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The integration of the electric motor to the powertrain in hybrid electric vehicles (HEVs)
presents acoustic stimuli that elicit new perceptions. The large number of spectral compo-
nents, as well as the wider bandwidth of this sort of noises, pose new challenges to current
noise, vibration and harshness (NVH) approaches. This paper presents a framework for
enhancing the sound quality (SQ) of the hybrid electric powertrain noise perceived inside
the passenger compartment. Compared with current active sound quality control (ASQC)
schemes, where the SQ improvement is just an effect of the control actions, the proposed
technique features an optimization stage, which enables the NVH specialist to actively
implement the amplitude balance of the tones that better fits into the auditory expecta-
tions. Since Loudness, Roughness, Sharpness and Tonality are the most relevant SQ metrics
for interior HEV noise, they are used as performance metrics in the concurrent optimiza-
tion analysis, which, eventually, drives the control design method. Thus, multichannel
active sound profiling systems that feature cross-channel compensation schemes are
guided by the multi-objective optimization stage, by means of optimal sets of amplitude
gain factors that can be implemented at each single sensor location, while minimizing
cross-channel effects that can either degrade the original SQ condition, or even hinder
the implementation of independent SQ targets. The proposed framework is verified exper-
imentally, with realistic stationary hybrid electric powertrain noise, showing SQ enhance-
ment for multiple locations within a scaled vehicle mock-up. The results show total success
rates in excess of 90%, which indicate that the proposed method is promising, not only for
the improvement of the SQ of HEV noise, but also for a variety of periodic disturbances with
similar features.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Economical and environmental aspects compel the automotive industry to make a turn towards eco-friendly and sustain-
able machine and system design [1-8]. In this direction, the possibility of electrifying vehicle powertrains has become one of
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the main subjects of research in the industry, on the basis that the electric motor (EM), which arguably exhibits better per-
formance than the internal-combustion engine (ICE), is a cleaner source of motive power [2,6,9-12]. Attributes, such as its
high performance, still at low rotation speeds, its zero emission operation, as well as its reduced manufacturing costs, make
the EM the preferred choice among the available propulsion technologies. However, since the duration of power supply for
EMs is currently seen not to endure long journeys, diverse levels of powertrain electrification have been proposed [1,6,13-
16]. While the electric vehicle (EV) is intended for short trips, e.g. operation in cities, the HEV benefits from integrating ICEs
to its powertrain for extending its autonomy. Even so, in spite of the cost of HEVs as compared to standard ICE cars [1,9,13],
they did have succeeded in positioning themselves as the preferred customer choice amongst electrified cars [12,17]. The
extended autonomy is mostly acknowledged [5], while still relying on the use of clean sources that provide motive power
[11].

Vehicles with hybrid powertrains typically comprise of an important number of parts that operate in different modes,
which depend on the current rotation speed, load, breaking and/or recharging regimes [6,13,18]. Some operation modes even
demand the parts to co-operate amongst them [19,20]. As one would intuitively reason, the interaction amongst those sub-
systems results in sounds that are substantially different from that of the ICE itself [20,21]. In particular, the power inverter,
which is the part that commands the speed regime of the EM, generates new audible components that are multiples of the
switching frequency of the driver. The presence of new audible components in the noise will arguably elicit other than the
impressions ICE-propelled vehicles typically evoke [14]. For the ICE-propelled vehicle user who is willing to take a step
towards HEVs, it will not be an easy auditory experience to get used to the fact of having such a large amount of harmonics.
Another novel but unexpected HEV sound feature is the fact that the spectral lines in the auditory stimulus spread in a larger
bandwidth [1]. These NVH aspects may prevent HEVs to be more accepted by customers [8], even when its environmental
features are proven to be better than the ones of the ICE-propelled vehicle.

The relationship between the physical parameters of technical sounds and the auditory perception is also currently one of
the spotlights of the automotive industry [22]. The possibility for tailoring the residual powertrain noise to provide the driver
and passengers with relevant auditory information on the operation regime of the vehicle [23-27], or even for enhancing
customer perceptions [28,29] of, e.g. vehicle quality, powerfulness, sportiveness, luxury, reliability quietness, among others
[30], also enables the manufacturers to boost their products with unique and distinctive sound marks [31-36]. At that point,
SQ techniques come in handy for supporting auditory-oriented procedures, since they bridge the gap between objective
vibro-acoustics and the human auditory response, by means of models that quantify auditory perceptions. Whereas it is still
possible to cope with the unusual amount of harmonics and spectral crossings amongst them in the hybrid electric power-
train noise, by simply following SQ techniques applied for ICE noise, the fact that its spectrum spreads over a wider band-
width, sometimes in excess of 4 kHz, does demand the inclusion of more auditory dimensions to the problem, namely other
than the widely used low-frequency Loudness [28,34,36-43] and Roughness [28,34-39,42,44-46]. In fact, some recent works
on NVH aspects of HEVs [1,6,47] put forward the need for developing SQ approaches that face tonal, narrowband and sharp
sounds, which are the novel high-frequency occurrences in the noise that come with integration of the EM in the powertrain.
Then, high-frequency SQ metrics, namely Sharpness [20,28,34,37,38,40,42] and Tonality [20,28,41,46,48], should be
accounted for when objectively diagnosing -and controlling- the SQ of hybrid electric powertrain noise.

In this line of thought, this paper presents a framework to enhance the auditory perception of the hybrid electric pow-
ertrain noise, which copes with the possibility of adapting a sound field towards concurrently optimal SQ targets to each
of the four auditory dimensions associated to the sort of noises of concern: Loudness, Roughness, Sharpness and Tonality.
In particular, the noise emitted by hybrid electric powertrains, which is structure borne and measured at a number of rel-
evant locations in the vehicle cabin, is tackled through an innovative multichannel distributed algorithm that delivers
independent-zone active sound profiling [49]. Contrary to current active noise equalization (ANE) [24,25,27-29] and active
sound quality control (ASQC) strategies [26,32,33,36,39,50,51], where the improvement of the soundscape comes as a mere
effect of applying a few operation modes, e.g. cancellation, reduction, or amplification, the proposed methodology features a
multi-objective optimization stage, which provides the NVH specialist with a variety of optimal solutions, given in terms of
amplitude levels that should be attained in the sound, so as to provide the passengers with the exact, desired SQ levels. In
this form, amplitude gains of ANE/ASQC schemes in between the widely used 0.0-2.0, which correspond to the cancellation
and amplification operation modes, respectively, including the so-called preservation, or inactive mode, i.e. g = 1.0, become
relevant in the proposed framework.

In general terms, the proposed framework for the SQ enhancement of hybrid electric powertrain noise involves four key
steps: (i) the diagnosis of the SQ, as measured in the passengers compartment; (ii) the search for enhanced conditions for the
sound; (iii) the real-time implementation of the SQ targets via SISO/MIMO active sound quality control schemes; and (iv) the
assessment of the controlled sound, in order to verify whether the implemented control tasks did effectively improve its
qualities, as prescribed in the optimization stage. The effectiveness of the proposed framework is experimentally demon-
strated in a 1:3-scaled vehicle mock-up, instrumented with four sensor/actuator pairs (SAPs) at locations that emulate dri-
ver, co-driver and rear passengers. A stationary periodic sound, whose time-frequency pattern has been extracted from a real
hybrid electric powertrain emission, is used to excite the mock-up, while ten different optimal solutions have been tested on
the sound, for each of the four targeted locations. The controlled sound is eventually assessed with time-domain SQ models,
which enables the comparison between optimized and attained SQ scores. Mean success rates obtained from comparing
optimized and attained SQ scores above 90% demonstrate the validity of the proposed methodology.
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This paper has been organized as follows: Section 2 introduces the proposed multi-objective SQ optimization procedure,
together with discussions on time- and frequency-domain SQ metrics and algorithms, as well as sensitivity analyses that
allow the reduction of the complexity of the multi-objective optimization (MOO) step. Section 3 describes a frequency-
domain multichannel active sound profiling algorithm [49], which allows the implementation of the prescribed SQ targets
from the MOO step, at each of the targeted locations within the experimental cavity. Section 4 presents experimental results.
Section 5 concludes this paper with remarks and future work on this research.

2. Multi-objective sound quality optimization of periodic disturbances

Current approaches for the design and analysis of the SQ of a product can be framed into two lines of thought, according
to quality management theories [52,53], as follows: (i) the manufacturing-based approach, which deals with the degree to
which a product conforms to a design or specification; or (ii) the user-based approach, which is concerned with the degree
to which a product satisfies the wants of a specific consumer. While most of the NVH studies in passenger cars are oriented
towards reducing disturbance levels, or even for complying with product standards and directives, recent papers have
put forward the need for innovative vehicle design procedures that truly aims at satisfying the expectations of -specific- cus-
tomers [39,46,54,55]. Although intuitively the reduction of noise and/or vibration levels should always be perceived as good,
human related perceptions might result negatively affected, once psycho-acoustic issues related with masking, pitch, equal-
ization, etc. are not foreseen. Therefore, NVH refinement can only be achieved if, besides level reduction (or equalization), all
the relevant psycho-acoustic features are taken into account. The open question at that point is related to the correlation
between the modifications to the powertrain emitted tonal components and the enhancement of its sound qualities, as per-
ceived by the passengers.

This section devotes to describe a multi-objective optimization (MOO) problem, posed for guiding active control actions
towards the enhancement of the sound qualities of the noise emitted by the powertrain in HEVs. Prior to detail the proposed
MOO problem, the underlying concepts behind each of the associated SQ metrics are briefly described.

2.1. Sound quality metrics

Psycho-acoustic models for Loudness [56,57], Roughness [35,56,58], Sharpness [56] and Tonality [41,48,59] have been
proposed for estimating their subjective constructions. These models take the time series of an acoustic emission as the
input. In this regard, long measurements of the acoustic emission of rotating machines at stationary regimes can be thought
as if they were periodic extensions of a single cycle. Thus, all the psycho-acoustic information could be inferred from just one
signal cycle, as long as the fundamental period of the noise remains constant during uptime. This suggests that frequency-
domain psycho-acoustic models can be a feasible and computationally efficient way to assess the SQ of such sounds. In this
way, the frequency-domain versions of those algorithms can be used for further optimization routines. Then, this section
describes calculations related to both time- and frequency-domain approaches for estimating Loudness, Roughness, Sharp-
ness and Tonality of the acoustic emission of rotating machines, which is the case of the powertrain noise in either electric or
hybrid electric vehicles.

2.1.1. Loudness

Psycho-acoustic Loudness is the model that characterizes the auditory perception of the sound intensity or volume. The so-
called Zwicker-Loudness model [56] accounts for individual contributions to the total spectrum, discriminated by critical
bands, as well as for masking effects. One sone is the sensation elucidated by the 1 kHz, 40 dBsp; signal, i.e. by a 40 phon sig-
nal. Time- and frequency-domain algorithms for calculating Loudness are summarized in Fig. 1.

As it can be seen, the frequency-domain implementation saves the FFT step in each iteration, as it is based on the already
available frequency-domain data of the disturbance. This represents a significant enhancement in efficiency for the method,
once that the controller action will also be dealt with in the frequency domain, by altering the amplitude and/or relative-
phase of the tones, avoiding FFT and IFFT calculations for each configuration analyzed.

2.1.2. Sharpness

According to Fastl and Zwicker [56], psycho-acoustic Sharpness is the model that describes the auditory sensation related
to the sound density. Although this metric has not been standardized, psycho-acoustic Sharpness is used for assessing the SQ
of technical sounds with high-frequency content [28]. Sharpness is measured in acum, which is defined as the perception
elucidated by the noise filtered within a 1-critical-band-wide filter, centered at 1kHz, and whose root-mean-square
(RMS) value equals 80 dBgp;. Since psycho-acoustic Sharpness is a model derived from that of Loudness, the corresponding
calculations are straightforward to grasp. Fig. 2 illustrates block diagrams of both time- and frequency-domain algorithms
for the calculation of this metric.

As discussed previously, the use of a frequency-domain algorithm here will also improve the computational efficiency for
the optimization step, by skipping Fourier analyses for each configuration step.
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Fig. 2. Block diagrams of time- and frequency-domain Sharpness models.

2.1.3. Tonality

Psycho-acoustic Tonality is the model that extracts the tonal characteristic of a sound. Tonality is strongly related to the
pitch of sounds. The mathematical model proposed by Terhardt has been studied by some authors, e.g. Shin et al. [48], Zhang
and Shrestha [41], Shin et al. [59], which has been adapted for meeting specific soundscapes: internal combustion (IC) engine
noises, laser printer noises, among others. Since temporal effects of sounds can be better described by metrics such as Rough-
ness [41,46], the place theory for approaching the pitch perception, which assumes that the human auditory system discrim-
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inates sounds by frequencies, seems to suffice for the task of characterizing the Tonality of periodic sounds. An unit for Ton-
ality has been defined by Shin et al. [41], whose adjusted the so-called spectral pitch strength of a 1 kHz, 80 dBsp, pure-
sinusoid signal to have unit value. Fig. 3 shows the calculation flows of the time- and frequency-domain Tonality algorithms,
which again shows the benefit of the frequency-domain method over the more traditional time-domain algorithm.

2.1.4. Roughness

Psycho-acoustic Roughness is the model that quantify the perception of amplitude fluctuations in the range between 20
and 200 Hz [60]. Auditory Roughness is quantified in asper, in which 1 asper is the perception elucidated by the 1 kHz,
60 dBsp; sound that is 100% amplitude-modulated by a pure-sinusoid signal whose frequency is 70 Hz [56]. Auditory Rough-
ness is a largely studied psycho-acoustic metric. However, no general consensus exists on a standardized model that quan-
tifies this perception.

The semantic interpretations that some authors have conferred to this psycho-acoustic sensation are, in some sense, con-
tradictory. On the one hand, de Baene et al. [60] denote auditory Roughness as an impure or unpleasant sound quality. Daniel
and Weber [58] argue that Roughness in sounds is seen to reduce its sensory pleasantness. Wang et al. [35] coin terms such as
rattle and creak to auditory stimuli that elucidate Roughness. On the other hand, NVH specialists in the automotive industry
do take advantage of this perception for inducing, or even enhancing, sensations like sportiveness or powerfulness of ICE
noises perceived at the interior of passenger cars [28,30,33,36,38,61].

Time-domain Roughness models proposed by Daniel and Weber [58], Hoeldrich and Pflueger [62] and Wang et al. [35]
have been studied in detail. The incorporation of relative-phase influences, reported on by Pressnitzer and McAdams [63]
and confirmed by Kohlrausch et al. [64], have also been taken into account. A computationally optimized algorithm for cal-
culating Roughness of ICE noise, proposed by Janssens et al. [44], has also been studied in detail, once that this is the first
frequency-domain SQ metric reported on the specialized literature. Fig. 4 illustrates both time- and frequency-domain
approaches for calculating this metric.

2.2. Multi-objective sound quality optimization

On the basis of the aforementioned SQ models, the specialized literature shows a number of studies that attempt to
describe and predict the SQ of a noise with a single scalar value. Their level of complexity ranges from linear formulations,
e.g. the weighted sum of metrics and linear regressions [22,28,34,37,40-42,45,65,66], to complex non-linear ones, e.g. the
Sensory Pleasantness model [56], as well as neural network-based formulations [38,67-71]. However, in the light of the vari-
ety of opinions that is encountered on how a given machine or system should sound, the qualification of its byproduct noise
through a single scalar value, or an adjective (good, pleasant, smooth, sporty, among others), can be imprecise and rather dif-
ficult to reproduce.
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Recalling that the main objective of the present methodology is to propose active control systems that enables the SQ
enhancement of HEV noise, the arrangement of the SQ metrics in a vector form is used and its optimization is worked
out in a multi-objective fashion. The purpose of this multi-objective optimization (MOO) problem is to provide such systems
with a target, which is based on the physical properties of the disturbance. Therefore, a mapping of such physical quantities
(e.g. tone levels) and the SQ perceptions becomes necessary.

The multi-objective SQ optimization problem for periodic disturbances is posed as follows:

minY =min (F@):  i=1...Q (1)

subject to: a’ < <a; j=1,..V; V<R
where a € R is the vector composed of the amplitude values of the tones that belong to the decision space, where V < R is
the amount of tones that has been associated to the MOO problem; each of the F; — Y € R? functions are the associated SQ
dimensions to the sort of noises of concern, which belong to the feature [69] or objective space; and superscripts {L, U} stand
for lower and upper bounds given for each of the V harmonics in the decision variable set. Eq. (1) describes an optimization
problem of a set of SQ metrics, with constraints on the amplitude values that each tone in the decision space set can take.

The powertrain noise in HEVs has a large amount of tones, which would jeopardize any attempts on assessing a broad
combination of possible solutions for the enhancement of its SQ. It would also be unfeasible to require an active control sys-
tem to deal with such an amount of variables. Therefore, at this point it seems reasonable to work with a reduced set of
tones, both in this stage, as well as in the practical implementation of the active sound quality control (ASQC) stage. The
underlying hypothesis is that one can find a reduced set of tones that most drastically affect each SQ perception. Hence, sen-
sitivity analyses on the SQ metrics are performed, in order to render the optimization stage feasible.

2.2.1. Decision space: sensitivity analyses

One of the main features in human perception that leads to the conclusion that not all of the narrowband components of a
sound are relevant to noise control, is that of masking. This mechanism depends on the relative level and frequency gap
between two (or more) tones, which may result in the dominant one to act as a masker, i.e. to actually block the aural con-
tribution of the neighboring sound. In this way, any reduction of the masked orders, although may show as SPL reduction,
will have no effect on the perception of the sound. This feature alone, which affects at least Loudness and Sharpness, advo-
cates for the sensitivity analysis, yet other phenomena could be listed, such as the filtering of the peripheral auditory system
that happens in the outer, middle and inner ear; the weighting of tonal components that happens into the central auditory
system; particularities observed when exposed to modulated disturbances, among others.

In this way, each of the SQ metrics associated to the MOO is proposed to undergo a sensitivity analysis, which will high-
light the spectral components that truly drive the sound under study to noticeable changes in perception. To this concern,
the so-called Elementary Effects (EE) method is used, which relies on One-factor-at-a-time-based input variations, investi-
gated in previous research [50], in order to provide two sensitivity measures: (i) the measure u that describes the relevance
of the inputs, and (ii) the measure ¢ that relates to non-linear effects and/or interactions amongst variables [72]. These mea-
sures are determined as follows:
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is the so-called elementary effect the jth input variable, i.e. the jth tone, causes on the ith cost function, i.e. the ith SQ metric,
by keeping all of the other variables at their nominal amplitude values. Each of the input variables is assumed to vary across
p levels in the decision space. F;(a) stands for the nominal value for F;, i.e. the function value at the original condition of the
amplitudes of the primary sound, a. The EE method should be carried out for the entire set of tones, R, in order to investigate
all the effects on each SQ model, together with possible interactions amongst the tones. Egs. (2) and (3) can be carried out
withA=1/(p—1),and p € N, i.e. a positive integer number of levels, in order to alleviate for the computational demands of
this procedure.

Fig. 5(a) illustrates the implementation of the EE method, when mapping the sensitivity of 3 tones to a certain SQ metric.
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bound (e.g. maximum noise reduction). However, the present implementation foresees active noise equalizations with four
modes of operation: cancellation, reduction, preservation (or inactive) and amplification, hence the used range is [0, a; + 6]
dBgpy, or [20e7%, 2g;] Pa. The amplification mode could offer the masked components the “opportunity” to become relevant,
as their amplitude could reach up to twice their original level. With the bounds defined for each variable, the amplitudes of
the tones in the sound are mapped into a hypercube, and A is computed by defining a number of levels, which reads p = 5 for
the example in Fig. 5(a). It also illustrates the augmented cube that would result if just three tones were taken into account.
Nevertheless, it has to be recalled that all of the tones in the primary sound should be considered. Thus, each of the A values
are brought back to the amplitude domain for calculating the trajectory, i.e. the amplitude vector, of each variable. Next, Eq.
(3) is calculated at each increment of A. As soon as this procedure is repeated for the R tones, the measures i and 6 can be
obtained. The tone(s) that cause the maximum g values can be regarded as the most involved ones in producing large vari-
ations on each single SQ metric.

2.2.2. Objective space: multi-objective evolutionary solvers

As presented early, Loudness, Roughness, Sharpness and Tonality metrics have been associated with a wide sort of tech-
nical noises. While Loudness and Roughness are good SQ descriptors for low- and mid-frequency noise, Loudness, Sharpness
and Tonality are used for sounds with high-frequency content. Then, it seems reasonable to quantify the SQ of the hybrid
electric powertrain noise by using these metrics, once this sort of sounds spread into a wide bandwidth, usually from lower

than 50 Hz, up to 10 kHz. This leads to rewrite Y in Eq. (1) as F = [N(a), R(a), S(a), T(a)]", i.e. the SQ vector associated to the
hybrid electric powertrain noise consists of a fourth-dimensional objective space.

The task of optimizing vectors is currently approached by using evolutionary algorithms, since they implement special
strategies for handling the cost function into multi-dimensional objective spaces [73]. Moreover, as long as the functions
arranged in a vector are conflicting, i.e. the improvement of one single objective comes at the expense of the remaining
ones, it is expected that a set of diverse solutions, rather than a single one, is obtained from the concurrent optimization
[74]. This set of diverse solutions is known along the literature as the Pareto front, or compromise frontier. The attainment
of the Pareto fronts in the proposed MOO problem has been investigated by using two multi-objective evolutionary sol-
vers, namely the Non-dominated Sorting Genetic Algorithm (NSGA-II) [75] and the Strength Pareto Genetic Algorithm
(SPEA2) [76,77]. Previous research has shown that any of these multi-objective evolutionary solvers is able to converge
to the optimal Pareto front in the problem of concern [78], so the NSGA-II outcomes will only be discussed along this
paper.

While the operation of any of the chosen evolutionary solvers follow the typical data flow of the genetic algorithm, i.e.
encoding of variables, definition of population size and number of generations, evaluation of the fitness function and imple-
mentation of genetic operators (binary tournament, simulated binary crossover, SBX and polynomial mutation), the assess-
ment of the fitness function is carried out by each solver in a unique fashion. Whereas the NSGA-II bases its operation on the
calculation of the crowding distance measure [75], the SPEA2 assess the fitness function by calculating density estimates of the
non-dominated solutions, based on the kth nearest neighbor method [77].

Fig. 5(b) illustrates an application example of the proposed MOO for the enhancement of the SQ of hybrid powertrain
noise. It can be observed that, provided that a reduced set of tones in the primary sound has been defined for driving the
MOO, the size of the population turns out to be computationally affordable. Moreover, the block diagram in the cited Fig-
ure clearly illustrates that each evaluation of the SQ vector, i.e. the cost function, takes into account the entire amplitude
and relative-phase vectors that correspond to each tone in the primary sound. Then, the computational routines just need
to load into memory the indices of the targeted tones, as well as the original frequency-domain data of the primary sound.
Thus, the amplitude values from each individual at the current iteration are replaced into the entire vector of amplitudes, in
order to evaluate the SQ vector, with the frequency-domain methods, along generations.

2.3. Remarks

This section has introduced a MOO problem, especially devised for investigating for better equalizations of the magnitude
function of a given periodic disturbance, such that the associated SQ perceptions are enhanced. Four SQ dimensions have
been associated to the noise emitted by the powertrain in HEVs, namely Loudness, Roughness, Sharpness and Tonality, since
they cover the bandwidth the noises of concern typically spread into. Moreover, since this sort of noise is composed of a
number of tones, sensitivity analyses based on the EE method have been proposed, in an attempt for reducing the level
of complexity of the design space. Multi-objective evolutionary algorithms such as the NSGA-II and the SPEA2 have been
investigated in the search for the optimal Pareto fronts. The optimal Pareto fronts provide a set of amplitude values for each
of the decision variables, such that the four SQ perceptions can be driven towards enhanced scores. Since no analytical solu-
tion is known for the optimization problem at hand, the verification of the attainment of the true Pareto fronts has been car-
ried out through comparisons amongst the outcomes from both evolutionary solvers, which are at their turn contrasted with
results from exhaustive search procedures. This will be shown and discussed in the section that presents the experimental
results, i.e. Section 4.
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3. Multichannel active sound quality control

In the context of automotive applications, the sound emitted by the powertrain is propagated through the vibro-acoustic
system, thus reaching relevant locations within the passenger compartment. As it can be expected, the dynamics of the sys-
tem modifies the original time/frequency pattern of the auditory stimulus, such that both of the magnitude and relative-
phase spectral functions of the noise perceived are reshaped. Whereas in both free field radiation and enclosures the system
delay has an important role in defining the relative-phase function, the amplitude function is strongly affected by the cavity
mode shapes and damping. Moreover, the location of the error sensor(s), or listener(s), play(s) an important role in the per-
ception of the noise, since at some locations, modal features may either reinforce or mitigate some harmonics originally pre-
sent in the source. Hence, it is expected that the perception of the primary sound differs from one location to another. These
effects, which are particularly relevant in cavities with low damping, require the proposed methodology for approaching the
SQ to be carried out for each targeted location. As a result, it is possible that the sensitivity analysis will highlight a different
set of harmonics to be controlled at each location. It is worth noticing that, if a certain harmonic needs to be changed only at
one location, it does not mean it should not be controlled at the other targeted locations; it does mean that it should be pre-
served at those places. Therefore, a multichannel controller devised for implementing optimal SQ targets will eventually have
to manage all the harmonics highlighted by each of the sensitivity analysis, in some locations by adjusting the gain factors
according to the SQ optimization and, at others, by preserving its original amplitude.

As soon as the multichannel control scheme to be used delivers free-of-interference active sound profiling actions, the pro-
posed MOO framework can be independently executed for each of the targeted locations in the system. To this end, a set of
multichannel active periodic sound profiling algorithms has been proposed in previous research [49,51], which features an
innovative scheme for compensating for cross-channel interferences. The main concept behind the proposed strategy relies
on the fact that the acoustic coupling terms, which are neglected from the pure-decentralized multichannel formulation due
to computational cost reasons, should be taken into account. While the acoustic coupling amongst channels is indeed taken
into account in the centralized multichannel formulation, the proposed distributed control schemes also account for the cou-
pling, in such a form that independent-zone active sound profiling is delivered. The fact that the proposed algorithms min-
imize a number of cost functions associated to each error sensor, instead of minimizing a centralized cost function that
associates all the sensors in the array, allows the accomplishment of such a goal.

The possibilities in which the pseudoerror signal can be improved have led to the proposition of a number of multichan-
nel control schemes provided with the coupling compensation mechanism [49,51,79]. The main advantage of the so-called
multichannel Algorithm 2 relies in its reduced computational demand, which enables it to be implemented in low-power
DSP hardware, or even for operation at higher sampling rates. The ability of the frequency-domain version of the multichan-
nel Algorithm 2 relies on controlling the amplitude function of K/2 — 1 harmonics in a multi-harmonic sound, where K = L is
the length of the Fourier transform, which equals the order of the adaptive filter per channel. Provided the system matrices

defined as A = §(Z)HS(Z), which are persistently excited at the frequencies of the components of the incoming sound, only
shows eigenvalues with positive real parts, the proposed control targets can be attained with no control effort constraints.
Otherwise, the stabilization of the algorithm, which has been proposed via control effort constraints, comes at the cost of
reducing the performance of the controller, as given in terms of both the attainment of control targets and rejection of
cross-channel interferences. Even so, this stabilization strategy does not hinder the operation of the counterbalancing
scheme.

Fig. 6 illustrates each of the calculations needed for the frequency-domain version of the multichannel Algorithm 2 to
complete an iteration. These calculations are also summarized in Table 1, which describes the needed amount of real-
valued multiplications and additions needed for accomplishing one iteration.

4. Experimental results

This section presents a laboratory experiment, intended to demonstrate the effectiveness of the proposed framework in
enhancing the SQ of stationary hybrid electric powertrain noise, for four relevant locations inside a scaled vehicle mock-up.
The low computational cost of the selected control algorithm has enabled its on-line implementation at a high sampling rate,
close to 6 kHz, compatible with that of the realistic stationary hybrid electric powertrain noise.

4.1. Workbench

A real 1:3-scaled vehicle mock-up has been instrumented such that the passenger cavity can be excited by structure-
borne disturbances. The vehicle mock-up consists of a couple of 3 mm thick flexible aluminum plates, which emulate the
firewall, and a rigid-wall cavity that has been internally conditioned with acoustic-absorbent panels placed on the floor
and rear wall, in an attempt to emulate the trimming of a real car.

Fig. 7(a) illustrates the exterior of the mock-up, together with the control & measurement equipment. The cavity has been
excited with a PZT patch MIDE QuickPack QP10N. The PZT patch has been installed in the middle of the upper edge of the
bigger firewall partition, as close as possible to the clamping mechanism, in order to guarantee a good authority over the
main modes. In this way, the sound that reaches the microphones in the passenger compartment is a result of the structural
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Fig. 6. Block diagrams of the multichannel active sound quality control scheme [49].

Table 1

Summary of calculations and computational complexity of the frequency-domain version of the multichannel Algorithm 2 for controlling L/2 — 1 harmonics,
given in real-valued multiplications and additions. The total number of multiplications and additions is given for M channels.

Equation
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borne excitation of this vibro-acoustic system. The PZT is capable of exciting the cavity at a bandwidth that is compatible
with the noise emitted by the hybrid electric powertrain. Fig. 7(b) shows the interior of the cavity, which has been instru-
mented with four microphones placed at locations close to the actual driver and passengers positions. Four loudspeakers
have also been placed at locations that emulate the actual positions of the doors of a commercial sedan vehicle. Each micro-
phone has been associated with the closest loudspeaker in the cavity. Fig. 7(c) and (d) shows schematic views with the main

dimensions of the mock-up.
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©) (d)

Fig. 7. Images of the experimental workbench: (a) exterior; (b) interior; (c) schematics - southeast isometric view of cavity interior, dimensions given in
mm; (d) schematics - top view of cavity interior, dimensions given in mm.

Antialiasing and reconstruction analog bandpass filters have been implemented for each acquisition channel, as follows:
the high-pass cutoff frequency is adjusted at 10 Hz, while the low-pass cutoff frequency has been adjusted at 3 kHz. The low-
pass cutoff frequency is compatible with the sampling rate of the experiment, which, according to the frequencies of the tar-
geted tones in the stationary hybrid electric powertrain noise to be tackled, has been found as 5899.38 Hz. This sampling rate
has been found by making:

min (Freq(i + 1) — Freq(i)) x L < Freq(R), (4)

where min (Freq(i + 1) — Freq(i)) is the minimum difference between contiguous tones that is found in the noise; Freq(R) is
the frequency of the highest tone in the noise; and L = 38 is the length of the discrete Fourier transform that holds the
expression for the present experiment. From this relation, the frequencies of the tones determined by the EE-based sensitiv-
ity analyses for driving the MOO are also obtained, by making (Fs/L x {1, 4, 5, 6, 12, 18}), cf. Sections 4.5.1 and 4.5.2.

4.2. Implementation of multi-objective routines and multichannel ASQC algorithms

The scripts for the MOO stage have been written as.m codes for MATLAB. With regard to the MOO solver, the routines
provided by the MATLAB’s Global Optimization Toolbox [80], equipped with customized genetic operators (SBX crossover
and polynomial mutation), have been used for implementing the NSGA-II solver.

The scripts for the control algorithms have been written as C S-functions for Simulink, and compiled for the DSP platform
dSPACE 1006. This platform, available at the Dynamics Laboratory from the Sdo Carlos School of Engineering of the University
of Sdo Paulo, is equipped with a 16-channel, 16-bit analog-digital converter (ADC), and a 5-channel, 12-bit digital-analog
converter (DAC). The control units have been programmed so as to operate in a serial form. In other words, the generation
of the control outputs should wait until the communication flow from Channel 1 to Channel 4 had been completed.
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4.3. Dynamics of the acoustic plant

Since the mock-up is airborne-sealed, plant variations due to changes in the acoustic domain are mostly avoided [81].
Hence, a single measurement of the acoustic control plant was carried out before each experimental run, just to account
for long-term environmental changes (air temperature and humidity). The experiments were carried out at times in which
the external temperature was likely to remain constant, as well as the background noise was likely to be low. The impulse
responses from each actuator to all the microphones within the cavity were identified by following a LMS-based system
identification algorithm [82], which uses Gaussian noise as the excitation signal. The length of the impulse responses, Q,
has been determined in a trial-and-error basis, in an attempt to have an accurate representation of the system dynamics,
while keeping the computational cost as low as possible. The frequency response functions (FRFs) are calculated based on
the Fourier Transform of the identified FIR filters. The norm-2 condition number is calculated from the matrix

A(f) = §(f)”S(f ), where S(f) is the matrix arranged at the frequency f, by putting the direct paths terms of the FRFs onto
the main diagonal, and the crossed terms of the FRFs at the corresponding entries in the matrix. The subsequent calculation
of the phase delay function, A;, is detailed in Section 4.4.

In Fig. 8(a), (b) and (d), which illustrate the magnitude, phase and phase delay of the FRFs, respectively, bold continuous
lines represent the direct secondary paths, i.e. transfer paths between a given loudspeaker and the closest microphone placed
within the cavity; while dotted lines represent the crossed secondary paths, i.e. transfer paths between a given loudspeaker
and other microphones. Moreover, in Fig. 8(c), the bold continuous line represents the norm-2 condition number of the con-
trol matrices, as a function of the frequency, while dark dots highlight control matrices at which the operation of the pro-
posed multichannel arrays is predicted to require stabilization.
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Fig. 8. Frequency response function and related functions of the MIMO control array: (a) magnitude; (b) phase; (c) norm-2 condition number of matrix

A(2); (d) phase delay.
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Generally speaking, as each microphone has been placed as close as possible to its corresponding loudspeaker, magnitude
functions with the direct paths larger than the one of the crossed paths have been realized. This feature of the SAP position-
ing is still more evident in the absolute phase and phase delay functions, where the crossed paths are larger (in absolute
value) than the direct ones. However, some magnitude values of the crossed paths that are larger than the ones of the direct
paths can still be found. This follows from the observability each microphone may have of the modes being excited by other
than its corresponding loudspeaker.

4.4. Parameters setup for control schemes

With the dynamics of the acoustic plant properly identified, the step sizes, u, as well as the control effort constraints, 4,
can be estimated for each single control unit in the multichannel algorithm. These parameters are calculated on the premise
of obtaining the fastest convergence, while ensuring stable operation. Thus, at the frequencies in which the matrix
A(z) = s (2)"S(z) shows eigenvalues with negative real parts, the regularization parameters for each control unit were calcu-
lated by making:

5= 2diag(’§(z)‘)L, (5)

where L is the length of the FIR filter that acts as the adaptive controller. It is worth recalling that, for the frequency-domain
control schemes, L = K, where K is the length of the discrete Fourier transform.
The step-sizes for the LMS algorithms were calculated by using the following adapted expression [83]:

0.5
= 6
i = INB (28, +1) ©)
where p is given for each j = 1 : M control unit as a function of the length of the adaptive filter L; the number of tones to be

controlled N; the power B of the reference signal, as "seen” by controller j; and the minimum phase delay A amongst a given
sensor and all actuators. The last two entities, namely B and A, are calculated as follows:

2 .
: Aj=min (—LS“’V”), (7)

B; = Z,Ai] ‘S<m.j> (2)

where ¢, j_1.y) is the unwrapped absolute phase of the secondary paths, and Q is the normalized frequency vector 27f /Fs, at
which the secondary paths have been identified.

4.5. Sound quality balancing of the interior hybrid electric powertrain noise for multiple sensor locations

This section presents the experimental results for the MIMO control scenario. Each of the steps of the proposed frame-
work for approaching the SQ of the realistic hybrid electric powertrain noise are briefly mentioned, in order to sketch an
outline of the procedures and main goal of the experiment:

e The first procedure consists on the measurement of the noise at the relevant locations in the cavity. Twenty seconds long
measurements have been used. Frequency-domain data of the noise, e.g. amplitude, frequency and relative-phase of each
relevant tone in the noise, are extracted at this stage.

e SQ algorithms are used for determining the scores of the noise, for each sensor location.

e Sensitivity analyses based on the EE method, as well as the MOO routines, are independently executed for each sensor
location.

o The controller is eventually implemented, by using the optimal amplitude gain factors for each targeted tone, which are
expected to drive the sound towards enhanced SQ goals. Therefore, the control target pursued in this Experiment is to
implement the optimal solutions at each of the four targeted locations, with the aid of the multichannel cost-effective
Algorithm 2, which features compensation for cross-channel interferences.

The procedure for the data acquisition is as follows: 2 s of latency are used for attaining steady-state conditions, after
which the controller is turned on for 8 s. The amplitude gain factors used during control operation are those provided by
the MOO stage. Off-line analyses on the norm-2 condition number of the physical array suggested that the controllers will
be able to accomplish convergence and steady state in a short timeframe, since the tones of the primary sound requiring
control excite well-conditioned, but unstable, control system matrices. It is worth noticing that all the system frequencies
requiring control for this experiment needed to be constrained, in order to guarantee stable operation, which in turn had
an impact on the control performance.

4.5.1. Measurement and SQ calculation
The first step is concerned with the measurement and the SQ calculation of the primary sound, which must be repeated
for each targeted location. The primary sound has been synthesized at a sampling rate of Fs = 5899.38 Hz, which is compat-
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ible with the number of Fourier bins, L = 38, of the discrete Fourier transform algorithm into each channel of the multichan-
nel control algorithm, cf. Fig. 6, as well as with the frequencies of the targeted tones in the sound. The Fourier bins at which
the targeted frequencies lie into are: 154.98 Hz — 1, 619.94 Hz — 4, 774.92 Hz — 5, 929.90 Hz — 6, 1862.31 Hz — 12 and
2792.21 Hz — 18. A list of the targeted system frequencies with additional details can be found in Table 3.

Some data post-processing steps should be carried out, e.g. order-tracking techniques [84], in order to extract the fre-
quencies of the tones, as well as their amplitudes and relative phases. From this procedure, it has been possible to identify
43 tones, whose amplitude are larger than zero dBsp;. It is important to notice that not all of the tones should fall into each
single Fourier bin, but only the ones that should be addressed, as prescribed by the sensitivity analyses. Fig. 9 illustrates the
magnitude function that is extracted from the measurements of the primary sound, at each of the four targeted locations in
the cavity.

The SQ scores of the original primary sound are calculated by following the time-domain models, cf. Figs. 1-4, and they
are reported in Table 2. The Sharpness metric has been calculated with the Zwicker’s weights, and the Tonality metric with
the Shin et al. [41] weighting formula. As soon as the time-domain SQ metrics are assessed, the frequency-domain algo-
rithms are calibrated. These calibrated algorithms are to be used in the following MOO procedures.

4.5.2. Multi-objective SQ optimization

The composition of the decision space has been carried out by means of the sensitivity analyses presented in Section 2.
Fig. 10 illustrates the results of the EE-based sensitivity analysis, discriminated by sensor locations. On the basis of the most
involved tones in causing large output variations on each single SQ metric, it has been possible to compose a set of decision
variables for each position, such that the amount of tones to be controlled is way smaller than the total amount of tones in
the sound.
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Fig. 9. Magnitude functions of the measured primary sound at: (a) Ch. 1; (b) Ch. 2; (c¢) Ch. 3; (d) Ch. 4.
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Table 2
SQ scores of the primary sound, as determined at each location.

Position Loudness [sone] Roughness [asper] Sharpness [acum] Tonality [SP]
1 38.88 0.66 1.29 0.96
2 50.00 0.68 142 0.90
3 49.60 0.64 1.59 0.97
4 42.73 0.79 1.21 0.96
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Fig. 10. Sensitivity analyses of the SQ metrics, based on the method of the Elementary Effects, for each position: (a) Ch. 1; (b) Ch. 2; (c) Ch. 3; (d) Ch. 4.

Now that the decision space has been composed for each single position, the MOO stage takes place in an independent
fashion. The results considered for implementation were the ones of the NSGA-II algorithm. Figs. 11 and 12 illustrates the
scatter-plot matrices obtained after concurrently minimizing and maximizing the associated SQ vector, at each location.
In the Figures, the big red dot refers to the original SQ scores of the measured primary sound. The feasible searching space,
which has been brought up by extensive search procedures applied on the SQ vector, is represented by using little light-gray
dots. The results of the MOO have been discriminated by using black dots for illustrating the concurrent minimization, and
light-blue dots for plotting the concurrent maximization.

In general terms, the Pareto fronts obtained for the four locations of interest seem not to cover evenly both the lower and
upper edges of the feasible space. Even so, the solutions selected for implementation, which have been highlighted by using
color markers in Figs. 11 and 12, are indeed located at the extrema of the optimal Pareto fronts, which also match the ones of
the feasible space. It is important to notice that the choice of the extreme values ensures that the maximum and the min-
imum feasible values of each SQ metric will be tested, while keeping the scores of the remaining metrics still at optimal
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the references to colour in this figure legend, the reader is referred to the web version of this article.)
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levels. These solutions at the extrema of the feasible space are the ones that drive the primary sound to substantial changes
of its SQ, so they might become relevant in automotive applications.

From the Pareto fronts in Figs. 11 and 12, ten optimal SQ scores have been extracted for implementation, five of which
belong to the front obtained from the concurrent minimization and the remaining five from the one from the concurrent
maximization. This procedure has been carried out for the four locations considered.

4.5.3. Multichannel ASQC

With the optimal amplitude gain factors for each tone in the decision sets, as prescribed by the MOO for each targeted
location, the next procedure deals with the implementation of the optimal SQ scores. Stability predictions and the calcula-
tion of the control parameters were performed with the initial measurement. Table 3 reports on the parameter values for the
frequency-domain controller, together with the norm-2 condition number of the system matrices being excited, as well as

the smallest real part of the eigenvalues of the matrix A(z) = S(2)"'S(z). The off-line analyses on the stability of the array pre-
dicted that just one tone would require control output limitation, namely, the 154.98 Hz component. However, the actual
control practice verified that all the tones required some level of output constraint in order to guarantee stability, for all
the SAPs. Although the practiced system identification was sufficiently accurate for providing good estimates of the step
sizes, as well as for ensuring stable, on-line operation of the multichannel controller, it seems that the system representation
was not accurate enough to guarantee suitable estimates of the constraints, and hence they were set up in a trial-and-error
basis. Since the norm-2 condition numbers determined for the matrices are small, as compared to the ones obtained in pre-
vious experiments, it was expected that the controller would converge quickly, so the allowed timeframe for each observa-
tion was limited up to 10s.

Fig. 13 shows bar plots of the original and final amplitude values after control, wherein each color corresponds to a dif-
ferent solution selected from the MOO. While Fig. 13(a) illustrates the final amplitude values after applying the solutions
from the concurrent minimization, Fig. 13(b) illustrates the final amplitude values after applying the solutions from the con-
current maximization. The tones that required cancellation, reduction or amplification, are highlighted by using numbers.
The tones that were not highlighted at a certain location are the ones that were supposed to be preserved against cross-
channel interferences, as they were not targeted for control by the MOO stage at such given location. While the tones that
required modification are clearly profiled, the ones expected to keep their original amplitude values are indeed close to the
non-controlled -original- level.

The quantification of the effectiveness of the coupling compensation mechanism at each control location, which is based
on the average relative error between the original and final amplitude values after control, yields the following figures: 92%
at Positions 1 and 2, 89% at Position 3 and 83% at Position 4. This, in turn, reads an overall efficiency rate of 89%, which means
that the average difference between a given amplitude value to be preserved and the final value from applying any of the
solutions, at any of the targeted locations, is of 11%. Considering the complexity of the proposed task, of independently
equalizing multiple tones simultaneously at different locations, together with the number of possibles sources of uncertainty
and intrinsic variability in vibro-acoustic systems, this is considered a quite successful result.

While this percentage value relates to the bare amplitude analysis of the tonal components, the following section deals
with the actual impact of those differences on the SQ metrics, which are the actual measure of success in this context.

4.5.4. SQ assessment of the controlled primary sound

The assessment of the time-domain SQ metrics on the controlled sound will show if the optimized amplitude gain factors
effectively drove the SQ scores to enhanced values, at all the targeted locations within the cavity.

Figs. 14 and 15 illustrate the time-domain SQ histories that result from applying each of the optimal solutions on the pri-
mary sound, as measured at each of the four controlled locations. While Fig. 14 shows the time-domain SQ histories obtained
from applying solutions from the concurrent minimization, Fig. 15 shows the time-domain SQ histories obtained from the
concurrent maximization. The color convention on those plots match that of Fig. 13, for each selected solution; for instance,
the solution Min1 (S1) has the effect illustrated with blue continuous lines, on all the four metrics. It is worth recalling that a

Table 3
The smallest real part of any of the eigenvalues and norm-2 condition number of matrix A = diag(§(z))HS(z), together with parameters for the LMS adaptive
algorithm, at each controlled discrete frequency, for each sensor location.

Freq. [Hz] Re(dacz)) CN. Position 1 Position 2 Position 3 Position 4
0 u o u o n o un
154.98 —-0.01 42.23 17.77 1.19¢-%4 9.01 1.13e7% 7.03 6.02e %4 7.84 5.95¢ 04
619.94 0.68 12.93 10 3.35¢-06 10 3.54¢-96 10 1.37e°06 10 1.33¢°06
774.92 0.66 16.40 20 4.87e06 20 2.79e%6 20 1.71e7% 20 1.32e7%
929.90 0.23 25.94 10 8.36e% 10 7.60e-06 10 3.76e-05 10 45195
1862.31 0.04 36.86 10 3.47¢-% 10 5.05¢05 10 1.67e-0%4 10 1.18¢-04

2792.21 0.90 7.71 10 1.76e705 10 2.33e705 10 4.66e-95 10 4.15e9>
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certain solution, for instance, solution Min1, was simultaneously applied at the four locations, requiring different operation
modes for each tone at each location. This follows from the fact that the MOO and related procedures were independently

worked out for each location.

(b)

Fig. 13. Grouped bar plot of the final amplitude values, after implementing the optimized SQ targets: (a) solutions from minimization; (b) solutions from
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With regard to the solutions obtained from the concurrent minimization, illustrated in Fig. 14, it is seen that the solution
Min1 is noticeably different from the remaining ones, resulting in the smallest values for Sharpness and Tonality, at the
expense of increasing Loudness. Solutions Min2-Min5 (S2-S5) also drive the SQ of the primary sound to concurrent optimal
scores, always decreasing Loudness. This behavior highlights the intricate relationship and concurrent nature of the SQ met-
rics. Although significant changes have been achieved for Loudness, Sharpness and Tonality, Roughness remained rather
unresponsive to the control actions, in spite of seeming feasible during the MOO stage. With regard to the solutions obtained
from the concurrent maximization, illustrated in Fig. 15, it seems that the solution Max1 has noticeably driven Loudness to
the maximum value; the remaining solutions also drive the SQ scores to new balances, but their effect seems less drastic.
Roughness is again almost unresponsive to any of the solutions implemented on the primary sound, for any of the targeted
locations.

The solutions Min5 and Max5 (S5), which refer to the Global minimum and maximum, respectively, seemed rather difficult
to be attained. This is mostly due to the fact that the multichannel algorithm had all its control outputs limited, which hin-
dered the attainment of the most effortful amplitude modes, i.e. cancellation and amplification by twice the original value.

4.5.5. Discussion: success percentage and attained solutions in perspective

Figs. 14 and 15 have shown that the SQ scores of the primary sound have been noticeably enhanced at each of the tar-
geted locations, as a function of the optimized amplitude values, which were tackled by the multichannel controller. The
results shown so far have also unveiled, though, that the effectiveness of the proposed framework for enhancing the SQ
of periodic disturbance was compromised, mainly due to two aspects:
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surement to the active control stages (e.g. significant temperature variations).

At this point, it is convenient to examine the so-called success percentage, which quantifies the extent at which each of the
attained SQ scores matched the designed ones. The success percentage allows comparing the scalar values that are provided
by the optimized frequency-domain SQ algorithms with the average of the time-domain SQ histories of the controlled dis-
turbance, just after the ASQC scheme attains complete convergence. For instance, in Figs. 14 and 15, it is possible to observe
that the multichannel ASQC scheme has attained convergence before t = 5 s. Then, it seems reasonable to take the mean
value of the time-domain SQ history for each metric, after the controlled disturbance to have reached the steady state, i.e.
to take the average of the time histories fromt = 5to t = 10 s, in order to establish a comparison with the SQ score provided
by the corresponding optimized frequency-domain SQ model. Finally, the success percentage, which is nothing but the rela-

tive error between the optimized and the attained SQ score, can be quantified as follows:
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where Frp and Fpp stand for a given SQ metric that is calculated by means of either time- or frequency-domain algorithms,
respectively; and N is the total amount of samples in the selected timeframe of the time-domain SQ history of the metric Frp.

After calculating the success percentage between the optimized and attained SQ scores for each single optimized solution,
the overall success percentage in attaining any of the designed solutions reads: 89% for Position 1, 90% for Position 2, 92% for
Position 3 and 91% for Position 4. This, in turn, yields a total success percentage of 91%, for any of the targeted locations within
the cavity. Moreover, it has been determined that the success percentage in attaining Roughness targets is the lowest one,
just amounting to 82%, whereas the success percentage of Loudness, Sharpness and Tonality targets are all above 92%.

The impact on the SQ scores of the original sound can also be seen by means of radar plots, shown in Figs. 16 and 17. For the
sake of observation, the axes of the radar plots have been adjusted but kept the same for all the plots within this Figure. These
plots allow a direct assessment of a variety of sound quality balances that can be attained on the same primary sound, as dic-
tated by each implemented solution. The most interesting results are those given by the so-called Global minima and maxima,
cf. green plots in the cited Figures, which represent the best balance of the SQ metrics. Moreover, as previously highlighted, the
solutions related to the Loudness sensation are the ones that have produced the most noticeable changes in the perception of
the sound. This observation holds for both concurrent minimization (Fig. 16) and concurrent maximization (Fig. 17).

In Fig. 18, four different results have been extracted from the radar plots in Figs. 16 and 17, in order to highlight some
extreme conditions. Fig. 18(a) compares the original sound at Ch. 4 with the maximum achieved Loudness (with reduced
Roughness and Tonality). Fig. 18(b) and (c) compare the maximum Sharpness with the Maximum Loudness scenarios for
Channels 1 and 4, respectively. Those two metrics work concurrently in both cases, while Roughness is kept unchanged
and Tonality is also increased in Channel 4. Another rather drastic comparison rises from the original sound field and the
global minimum achieved at Channel 4, depicted in Fig. 18(d). This solution shows reduced Loudness, Roughness and Ton-
ality, at the expense of increasing Sharpness. As the diamond representing the scores becomes more regular, it is said that
the SQ scores of the sound become balanced. While the diamond that represents the original SQ scores is somewhat dis-
torted, showing excess Roughness and Tonality, the obtained green diamond is more regularly composed. Similar results
can be observed for the remaining channels after the implementation of the Global Minimum solution, cf. green diamonds
in Fig. 16, as well as after the implementation of the Global Maximum solution, cf. green diamonds in Fig. 17.
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These results again prove that the SQ scores can be substantially changed for each targeted listener with the proposed
technique, even in the presence of strong acoustic coupling, variations in the vibro-acoustic system and control output con-
straints. The average success percentage of 91% in experimentally attaining any of the proposed solutions, for all the tar-
geted locations, consistently verifies the effectiveness of the proposed method.

5. Conclusion

On the basis that active control techniques are the most versatile ones in profiling periodic sounds, this paper has relied
on the extensive use of the class of the active noise controllers referred to as active noise equalizers (ANEs), to propose a
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framework for enhancing the SQ of the powertrain noise within the passenger cabin in HEVs. The key feature of ANE systems
in reshaping the magnitude function of periodic disturbances is extensively used, by means of providing other than pure-
reduction solutions, such as equalization, amplification and even preservation of (parts of the) original time-frequency pat-
tern of the noise. The effect of such control actions has been associated to modifications on SQ metrics, such as Loudness,
Roughness, Sharpness and Tonality. To this regard, a mathematical expression based on multi-objective optimization
(MOO) theory is posed, which associates the aforementioned metrics to the noises of concern. The concurrent optimization
of the metrics is seen as a powerful means for guiding the ANE actions, which are expected to drive the SQ of the original
soundscape to a variety of enhanced scores. The proposed methodology provides optimal amplitude gain factors, which
are implemented via innovative single and multichannel active sound profiling algorithms that deal with cross-channel
interferences.

Experiments carried out in a laboratory vehicle mock-up have unveiled that, while Loudness, Sharpness and Tonality tar-
gets can be attained with a good level of accuracy, with relative errors between optimal and attained values of 7%, Roughness
goals seem to deviate some 20% from the expected values. These deviations are presumably due to disparities between the
time- and frequency-domain algorithms. Even so, since the overall success rate is above 90%, the present research concludes
that the SQ of the hybrid electric powertrain noise, perceived at multiple locations inside the passenger cavity, can be sub-
stantially enhanced, by following the proposed framework.

Future directions are proposed on searching for alternative solutions for the constraint outputs, which would not affect
control performance as much, e.g. physical modifications to the SAP; modifications to the control algorithm in order to
include (part) of the coupling terms. An extension of the present methodology to cope with non-stationary disturbances,
slowly (and fast changing) RPMs, run-ups and run-downs, etc., is also envisaged as a future demand for this research.
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