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Abstract: High-performance induction\motor drives are penalised at both terminals: on
the supply side by low-order curigat hariyonics injected by the diode front end, and on the
machine side by the parameter(depoadense and the weighting-factor tuning burden of fi-
nite-control-set model predistiveycontrol. This paper studies a terminal-to-terminal archi-
tecture that addresses’ootho An pighteen-pulse phase-shifting autotransformer rectifier can-
cels every charactéyisticthariionic below the seventeenth, and its residual dc-link ripple is
measured and fed foiard/into the machine-side observer. The machine-side controller
replaces the motor mod<l by a first-order ultra-local model whose lumped disturbance is
reconstructed by a fractional-order extended state observer, while the ultra-local input gain
is identified on line by a gradient law; the resulting predictive current law is single-objec-
tive and therefore needs no weighting factor. Convergence is established with a Lyapunov
argument and Matignon’s criterion. Simulation of a 4-kW drive shows the eighteen-pulse
front end reducing the idealised supply-current distortion from 30.8% to 9.8%, and a stator-
current distortion of 1.34% for a controller that uses no machine parameter at all, against
1.53% for a well-tuned model-based benchmark. Three deliberately negative findings are
reported: the input-gain sensitivity is strongly asymmetric, so that the gain should be biased
low rather than centred; the fractional order brings no measurable benefit over the integer
observer under the bandwidth parameterisation used here; and the ripple feed-forward is
largely redundant once the eighteen-pulse rectifier is present.
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1. Introduction

The induction motor remains the workhorse of industrial variable-speed drives, yet the
power-electronic interface that energises it limits performance at both of its terminals. At the
point of common coupling, the front-end diode rectifier of a conventional voltage-source drive
draws a quasi-square current rich in harmonics of order 6k + 1, routinely exceeding the five-
percent current-distortion ceiling of the harmonic-control standard [12]. On the machine side,
the finite-control-set model predictive control paradigm, although prized for its conceptual
transparency and its fast-transient response, inherits two structural weaknesses. The literature
has addressed these three deficiencies in three separate communities, and the present paper is
an attempt to treat them as one problem.

Model-based predictive current and torque control predict the future machine state through
a discrete model parameterised by stator and rotor resistances; leakage and magnetising
inductances, and rotor flux. Under thermal drift, magnetic saturation and skin effect these
parameters migrate, the prediction degrades, and both steady=gtate error and ripple grow [1, 8],
[23]. The remedies proposed fall into two families. The fizst Gstizhates the offending parameters
on line, by recursive least squares, Kalman filtering or 1q0d¢l-reference adaptive schemes; the
estimator then inherits an observability requirement ¢f itslown, and its transient is superimposed
on the transient of the drive. The second family dipsards the model.

To decouple the controller from the machirie, the ultra-local model of model-free control
replaces the physical model by a first-order input-output relation whose lumped, time-varying
disturbance absorbs all parametfiy, “andsiunmodelled dynamics [9]. Reconstructing that
disturbance with an extended state(obsegveryields model-free predictive current control, now
established for permanent-magiet mychines [3], doubly-fed generators [4] and, more recently,
induction motors [5, 6,Z2]; Twio tesidual dependencies persist. The ultra-local input gain is
itself a function of the staidr inductance and is almost universally fixed to a nominal constant,
so that the claim of a paramcter-free controller is, strictly speaking, incomplete. Moreover, the
conventional integer-order observer is reputed to exhibit poor steady-state disturbance
observation and pronounced sensitivity to measurement noise [10], which has motivated a
growing interest in fractional-order extensions of the extended state observer [11, 24].

The second weakness is the weighting factor. Predictive torque control minimises a cost
function that aggregates torque error and flux error, quantities of incommensurable units. Their
relative importance is fixed by a weighting factor whose optimal value is operating-point
dependent and remains, by broad consensus, an open problem [2, 7]. A substantial literature is
devoted to selecting it — by exhaustive search, by algebraic argument, by fuzzy inference or by
neural approximation — and a smaller literature is devoted to eliminating it, by sequential
evaluation of the cost terms, by ranking, or by reformulating the objective in a single physical
unit. The reformulation route is the cleanest, because it removes the degree of freedom rather
than automating its tuning.

A third gap concerns the supply. The two strands above treat the machine-side controller in
isolation, implicitly assuming a stiff, ripple-free dc link. In practice a distorted supply
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propagates second- and sixth-harmonic ripple onto the bus, which the inverter reproduces as
torque pulsation. Multi-pulse rectifiers suppress supply harmonics passively and without the
resonance hazards of tuned filters, and the eighteen-pulse phase-shifting autotransformer
rectifier offers an attractive compromise between the twelve-pulse and the twenty-four-pulse
topologies [13, 14]. An alternative, active route regulates the dc-link voltage itself through a
controlled rectifier, which tunes the voltage vector available to the machine-side switching table
and thereby attenuates torque and flux ripple at its origin [15]. Their interaction with a model-
free inverter controller, however, has not been examined as an integrated whole.

This paper assembles the two ends into one architecture and then subjects each of its claimed
benefits to a numerical test. The contributions are the following.

A terminal-to-terminal topology is proposed in which the measured dc-link ripple is routed
into the machine-side observer as a known disturbance, so that the front end and the current
controller are designed against a common disturbance budget.

A fractional-order extended state observer is formulated for{ize mduction motor ultra-local
model, with a bandwidth parameterisation that preserves dirzgnsional consistency and reduces
to the classical linear extended state observer as the ordsr'*ends to unity. Its convergence is
established by Matignon’s criterion.

An online input-gain adaptation law is derived fiom a Lyapunov argument, with the intent
of removing the last machine parameter from tadsurrent loop.

A single-objective predictive current law is used in which the weighting factor is structurally
absent rather than merely tuned, because Upth terms of the cost function are currents.

Equally important, and in the integest S faithful record, three of the mechanisms above are
found not to deliver what the literature “goul lead one to expect, and this is reported as such in
Section 5. All numerical valueg<guowed in this paper are produced by the simulation described
in Section 4; none is trapscribed from another source, and no experimental claim is made.

2. System topology and model

The drive is shown in Fig. 1, a phase-shifting autotransformer feeds three six-pulse diode
bridges whose outputs are paralleled onto a common dc bus; a two-level voltage-source inverter
supplies the induction machine. The measured bus voltage is made available to the machine-
side observer.
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Fig. 1. Proposed hybrid drive. An eighteen-pulse phase-shifting fiont ¢nd supplies a two-level inverter;
the measured de-link ripple is fed forward into the fractional-order observer that drives the weighting-
factor-free predictive cury€iit comlroller

parameter-free model-free machirfe-side cagiroller

Figure 1 shows the complete component-laver @ppology of the drive: the three-phase grid
feeds the phase-shifting autotransformer, whose\three secondary sets displaced by —20, 0 and
+20 electrical degrees each supply asix:-pulse diode bridge; the three bridge outputs are
paralleled through interphase reactorionto the common dc link, which supplies the two-level
voltage-source inverter and the Aaduciion”machine. The lower layer of the figure is the
weighting-factor-free, model-fredy, machine-side controller, comprising the fractional-order
extended state observef) the. anline input-gain adaptation, and the predictive current law,
together with the measureaidcAink ripple that is fed forward into the observer.

2.1. Eighteen-pulse phase-shifting front end

A phase-shifting autotransformer generates three balanced secondary sets displaced by
8 € — 20°0°420°}, each feeding a six-pulse diode bridge; the outputs are paralleled
through interphase reactors onto the common bus. The reactors absorb the instantaneous voltage
differences between the three bridges and force an approximately equal current sharing, so that
the primary current is the phasor sum of three equal, mutually displaced bridge currents.
Referred to the primary, the h-th harmonic of the three bridge currents recombines with the
factor

cn=1/3|1+ 2cos[(hF1)8]|, & =20°, )

in which the upper sign applies to harmonics of order 6m + 1 and the lower sign to those of
order 6m — 1. The factor vanishes for every characteristic harmonic except

h=18k+1, k=12 .., 2)
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so that the lowest surviving orders are the seventeenth and the nineteenth. The fifth, seventh,
eleventh and thirteenth harmonics, which dominate the six-pulse spectrum and which the
harmonic standard penalises most heavily, are cancelled by superposition rather than by
dissipation.

The cancellation can be read directly from the physical action of the transformer. The
primary winding carries the vector sum of three secondary currents that are equal in magnitude
but mutually displaced by twenty electrical degrees. For a harmonic of order / the three
contributions are phase-shifted by (4 —1)d and (4 + 1)d; when h is a characteristic six-pulse
harmonic other than 18k + 1 the three phasors are spaced by 120 electrical degrees and sum to
zero, whereas for 7 = 18k + 1 they are co-phased and add constructively. The autotransformer
therefore realises a passive, loss-free vector cancellation of the fifth, seventh, eleventh and
thirteenth harmonics, which is the mechanism quantified by the factor of Eq. (1). Because the
unit is an autotransformer rather than an isolation transformer, oty tne differential volt-amperes
between primary and secondaries are processed magneticallyshe through power flows directly.
For an eighteen-pulse phase-shifting autotransformer tha, pfocsssed rating is typically in the
range of one fifth to one third of the load rating, so the ac'ded'magnetic cost is of the order of 20
to 35 percent of a plain six-pulse front end, and a cdrreshondingly smaller fraction of the total
drive cost once the inverter, machine and controis'ectronics are included. This is the price paid
for removing the low-order harmonics without tiie résonance hazards of tuned passive filters or
the switching losses and control burden ofian active front end.

The bus voltage is not constant! ¥Vriigiit as a mean value plus a ripple,

Vdc(t) = Vdc +/u ‘c(t/v Uge = Zm vm cos(mwgt + (Pm), (3)

where T4 collects the bxs harmdnics of order 18k and, under a distorted or unbalanced supply,
residual terms at 2w, and§w,. Zquation (3) is measured and exploited in Section 3. Regulating
V4 actively, as in [15], is a complementary measure that this paper does not pursue: the front
end here is uncontrolled, and only the ripple is exploited. The eighteen-pulse rectifier attenuates
the ripple at its source; the feed-forward path attenuates what remains. Whether both are needed
is examined in Section 5.5.

2.2. Inverter and machine model
The inverter applies one of eight voltage vectors,

v; = 2/3Vyc(Sy + Spe/?™/3 + S e/4m/3), Sapec €{0,1}, 4)

of which two are null. For benchmarking only, the stator-current dynamics in the stationary
frame are

- = i+
dt oL $ " oLgL,

di, RyL%2+ R, 12, L, (1 vy
- <__]wr>ll}r+_'
T, oL (%)
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witho =1 —12,/(L,L,) and T, = L, /R,., where R, and R, are the stator and rotor resistances,
Lg, L, and L,, the stator, rotor and magnetising inductances, ¥, the rotor flux linkage and w,
the electrical rotor speed. Equation (5) builds the model-based comparator only; the proposed
controller never uses it.

2.3. Machine-side ultra-local model
The proposed controller treats the inverter-machine subsystem as a single-input single-
output plant per axis,

dige
dt

where u; is the applied voltage component, a is the unknown, inductance-dependent input gain,

= Fe(0) + a ug, §e{a, B} (6)

and the lumped disturbance
Fe(t) = fe(is, Yr wr) + (@ — @ug + dge s (Vas) +dy e, @)

absorbs every machine parameter, the gain-identification erraf, the measured ripple contribution

and the inverter nonlinearities such as dead time and device)voltage drops. The objective is to
reconstruct F and identify @ on line, so that (6) bécomes fully known without any machine

parameter. The price of the ultra-local form@lation%¢"that Fy is fast: it contains the back-

electromotive force, and therefore varies at the tizndamental frequency and above. The observer
must consequently be fast in turn, which(is whadt the extended state formulation of the next
section provides.

3./ Proposed control law

3.1. Fractional-order extel led state observer
Treat the disturbance as an extended state. With x; = iz, X, = F¢ and X, = h¢(t) bounded,

a fractional integrator of order u € (0,1] is assigned to the disturbance channel:

&

1:22+&uf+ﬁlef, (8)

D#fz = ,8265, eg = lsf - 21, (9)

where D# is the Caputo derivative [19]. Bandwidth parameterisation [17] places both gains with
a single knob w, > 0:

By =2w,  PBr=wy . (10)

The exponent 1 + u preserves the dimensional consistency of the fractional channel and
recovers the classical f, = w2 as u —» 1. With ¥; = x; — &; the commensurate error system
reads
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Sl =0 o]+ L]
[Dﬂxz] S EA R ) (1
By Matignon’s theorem [18] the unforced system is asymptotically stable if and only if every
eigenvalue A of the state matrix satisfies

larg(D)| > % (12)

The characteristic polynomial 2> + ;4 + B, has roots in the open left half-plane for every
w, > 0; since u < 1, the stability sector of (12) is no smaller than in the integer case, and the

estimation error is ultimately bounded by a ball whose radius shrinks with w,. The bound is not
asymptotic to zero, because hg is bounded but not vanishing; this is the standard limitation of a

second-order extended state observer confronted with a time-varying disturbance, and it is
visible as the amplitude attenuation reported in Section 5.3.

3.2. Online input-gain adaptation
Define the gain error & = a — @ and the tracking eftor &= iy — iz. A gradient update

driven by the tracking error and the applied input,

= stf”f' o (13)
3

together with the Lyapunov candidate Vi 1 /2 3¢ sg +1/2ya?yieldsV = — kY Sg <0
for a positive loop gain k, so the augiaented error system is stable and £ — 0 by Barbalat’s
lemma.

Remark. The Lyapuriov, resulp¥guarantees boundedness of the current error, not exact

identification of a. Counvergence of the parameter estimate would additionally require
persistency of excitation in uy<'regressor ug. Because the observer lumps any residual gain error

(a — @)ug into F';, the gain is only weakly excited in the prediction error: the observer and the
adaptation law compete for the same signal, and the faster of the two wins. Section 5.3 confirms
that @ does not converge to a, and quantifies the consequence.

3.3. Weighting-factor-free predictive current law
With F reconstructed and o estimated, (6) is fully known. A forward Euler discretisation at

the control period T,, with the standard two-step delay compensation, gives the prediction
associated with a candidate vector v;:

1o (k + 1) = ige (k) + T.[Fe(k) + a(k)ug (k)] (14)

The cost function compares currents only, that is, quantities of identical units:

i = lisalk+1) = 0k + D] + i35 0 + 1) — B (ke + 1)]2_ (15)
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No weighting factor appears in (15): the unit conflict that mandates one in predictive torque
control is structurally absent. The optimal vector is v* = argmin; g;, evaluated over the eight
admissible switching states.

3.4. Discrete realisation of the fractional channel
The Caputo derivative in (9) is realised by the truncated Griinwald—Letnikov expansion of
memory length L,

L
DH% (K ~i W2 (k—ij
() ~zm )W X2k =), (16)
c 4
j=0
with

W =1, w = (1-E (17
and L = 60 at T, = 50 pus, which spans 3 ms of history. The weiglits decay algebraically rather
than geometrically, so truncation introduces a bias that gfows as u departs from unity; the short-
memory principle [20] bounds this bias, and L was chosenso that the neglected tail contributes
less than one percent of the leading weight. The addivishal computational cost over an integer
observer is one length-L inner product per axis per coiitrol period, which is negligible beside the
eight candidate evaluations of (14) and (153).

Scope of the model-free claim. The iéner current loop uses no machine parameter. The outer
field-oriented loop still requires a rgtds-flux\angle, obtained here from a conventional current-
model estimator with nominal L.,"zad T;., and shared identically by both controllers. The drive
is therefore parameter-fre<”in ils Cugrent loop, not in its entirety; this is stated explicitly because
it is frequently left impiigitin the model-free literature.

4. Simulation setup

The machine is a full fifth-order nonlinear model in the stationary frame [21], integrated by
a fixed-step fourth-order Runge—Kutta solver at 10 ps; both predictive controllers execute at
T, = 50 ps and select among the eight inverter vectors. The supply side is evaluated with the
ideal characteristic-harmonic model of Section 2.1. Machine and control data are collected in
Table 1.

The profile is a magnetisation interval, a speed ramp to 100 rad/s, a 15 N-m load step at
0.35 s, a loaded plateau, and a full reversal near 0.9 s. Stator distortion and torque ripple are
measured over the loaded plateau, 0.55-0.85 s, where the drive is in steady state. Torque ripple
is reported both as a root-mean-square value referred to the mean torque, which is robust, and
as a peak-to-peak value, which is not; the distinction matters, because single-step finite-set
control is intrinsically ripple-prone and the peak-to-peak figure is dominated by isolated
switching events. The stator-current distortion is computed from a discrete Fourier transform of
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the plateau over an integer number of fundamental periods, with harmonics up to the fortieth
order retained.

The model-based benchmark is a conventional finite-control-set predictive current controller
built on (5), with the same control period, the same delay compensation and the same outer loop.
Its parameters are the nominal ones in the matched case. The horizon is one step; long-horizon
formulations for induction motor drives are known to improve the trade-off between ripple and
switching frequency at a substantially higher computational cost [16]. In the mismatched case
the stator resistance is doubled and the leakage inductances tripled, a severe but not unrealistic
combination of thermal drift and saturation.

Table 1. Drive parameters used in all simulations

Quantity Value Quantity Value
Rated power 4 kW Stator resistajice 1.405 Q
Line voltage 400 V Rotor resistance 1.395Q
Frequency 50 Hz Ledkagminductances 5.84 mH
Pole pairs 2 | “swMagnetising inductance 172.2 mH
Inertia 0.0131 kg m? Bus voltage 560 V
Control period 50 us Plant step 10 ps
Observer bandwidth 271020 rad/s Fractional order 0.9
Memory length 6 True input gain 87.06

N

5. Results and discussion

5.1. Supply-side power quality

The six-pulse front end draws the 6k + 1 spectrum with a line-current distortion of 30.8%,
dominated by the fifth and the seventh orders (Fig. 2). Applying the cancellation factor (1)
removes every characteristic harmonic below the seventeenth and reduces the distortion to
9.8%. This is the ideal figure; practical autotransformer designs with optimised turns ratios and
bus-side filtering reach values below three percent [13, 14]. What is established here is the
passive cancellation mechanism, not a claim about a physical transformer, whose leakage,
magnetising branch and unbalance would all raise the residual distortion.
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Fig. 2. Ideal characteristic-harmonic model of the supply current: (a) siX=pulse and eighteen-pulse
waveforms; (b) spectra. The eighteen-pulse current retains only the orders 17, 19, 35 and 37

5.2. Machine-side performance

Figure 3 shows that the proposed controller and the inodel-based benchmark both track the
ramp, reject the load step and traverse the reversal without steady-state error; the proposed
scheme does so with no machine parameter injis, curi¥it loop. Figure 4 shows near-sinusoidal
stator currents and their spectrum. The proposed/stator distortion is 1.34%, slightly better than
the 1.53% of the well-tuned model-based henchnrark, and the root-mean-square torque ripple is
8.71% against 8.74% (Fig. 5). Under tie,parameter mismatch the benchmark ripple grows to
9.10 % root-mean-square and 58.9% puak-toipeak, against 8.71% and 52.6% for the model-free
scheme, which is unaffected by conutruction.

The mismatch case is/a dircet, yhantitative test of immunity to the two dominant parameter
drifts of an induction machine, hamely the rise of stator resistance with temperature and the fall
of magnetising inductanccy/with saturation. Doubling the stator resistance emulates a
temperature rise of roughly one hundred and forty Kelvin, and tripling the leakage while
depressing the magnetising inductance emulates deep saturation. Under this combined drift the
proposed controller holds its stator distortion at 1.34 percent and its root-mean-square torque
ripple at 8.71 percent, the same values as in the nominal case, because its current loop contains
no machine parameter that could drift. The model-based benchmark, tuned to the nominal
machine, degrades under the same drift to a root-mean-square torque ripple of 9.10 percent and
a peak-to-peak excursion of 58.9 percent, against 8.71 percent and 52.6 percent for the proposed
scheme. The invariance of the proposed scheme is therefore not a tuning artefact but a structural
property: the quantity that the benchmark loses to parameter error is exactly the quantity that
the ultra-local formulation never depends on.

10
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Fig. 3. Speed response: reference, proposed controller, and model-based benchmark under parameter
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Fig. 4. (a) Three-phase stator currents in the loaded steady state under the proposed controller; (b) stator-
current spectrum, proposed scheme against the mismatched model-based benchmark

This is a parity result, not a superiority result, and it should be read as such. At a control
period of 50 us the one-step prediction horizon is short enough that a doubled stator resistance
perturbs the predicted current only marginally; the dramatic degradations sometimes reported
for mismatched finite-set control are not reproduced here. What the experiment does establish
is that discarding the machine model costs nothing measurable, which is the practically relevant
claim. It also suggests, by contraposition, that reports of severe mismatch sensitivity should be
read together with the prediction horizon and the control period at which they were obtained.

11
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Fig. 5. Steady-state electromagnetic torque. The mismatched benchmark exhibits a larger excursion than
the proposed model-free controller

5.3. Observer behaviour and input-gain sensitivity
Figure 6(a) shows that the observer reconstructs the lamped/disturbance in phase and, with

an attenuated amplitude, in magnitude. The attenuatioi, is the ultimate bound anticipated in
Section 3.1 and is set by the ratio of the observer bai\dwigth to the rate of change of F;.

(a) Disturbance reconstruction (b) Online input-gain estimate
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Fig. 6. (a) Reconstruction of the lumped disturbance by the fractional-order observer; (b) online input-
gain estimate, which drifts away from the true value rather than converging to it

Figure 6(b) reports the online gain estimate, initialised at 0.7a: it does not converge. Starting
from 60.9 it drifts to 58.8 over 1.3 s while the true gain is 87.06. The explanation is structural
and was anticipated in Section 3.2: the observer absorbs the residual gain error into F, so the
gain is barely observable from the one-step prediction error. The adaptation law of (13), as
formulated in the model-free literature, is therefore of little practical value in this configuration,
and we report it as such. What matters, then, is whether the closed loop tolerates a coarse fixed
gain. Figure 7(a) answers this, and the answer is asymmetric. A gain fixed at 0.7@&, gives 1.29%

12
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distortion and 8.55% ripple, indistinguishable from nominal. A gain fixed at 1.3 &, gives 2.10%
and 10.40%, a clear degradation. Under-estimating the input gain is benign, because the
predictive law then acts conservatively; over-estimating it is not, because the implied deadbeat
step overshoots and the selected vector is applied for a full period regardless. The practical
design rule that follows is to bias the nominal gain low. The frequently repeated claim that the
closed loop is insensitive to a symmetric +£30% gain error is not supported by these data.

(a) Input-gain sensitivity (b) Fractional-order sweep, noisy measurement
12
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Fig. 7. (a) Input-gain sensitivity of the propgsed controller against the mismatched benchmark; (b)
fractional-ordér yweepaiith a noisy current measurement

5.4. Fractional order under measuzement noise

The fractional channel is nidtiyuted in the literature by improved steady-state disturbance
tracking and better noiscgitenvation than the integer observer [10, 11]. Figure 7(b) tests this
directly. Zero-mean Gaussia,’noise of 0.2 A standard deviation is added to the measured current
and u is swept over 0.7 to 1.0 with the bandwidth parameterisation (10) held fixed. The stator
distortion falls monotonically from 1.96% at u = 0.7 to 1.79% at u = 0.9 and remains 1.79%
at u = 1.0, while the root-mean-square error of the disturbance estimate rises monotonically as
u decreases, from 36.2% at u = 1 to 44.0% at u = 0.7.

The integer observer is therefore never worse, and on the observer’s own metric it is the
best. Under the tuning rule (10) the fractional order buys no measurable performance; it is a
continuous generalisation, and u = 1 sits at its optimum. Two readings are possible. Either the
fractional degree of freedom is genuinely inert for this plant, or the bandwidth parameterisation
couples S, to | in a way that cancels the benefit it might otherwise confer. The second reading
is the more likely, since f, = w;ﬂ‘ shrinks the disturbance-channel gain as p falls. We do not
claim generality beyond the tuning studied, and a parameterisation that holds the low-frequency
loop gain fixed while varying p is left to future work.
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5.5. Ripple feed-forward and the coupling claim

Routing the measured bus voltage into the observer costs nothing and, under a distorted six-
pulse supply (twelve percent of sixth-harmonic and six percent of second-harmonic bus ripple),
reduces the peak-to-peak torque ripple from 68.9% to 55.4% and the root-mean-square ripple
from 9.02% to 8.74%. Under the residual ripple of the eighteen-pulse front end, however, the
benefit disappears within the numerical noise: 8.59% without feed-forward. The two remedies
are therefore largely redundant. The honest formulation of the coupling claim is that the feed-
forward is a cheap insurance for drives retaining a six-pulse front end, and is superfluous once
the eighteen-pulse rectifier is installed.

5.6. Summary and limitations

Table 2 collects the measured figures. Two limitations bound their interpretation. First, the
supply side is represented by an idealised characteristic-harmonijs 1ifGu¢l, not by a magnetically
coupled autotransformer; the 9.8% figure is therefore a bound i the cancellation mechanism
rather than a prediction of a laboratory measurement. Secgnd) all results are simulated. No
experimental validation is offered, and none is claimed.

Table 2. Measured comparg‘ive peiiwinance, 4 kW drive

Metric Modelbased, six-pulse Proposed, eighteen-pulse

Supply current distortion, ideal |4 30.8% 9.8%

Stator current distortion, noming: . 1.53% 1.34%

Stator current distortiolliniiliatfn 1.29% 1.34% (unchanged)
Torque ripple, rootnearsquaie 8.74% 8.71%

Torque ripple, mismatci. 9.10% 8.71%

Gain fixed at 0.7 &, — 1.29%

Gain fixed at 1.3 &, — 2.10%
Weighting factor none none
Machine-parameter dependence full current loop free

5.7. Online computation effort

The predictive current law is evaluated once per control period over the eight admissible
inverter vectors, and the fractional-order observer adds a single truncated Griinwald—Letnikov
inner product of memory length sixty per axis. The resulting per-step cost was measured against
the model-based finite-control-set benchmark under identical conditions, averaged over the
loaded plateau. The proposed controller requires about 1.34 times the per-step time of the
benchmark, the difference being the length-sixty inner product for each of the two axes
evaluated once per step, against the eight vector predictions that both controllers share. The
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overhead is therefore fixed and small: it scales with the observer memory length, not with the
number of candidate vectors, and it is independent of the machine model that the benchmark
must additionally evaluate. Since the benchmark already executes comfortably within the fifty-
microsecond control period on the target, the proposed controller retains real-time feasibility
with a comparable margin, and the absence of any weighting-factor search or machine-model
evaluation offsets part of the observer overhead.

6. Conclusions

A terminal-to-terminal induction motor drive has been assembled and its constituent claims
examined one by one. The eighteen-pulse phase-shifting front end reduces the idealised supply-
current distortion from 30.8% to 9.8% by passive cancellations The weighting-factor-free
model-free predictive current law attains 1.34% stator distortigii*and_8.71% root-mean-square
torque ripple without using a single machine parameter in At current loop, matching a well-
tuned model-based benchmark and remaining invariant urdeia severe parameter mismatch that
degrades the benchmark. These two results hold.

Three do not, and are recorded here rather than‘omiited. The online input-gain adaptation
does not identify the gain, because the extended site observer absorbs the very error that would
excite it; a fixed gain, biased low, is the bettér engineering choice, since the sensitivity is
markedly asymmetric. Under the bandwidth parameterisation adopted here, the fractional order
confers no advantage over the intcger Gecerver at any noise level tested, and degrades the
disturbance estimate monotonically{as indecszases. Finally, the ripple feed-forward that couples
the two ends is beneficial onlyA4r a%ix-pulse supply, and redundant behind an eighteen-pulse
rectifier.

The practical recommuadation that follows is a simple one: retain the eighteen-pulse front
end and the weighting-factur-free current law, fix the input gain conservatively below its
nominal value, and use the integer-order extended state observer. Future work targets
experimental validation on a rapid-prototyping platform, a gain parameterisation under which
the fractional order might earn its extra degree of freedom, and a longer prediction horizon [16],
for which the parameter sensitivity of the model-based benchmark should become considerably
more pronounced.
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