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ABSTRACT  

Recent developments in domestic induction heating seek to increase the cooking surface 

flexibility while maintaining cost-effective implementations. In order to do so, the 

interconnection of classical topologies or the optimized design of new ones is being prospected. 

This approach usually leads to a higher complexity in the power control strategies. Thus, 

multiplexed load power control is used due to its versatility with the different topologies. 

Despite the advantages of this technique, power variations over the different pots generate a 

change in the forces between those and the inductors that might generate acoustic noise. This 

paper analyses multiplexed load power control and its restrictions and presents a modulation 

strategy based on switching frequency and duty cycle variation that allows a soft-transient load 

activation and deactivation, reducing the generated acoustic noise. 
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1. INTRODUCTION  

Induction heating (IH) [1] presents remarkable advantages in domestic applications in terms 

of efficiency, cleanliness, and fast heating, that result in a market-leading position. In addition, 

in order to improve the user experience, the design trends of the induction hobs move towards 

systems with greater flexibility [2] that allow the use of any number of pots, independently of 

their shape or position on the countertop (Fig. 1).  

Optimized power converter topologies have been proposed to strike a balance between the 

functionality of countertops and their industrialization process by reducing the number of power 

devices on flexible cooking surfaces [3-5]. This design trend is usually paired with a decrease 

in the number of degrees of freedom to control each individual inductor (IH load).  

In this way, multiplexed strategies, or low-frequency pulse density modulation (LF-PDM) 

strategies, appear as appropriate solutions to manage a variable number of loads. Therefore, 

they are normally considered the main power-control methods in the inverter design, and are 

evaluated as an indicator of the electronic stage flexibility.  

However, in order to propose a feasible multiplexed strategy several restrictions have to be 

addressed in terms of electromagnetic compatibility (EMC) regulations and good user 

experience, being the generated acoustic noise one of the most relevant [6, 7].  

For normal operation, power stage generated noises are due to the inverter switching 

frequency while pot related noises depend on the mains harmonics [6]. In the case of 

multiplexation, converter noises are a result of the switching of the electromechanical devices 

[8], and pot vibration noises are a consequence of the power pulsation. Solutions have been 

proposed for this last case by synchronizing the activation with the lower bus voltage value [9], 

however this is not always possible.  

The aim of this paper is to study different restrictions in the design of a multiplexed strategy 

for a certain induction cooktop and, more precisely, to analyze the physical principles involved 



in noise generation during load activation and deactivation. This way a soft-start multiplexed 

strategy is to be proposed.  

 

2. MULTIPLEXED STRATEGY EVALUATION 

As aforementioned, multiplexed strategies are considered the main power-control methods 

independently of the topology. However, a cooktop development implies a multilevel design 

that includes the inductor layer and the routing path to interconnect them with the topology 

which generates an additional number of constraints to be taken into account. 

2.1. Desired operation characteristics 

The desired operating characteristics for the cooktop with any combination of pots can be 

divided into three levels: regulations level, performance level, and user experience level. 

The first level focuses on compliance with EMC regulations, being the most relevant one 

referred to harmonic current emissions [10], voltage fluctuations and flicker [11], and 

household appliances emissions limits [12]. 

The second one can be summarized in high efficiency and passive components protection. 

Finally, the user experience level is the most subjective one because it depends on the 

perception; however, the absence of acoustic noise and uneven heating, and an homogeneous 

boiling perception have been determined as relevant. 

2.2. Cooktop integration 

2.2.1. Inverter topology 

The power converters commonly used for induction heating and, in particular, for the 

implementation of flexible surfaces are usually based on the half-bridge inverter topology. In 

addition, to reach a cost-effective solution, topologies with shared components reduce the 

number of devices. Thus a common solution is a single inverter with several loads connected 

by relays. However, in order to eliminate the relays, alternative topologies with similar control 



possibilities and inductor connection routing have been presented [9]. 

2.2.2. Routing 

Due to the characteristics of the topology, the inductors present a fixed current path and, 

therefore, they are powered by means of the same inverter. However, the number of inverters 

can be selected so that better performance is achieved and thus IH-loads can be distributed 

among them based on the inductor placement (Fig. 2). This fragmentation is to be evaluated to 

reach a balance between cost and flexibility.  

2.3. Proposed solution 

To control the power delivered to the load, the square-wave (SW) modulation strategy would 

be variable frequency, fsw, and duty cycle, D, by its acronym VFDC [13] (Fig. 3 (a)) being both 

switching frequency and duty cycle common to all inductors that share the same inverter. 

However, load activation and deactivation will be driven by a low-frequency pulse density 

modulation strategy [14] (Fig. 3 (b)). This combination of modulations presents the following 

degrees of freedom: fsw, D, TPDM, ton,PDM,i and φPDM,i. 

In order to decrease complexity while not limiting versatility, power output while the load 

is active would be set only by switching frequency. Therefore, duty cycle would be maintained 

constant and symmetrical to reach higher efficiency. The selected frequency must guarantee 

zero voltage switching (ZVS) in order to ensure the integrity of the converter, maximize the 

efficiency, and limit the voltage in the resonant capacitor. In order to reduce frequency 

limitations, it will be possible to deactivate the less-covered inductors, assuming that the pot is 

designed to allow a correct distribution of the heat. 

Thus, the VFDC strategy is enough to fulfill performance level constraints while LF-PDM 

strategy will be used to reach an adequate user experience while complying with EMC 

regulations. This way, boiling perception is seen as continuous with a high multiplexation rate. 

As a consequence, flicker regulation is the limiting one and therefore, the appliance input power 



is to be kept constant.  

Considering the previous facts, single-inductor activation is to be avoided due to low power 

available. Thus, pot regions will be created by synchronizing the activation of the inductors 

under the same pot. Therefore, all inductors under the same pot share ton,PDM,i and φPDM,i. 

With this preliminary design, in the particular case of a pot over the appliance, it is sufficient 

to do ton,PDM,i = TPDM and φPDM,i = 0 and reach the target power through frequency variation, 

which will be equal for all the inductors. 

Having solved the problem for a single pot, the multiplexed strategy is used for the case of 

several pots. In this way, pot activation creates a sequence of time slots with constant output 

power, sharing them differently among the pots depending on the activation of the inductors. 

Consequently, the pots are delivered higher or lower power than the target, but reaching the 

desired average power (Fig. 4). 

Those time slots present different activation modes and, therefore, different frequencies to 

reach the same output power. For the cases depicted in Fig. 4, in the first one only inductors 

under pot 1 are active. In the second one, the same occurs for pot 2. In the third time slot, all 

covered inductors are active. In addition, the last two slots use the division into inverters of the 

cooktop so that pots that are placed over different inverters work at different frequencies.  

This strategy reaches the desired operation but does not take into account the generated 

acoustic noise.  

 

3. NOISE ANALYSIS 

To ensure a proper user experience household equipment have to operate with reduced noise 

generation. Being the range of audible frequencies between 20 Hz and 20 kHz, not all 

frequencies are perceived with the same intensity by the human ear [15]. In this paper, the A-

weighting curve, which gives a greater weighting to the frequencies between 1 and 6 kHz, is 



used to estimate the level of disturbance of the produced noise. 

Based on that, to solve the noise problem in normal operation, switching frequency would 

be over 20 kHz. In the case of several inverters working simultaneously they should use a single 

frequency or the selected frequencies should differ from each other at least 20 kHz to avoid 

producing intermodulation acoustic noise. 

For the case of pot vibration during multiplexation, a more in-depth analysis is to be 

performed. 

3.1. Theoretical approximation 

Perceived vibrations can be modelled assuming that the pot behaves as an indeterminate 

series of linked damped systems [16], with the matrix differential equation being described as 

follows: 
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being m the mass matrix of the different systems, c the viscous damping matrix, k the matrix 

of elastic constants, F the vector of applied forces and x the position vector of the different 

systems. The step response of this system establishes that the vibration will present an 

exponential decay of the form: 
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where k1 is the proportionality constant which is dependent of non-modifiable parameters so is 

not calculated.  In conclusion, the perceived noise level will be proportional to the variation of 

force over the pot. 

Moreover, this force is the addition  of the magnetic attraction over the ferromagnetic part 

of the pot and the repulsion due to the induced eddy currents, being the second the most relevant 

[17]. 

The force due to the induced currents is the result of application of the Lorentz forces, 



 ,= ×indF I B   (3) 

where B is the magnetic field generated by the inductor and Iind the current induced in the 

bottom of the pot.  

The magnetic field generated by a loop can be calculated by the Biot and Savart equation: 
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being I0 the current through the inductor, 𝐫ො the unitary vector with radial direction and dL the 

differential of the length of the turn. On the other hand, the equation that describes the induced 

current is the following: 
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Combining the solutions of equations (4) and (5) into equation (3), it is obtained that the applied 

force will be proportional to the excitation current squared, 
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2
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being k2 the proportionality constant. Consequently, it can be concluded that the acoustic 

emission will be proportional to the variation of the square of the current flowing through the 

inductor. 

3.2. Proposed solution 

As explained above, the problem arises in the activation or deactivation of the loads when 

using the PDM strategy, therefore, the proposed solution will be based on achieving a smooth 

activation and deactivation by modifying the parameters in the VFDC strategy.  

In order to achieve a reduction in acoustic noise, a modulation is proposed that results in a 

linear variation of the force. For this, the form of the RMS current over time should be 

 , ( ) ,o rmsI t C t= ⋅   (7) 

where C is the constant that models the slope of the curve. If the function is discretized in k 



switching cycles of period T(k), and taking into account that it is not possible to start the 

modulation with zero current, 
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Therefore, C will set the switching period change rate, and the duty cycle is only used to lower 

the initial current and smoothen the curve.  

A representative modulation can be seen in Fig. 5 for a final RMS current of 21.4 A. The 

selected curve slope is C = 1.5 A2/µs and the initial current Io,rms(0) = 5.71 A. Those parameters 

lead to a 280 µs ramp duration composed of 15 switching cycles. 

 

4. EXPERIMENTAL SETUP 

 In order to check the feasibility of the proposed modulation, an experimental setup that 

allows generating different activation slopes and measuring the noises associated with them has 

been built. 

4.1. Power topology 

The inverter topology is a resonant half-bridge based on an IGBT module connected to an 

inductor-IH load system, modeled as a series resistance, RL, and inductance, Lr . In order to 

complete the resonant tank, a capacitor, Cr, is added in series. The values of the different 

parameters at resonant frequency are RL = 2.02 Ω, Lr = 23 µH and Cr = 132 µF. The system is 

controlled through an FPGA that allows to program the variations of the switching frequency 

and the duty cycle. 

4.2. Noise measurement system 

The generated noise is measured through a piezoelectric element attached in vertical position 

to the surface of the pot as seen in Fig. 6. The voltage drop in this element varies when it is 

deformed, so that it is possible to detect the horizontal vibrations in the pot wall. 



4.3. Signal processing 

Even though voltage variation in the piezoelectric element provides enough information for 

a qualitative analysis of the results, in order to evaluate the level of discomfort of the user 

several signal processing stages are required. First of all, a low pass filter is necessary to 

eliminate the contributions to the signal due to the electromagnetic disturbances produced by 

the generated magnetic field. The cut-off frequency of this filter is set so inverter switching 

frequency is blocked. Secondly, an equalizer is implemented to flatten the piezoelectric 

frequency response so that the gain is equal for the different frequencies. Finally, an 

A-weighting filter is carried out in order to approximate the observed results to the human 

hearing. 

 

5. EXPERIMENTAL RESULTS 

Based on experimental measurements both the theoretical approximations made and the 

viability of the proposed solution is checked. 

In order to test the theoretical approximations, pulses of different current levels have been 

applied to the load and piezoelectric voltage drop has been directly measured. In Fig. 7 (a), the 

exponential decay of the step response can be seen, as stated in equation (2) while the 

proportionality of the force step with the current step square proposed in equation (6) is shown 

in Fig. 7 (b). This last approximation can be seen to present deviations due to other forces and 

neglected second order effects. 

Once the analytical model is proven to be accurate enough, the proposed soft-start 

multiplexed modulation is to be evaluated. The representative waveforms can be seen in Fig. 8. 

For it, a slope constant C = 0.035 A2/µs is selected. Starting from an initial current, Io,rms(0) = 

5.7 A,  and being the RMS current to reach the desired power 21.4 A, the total slope time is 

12.12 ms and the number of switching cycles is approximately 600. In this figure, as in 



simulation, a high initial current can be seen due to high frequency limitations, e.g. switching 

power losses, and therefore low initial switching frequency, fsw = 75 kHz. Despite this, the 

current form greatly diminishes the perceived noise. Focusing on the piezoelectric voltage drop 

it can be seen that turn-on noise is greater than turn-off noise and that noise is measured during 

operation. This differences are due to the electromagnetic field generated by the cooktop and 

are greatly diminished when filtering the signal. 

In Fig. 9 perceived noise, calculated after processing the piezoelectric signal, is shown. In 

this plot, the dependence between noise level and the modulation slope is shown. From left to 

right current curve slope increases, reducing the number of necessary switching cycles to reach 

the desired power and decreasing the ramp duration but increasing the sound pressure level. In 

order to reach a balance, a reference such as the maximum noise for homes seem a good 

approximation. However, it is necessary to take into account the power reduction these 

strategies involve. 

 

6. CONCLUSIONS 

In this paper, a multiplexation strategy for two pots has been proposed based on the analysis 

of the design constraints and the desired performance analyzing the cooktop from the topology 

level to the inductor distribution.  

 In addition, a soft-start modulation, whose purpose is to reduce the noise generated by 

domestic induction appliances has been presented. This modulation enables delivering high 

pulsating power levels without generating undesired noises.  

The feasibility of the soft-start multiplexed modulation has been proved experimentally. In 

addition to this, it has been proven feasible to perform acoustic noise measurement by 

monitoring vibrations in the elements that generate it. 
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Fig. 1. Flexible cooking surface [18]. 

 
 

  
(a) (b) 

Fig. 2. Flexible cooking surface inductor distribution and inverter division considering a 
symmetrical two phase device. Cases of two (a), and four (b) blocks per mains phase. 

 
 

  
(a) (b) 

Fig. 3. Main waveforms and control parameters for VFDC (a) and PDM (b) modulation 
strategies. 

 
 

         
Fig. 4. Example of two pots power multiplexed strategy. 
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Fig. 5. Illustrative example of a solution for 1800 W output power where Io is the goal RMS 
current, and Imax is the maximum RMS current for a certain switching frequency. Switching 

period, T, and on time, D∙T, are also shown. 
 

 
Fig. 6. Geometric details and positioning of the piezoelectric element on the pot wall. Units 

in mm. 
 

  
(a) (b) 

Fig. 7. System response to a 30 A current step (a) and measured sound intensity for 
different current steps (b). 
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Fig. 8. Oscilloscope capture showing three power pulses, a zoomed deactivation 
modulation, and piezoelectric vibration measurements. Upper axis (200 ms/div) and Central 

axis (10 ms/div): inverter output voltage, vo, (100 V/div, yellow), inductor current, io, (20 
A/div, pink). Lower axis (200 ms/div): sensor output voltage, (500 mV/div, orange). 

 
 

 
Fig. 9. Variation of acoustic noise with modulation slope for 1800 W pulsating power. 

Initial current, Io,rms(0) = 5.7 A and final RMS current of 21.4 A. 
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