best model and the real
system. Nonetheless. identified parameters are close knoulrtg- 5. Simulation Results with the adaptive controller nase MMReO.

. ' is the temperature of the bottom of the pdip is the estimated
to real o_n_e_s '_n such a manner that _the convergence S_p grﬂperature of the bottom of the pdlyy is the temperature measured
of the reinitialized reset observer is highly decreased. &i with the infrared sensoffyy is the estimated temperature of the wall of
shows the temperatures of the cooking process as well as the pot which is almost equal iy, Ref is the target temperature.

temperatures estimated by the ReO. It underlines the good
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Fig. 6. Simulation Results with the adaptive controller lbase MMReO.
Power computed with the control law (6) which depends on tlaest
estimated with the ReO.
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for the working frequenciesy = [0.002,0.005,0.02,0.1, 1]
rad/s are shown in Fig. 8.
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Fig. 8. Plant templates at the working
[0.002, 0.005,0.02, 0.1, 1] rad/s.

frequencies

In the next step, control requirements have to be translated
into boundaries in a Nichols chart. In QFT, each closed-loop
specification, such as robust stability, tracking abiléyd
disturbance rejection, generates a boundary. If the ndmina
open loop avoids the boundaries, it is guaranteed that the
closed loop specifications are satisfied for all the plants

-0.08f
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Time [sec]

100 200 600

Fig. 7. Simulation Results with the adaptive controller lbase MMReO.
Reset integral terng computed with the ReO. Whef is reset to zero, it
means that the reset condition holds.

IV. FIXED QFT-BASED CONTROLLER

We also present here a fixed QFT-based controller, which
does not need estimation of varialdlg, and it is used for
comparison with the adaptive MMReO-based controller.

Quantitative Feedback Theory (QFT) is a robust control
technique developed by Isaac Horowitz [15]. It has been
widely used in industrial applications for the last three
decades [16], [17], because it takes into account system
parameter uncertainty in the design of the controller. & ha
been recently applied to simmering control for induction
cookers in [18], and here we summarize how that controller
was designed, for the paper to be self-contained.

The first step in QFT design is to translate the system
uncertainty to frequency domain. For this purpose, the fre-
guency responses of all possible combinations of system
parameters are represented in a Nichols chart. Each point
plotted represents a possible plant or sensor for a given fre
guency. Therefore all these points define a region of the un-
certainty of the system at the different working frequeacie
These regions are known as templates. In particular, the tem
plates obtained for the uncertain system described in Table

2)

considered in the template.
For our system, we have selected the following closed-
loop performance specifications:

1) Robust Stability: To ensure robust stability of the

closed-loop system, the following constraint on the
peak magnitude of the closed loop frequency response
is set:

P(s)G(s)
1+ P(s)G(s)
where P(s) is the plant, andG(s) is the controller.
Moreover,~ is the maximum peak magnitude which

corresponds to a minimum gain margi&' /), and
phase margin ®M), [19] as follows:

<7 (7)

GM = 20log (T) [dB] ©)

PM = 2sin~! (1> [deg] 9)

2y
in particular, we have chosen = 1.5 which gives
GM =4.43 and PM = 39° .
Reference Tracking: Due to system uncertainty, we
define an acceptable range of variations in the closed
loop tracking responses. According to [20], [21], we
define an uppeflyyp(s), and lowerTpw (s) bounds
for the closed-loop response of our system as follows:

P(s)G(s)

Tow (s)] < ‘HP(s)G(s)

‘ < [Typ(s)l  (10)



Specifically, we have selected the following trackingrequired in order to change the shape of the open-loop fre-

bounds guency response too. Following this approach, the regultin
1.02 controller is:
Torls) = o Es 1) an (1 1) (o os1)
0.98 G(S) =9 0.0028 0.035 (14)

Tow (s) (805 + 1)(70s + 1)(1s + 1)(0.1s + 1) s (755 +1)

(12) Wwhose frequency response with the plant is illustrated ¢ Fi

: . o : 10. It is clearly seen that the open-loop frequency response

3) Plant input IDOASE rejhecn_og. Acco_rdmhg t_o (), ':che meets now all performance requirements, since it is above
power Suﬁ.pr']e. y the "; uptr]or 'g.t € Igplut 0 olura" bounds at the corresponding frequency. Therefore, we ca
system which is measured with a Sigma-Delta analogs e that the designed controller ensures robust stalaifid

Fo—digiFaI converter implemgnted in the ASIC of thean appropriate noise rejection for all of the family of pknt
induction hob [22]. Since this converter has a Measurer.cnad under the uncertainty shown in Table |

ment error about a%, we have designed a controller
able to reject this kind of disturbances. In particular,
we have chosen the following input noise rejection
specification:

P(s)

1+ P(s)G(s)

Fig. 9 shows the intersection of these three performanc
specifications at the design frequencies used during tt
template generation. To satisfy performance specification
the open-loop response has to be above the correspondi
boundary as long as it is drawn in solid line, whereas if the
boundary is drawn in dashed line the open-loop response h

<0.01 (13)

Open-Loop Gain (dB)

to be below the boundary. R

It is easy to see that the system does not meet tt
performance specifications since the open-loop frequenc o 515 270 225 -180 135 90
response is below the performance specification bounds Open-Loop Phase (deg)
each frequency. Therefore, we have to modify the system
response adding poles and zeros, until the nominal loop i€%: 10. Open-loop frequency response with the controlfermeet the

. . . ....control requirements, the nominal open loop has to avoid thmdaries.
near its bounds and results in nominal closed-loop stgbilit
This process is known as loop-shaping, and generateslgirect
the robust feedback compensator.

i
—-45 0

Nevertheless, the controller is not able to satisfy the

tracking specification as it is shown in Fig. 11. Therefore,

a dynamic pre-filter is required to shape the frequency

50 ‘ ‘ ‘ ‘ ‘ ‘ ‘ response to be within the required envelope, and attenuate
high frequency peaking. Specifically, we have designed the
following pre-filter:

1
1 1
(gos +1) (s +1)
which allows to meet now the tracking specification as it is
shown in Fig. 12.
-sor ' 78832 ' e So far, we have only ensured that the proposed controller
0.02 meets the performance requirements at some discrete fre-
0.1 guencies. Consequently, an additional checking step at all
! J frequencies inside the working range is needed. For this
A e o o 0. s e a5 o reason, we show in Figs. 13, 14 and 15 the closed-loop
Open-Loop Phase (deg) response of the system with the designed controller and pre-
filter for the robust stability, reference tracking, and s®oi
Eig- g- Open-lo?]p frequelncy response ar;]d performlance sxngdﬁ rejection specifications respectively.
ounds. To meet the control requirements, the nominal open pto ; : -
avoid the boundaries. Concluding, the pr_o_posed flxed QI_:T based cc_>_ntro_||er
meets the robust stability, and noise rejection specitinati
Fig. 9 also points out that an appropriate control gaiat all frequencies, since the closed-loop response is below
should be introduced to push the open-loop frequency r#éhe corresponding boundary in both cases (see Fig. 13 and
sponse upwards. Additionally, a dynamic compensator iBig. 15). Additionally, it satisfies also the reference kiag

|

F(s)=1 (15)

_____

Open-Loop Gain (dB)
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the reference tracking boundaries.

Fig. 13. Closed-loop stability margins. Blue dashed linéhis ¢losed-loop
stability boundary. Black solid line is the closed-loophslity response.
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specification, since the maximum and minimum closed-loo] -0
response are inside the tracking range defined in (12).

V. EXPERIMENTAL RESULTS

Both proposed controllers have been implemented in th
microcontroller of a real induction hob. Specifically, thes
algorithms have been programmed in C language. In ordke
to verify that the designed control schemes work properly
several verification tests on real induction hob were done | [T Do
Main elements of the induction hob used are shown in Fig i ; ; ; ;
1ﬁ while the real hob used during the verification tests i T 10
shown in Fig. 17.

The induction heating process in a domestic hob comegy 15, cClosed-loop noise rejection margins. Blue dashed is the
up as follows. Hob takes the energy from the mains voltagetosed-loop noise-rejection boundary. Black solid linettie closed-loop
after that, an electromagnetic compatibility filter remetiee ~ N0ise-rejection response.

-150

Magnitude (dB)

-200




voltage disturbances, which is subsequently rectified lla f of water until the simmering temperature as fast as possible
bridge of diodes. Finally, the inverter topology provides t After that, each controller has to keep the water tempegatur
the induction coil the high-frequency current needed ta heinside the simmering range.

up the vessel. Since power supplied depends on it (the lessekjg. 18 and Fig. 19 show the results obtained with the
the frequency, the higher the power), the microcontrolleyrT-hased controller when the initial amount of water is
modifies the working frequency of the inverter to provide 5 jiters and 2.5 liters respectively. On the other hang, Fi
the desired power. The frequency control algorithm used i%1 and Fig. 22 show the results obtained with the adaptive
described in [23]. The changes of the working frequency aigntroller based on MMReO when the initial amount of
taken in fixed and small steps, which ensures stability angater is 1.5 liters and 2.5 liters respectively. It is worth

convergence of the frequency control algorithm but whiclhentioning that in all these tests the pot was covered with a
causes a transient behavior before the algorithm detesmingy so thatQ, = 0.

the proper working frequency. Nevertheless, it has no effec . . -
in the temperature control, due to the fact that the thermal d Analyzing those figures, itis easy to see that both proposed

; . - controllers meet control requirements because the water
namics are much slower than the inverter topology dynamics . . ) .

feaches the simmering temperature without overshooting
(less than one second).

independently of the initial amount of water. However, the
Mains EMC Full bridge of Inverter adaptive controller based on MMReO has a better perfor-

) : Vessel-Inductor _ . .
Voltage Filter diodes Topology mance as long as we compare the rising time. Depending

on the initial amount of water, up to a 30% time saving is
gog # ** #}:[@ #}:[ e g achieved by using the adaptive scheme presented in Section

Additionally, we have tested the robustness of each con-
Fig. 16. Arrangement of the induction hab. troller dealing with disturbances. Two different sort oédi
turbances have been considered. Firstly, we have performed
these tests without a lid, and th@s: is not longer negligible

(i.e. Qg # 0), which as a matter of fact was an assumption
for the tuning of both controllers. Secondly, we have also
considered typical disturbances that take place during any
cooking process because of the addition of food. Specificall
they have been simulated adding 0.5 liters of water to the
pot after the water temperature has reached the simmering
temperature. Fig. 20 shows the results obtained with the QFT
based controller whereas Fig. 23 shows the results obtained
with the adaptive controller based on MMReO. Both con-
trollers show a good behavior since both are able to keep
the water temperature within the simmering range even after
more water is added to the pot. Nevertheless, the adaptive
controller based on MMReO outperforms again the fixed
QFT-based controller, since the disturbance rejectiore tim
is significantly decreased. Specifically, it is up to 50 seson
shorter which represents about a 33% time reduction.

Regarding energy consumption, since both control

During verification tests, the temperature evolution of thechemes avoid overshooting, no energy is wasted to evapo-
water during a simmering process is measured. It has tate water. For comparison purposes, let us analyze energy
reach a settling temperature betwes?C and 94°C. The consumption of induction cookers without temperature con-
software of the microcontroller automatically calculabesv  trol, and with temperature control. Let assume that the user
much power is needed in order to reach the set point wittelects the maximum power level during all the test (i.e.
the minimum rise time but without overshoots. To check th&800 watts), in order to heat up 2.5 liters of water for 20
system behavior, we measure the water temperature with amnutes, in the induction cooker without temperature aantr
additional thermocouple situated inside the water durilhg an this case, the energy consumption would be &80 h.
the test. Notice that the software does not use the temperat®n the other hand, the induction cooker with the QFT-
measured by the thermocouple. Therefore, this thermoeougased controller would consume 26585 A to perform the
is not used in household conditions. same process, whereas the induction cooker with the agaptiv

Figs. 18-23 show some of the results obtained with botMMReO control would only need 260.33 - h. This result
control schemes during the verification tests. We have useahderlines the fact that temperature control can play a key
a 180mm-diameter induction coil whose maximum power isole reducing energy consumption and, as a consequence, it
1800 watts. The objective is to heat up a predefined amoucén increase the efficiency of the whole cooking process.

Fig. 17. Domestic induction hob used during verification.test
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Fig. 18. Experimental results obtained with the fixed QF Tedasontroller.  Fig. 21.  Experimental results obtained with the adaptive Mi@Rbased
It has to heat up 1.5 liters of water to the simmering range. Toe p controller. It has to heat up 1.5 liters of water to the simmgrange. The
is covered with a lid. Black line represents the supplied govBlue pot is covered with a lid. Black line represents the supppeder. Blue
line represents the water temperature measured with a thenplecarea  line represents the water temperature measured with a theuplecdrea
between red lines represents the simmering range. between red lines represents the simmering range.
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Fig. 22. Experimental results obtained with the adaptive Mi@Rbased
controller. It has to heat up 2.5 liters of water to the simnteniange.
The pot is covered with a lid. Blue line represents the watenperature
measured with a thermocouple. Area between red lines repsesea
simmering range.

Fig. 19. Experimental results obtained with the fixed QFTellasontroller.
It has to heat up 2.5 liters of water to the simmering range. Tdteip
covered with a lid. Blue line represents the water tempegatngasured with
a thermocouple. Area between red lines represents the simgnerige.
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Fig. 20. Experimental results obtained with the fixed QFTebasontroller.  Fig. 23.  Experimental results obtained with the adaptive Mi@FRbased
It has to heat up 1.5 liters of water to the simmering range.d&ssi0.5  controller. It has to heat up 1.5 liters of water to the simngriange.
liters of water are added at12:15. The pot is not covered with a lid. Blue Besidesy 0.5 liters of water are addedtafi2:10. The pot is not covered
line represents the water temperature measured with a theuplecdArea  with a lid. Blue line represents the water temperature medsuith a
between red lines represents the simmering range. thermocouple. Area between red lines represents the simmenig.



VI. CONCLUSION [8]

This paper has shown the potential of the reset observers
applied to process control. Specifically, Multiple-Mode3-R [
set Observer (MMReO) has been applied to water tempergg
ture control for induction cooker, which guarantees a prope
food cooking, and allows to perform more complicateqll]
cooking processes such as simmering.

Since the amount of water and food are initially unknown,

a previously developed analytical model has been used [tﬁ]
characterize the uncertainty of the process, simplifyimg t

design and tuning of the proposed MMReO. For comparisds3]
purposes, a fixed robust QFT-based controller has also been
designed. [14]

Both proposed controller meet all user requirements such
as a low settling time, an accurate temperature controlimvith[15
the simmering range, and fast disturbance rejection. The
adaptive controller based on MMReO has shown a higher
performance compared with the fixed QFT-based controlldt®!
Depending on the initial amount of water, up to a 30% time
saving is achieved by using the adaptive controller based on
MMReO. The rationale behind this is that it can identify[17
the system parameters on line so that the uncertainty of
the process is significantly decreased. On the other hand
since the effectiveness of the adaptive controller relays Jlg]
the number of fixed identification models of the MMReO,
its computational cost is higher compared with the fixed
QFT-based controller. Although this drawback, the adepti\/[19
controller based on MMReO is preferred because of itgo]
superior performance.

Independently of the implemented controller, the restilta 1]
control scheme is robust, safe, and very user friendly. Even
tually, it could be applied in domestic induction hobs for22]
automatic cooking.
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