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Decoupled Current Control Using Adaptive
Quasi Resonant-Based ESO for Novel
Matrix-Torque-Component Machines
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Abstract—This article proposes a current loop decoupling con-
trol method tailored for a novel matrix-torque-component ma-
chine (MTCM). The proposed decoupling controller is based on
an adaptive quasi resonant extended state observer (AQRESO). A
distinctive feature of the MTCM is its arrangement of windings
and permanent magnets on both the stator and rotor. The coupling
term in the MTCM current loop originates from two primary
sources: one being the dc disturbance, which is proportional to
the stator-rotor mutual inductance, and the other being the ac
disturbance, caused by current harmonics due to nonlinear factors.
The proposed AQRESO integrates a quasi-resonant controller in
parallel with the traditional linear extended state observer (LESO),
enabling the observation and compensation of both ac and dc
disturbances. Meanwhile, the ESO gain is adaptively regulated
according to the current error to avoid the decrease in noise
suppression ability caused by excessive gain. The stability and
harmonic suppression performance of the proposed controller have
been rigorously analyzed. Finally, the effectiveness of the proposed
method is validated experimentally on an MTCM prototype.

Index Terms—Adaptive gain, decoupling control, matrix torque
component, quasi resonant linear extended state observer (LESO).

1. INTRODUCTION

IGH torque density permanent magnet synchronous ma-
Hchines (PMSMs) used in electric vehicles (EVs), elec-
tric actuator systems, ship propulsion [1], [2], [3], and so
on are gaining much attention in recent years. Researchers
have proposed several innovative PMSM topologies with
multiple magnetic sources based on the flux modulation
principle to meet the growing demand for higher torque
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Fig. 1. (a) Topology of the stator 5-phase, 10-slot, rotor 3-phase, and 12-slot
novel MTCM. (b) Matrix torque component generation principle. (c) Topology
of the MTCM drive circuit.

Fig. 2. Schematic of the double rotating reference frame. (a) Rotor d,-q,
frame. (b) ds1-gs1 frame of the stator fundamental space. (c) Stator ds3-qs3
frame of the stator third harmonic space.

density. For instance, a novel doubly-fed flux reversal ma-
chine enhances torque density by adding windings on the
rotor side [4]. Dual-side permanent magnet machines utilize
permanent magnets (PMs) on both stator and rotor, thereby
achieving higher torque density through bidirectional flux
modulation [5].

To further improve torque density, a novel dual-winding
dual-magnet machine has been investigated in [6] and [7]. This
machine incorporates armature windings and PMs on both the
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stator and rotor sides. Leveraging a special slot-pole combi-
nation, the machine can simultaneously output multiple torque
components in a matrix arrangement, thereby further enhancing
output torque. Consequently, this new type of machine is also re-
ferred to as a matrix-torque-component machine (MTCM). The
topology and matrix torque generation principle are depicted in
Fig. 1(a) and (b). The stator and rotor windings interact with the
stator and rotor PMs, respectively, to produce four torque com-
ponents. The topology of the MTCM drive circuit is illustrated
in Fig. 1(c). The stator of the MTCM is powered by a five-phase
full-bridge inverter, and the rotor is powered by a three-phase
full-bridge inverter. The two inverters have a common dc-bus,
so the power supply topology can also be called an eight-phase
common dc-bus inverter. The corresponding three-phase inverter
supplies power to the rotor winding via slip rings and brushes.

Sun et al. [6] has proved that under the same copper loss and
same size, the torque density of the MTCM is 63% higher than
that of the surface-mounted PMSM, while the amount of PM is
only 17% higher than that of the latter. Although the rotor needs
to be powered by brushes and slip rings, with the development of
brush materials [8], [9], the life and reliability of brushes and slip
rings are also continuously improved. Based on the advantages,
the MTCM has the potential to be used as the drive machine of
EVs or actuator machine.

To fully leverage the advantages of matrix torque components,
precise current loop control is essential. However, the current
loop coupling of the MTCM is more complex than that of tradi-
tional PMSMs. This is attributable to two primary factors. First,
the mutual inductance between the stator and rotor windings re-
sults in the voltage equation containing complex coupling terms,
which can be further exacerbated by parameter mismatches. Sec-
ond, the special winding configuration and nonlinear factors lead
to significant harmonics in the phase current. The components of
these harmonics on the d—¢ axes result in periodic ac coupling.
Due to these factors, the traditional feedforward decoupling
method cannot effectively address the current loop coupling
problem in the MTCM. However, recent literatures focus more
on the fault-tolerant control of MTCM or novel machines based
on similar principles [10], [11], the research on MTCM current
loop decoupling control and harmonic suppression is still blank.

The disturbance estimation and attenuation technique is an
effective approach to solve the current loop coupling issue [12],
[13]. It regards the coupling terms as disturbances, estimates and
compensates them through observers. Among the existing ob-
servers, the extended state observer (ESO) demonstrates robust
anti-disturbance performance and model-free characteristics. To
address the complexity in parameter design of the ESO, linear
ESO (LESO) was proposed in [14] and has been widely used
in disturbance control [15]. However, the traditional LESO acts
more like a low-pass filter for disturbance estimation, thus only
effectively suppressing the dc disturbance [16]. As previously
mentioned, the MTCM current loop contains not only dc dis-
turbances but also ac disturbances caused by harmonics. The ac
disturbances can cause dg-axes current ripples, deteriorating the
dynamic- and steady-state performance [17]. To simultaneously
suppress the dc and ac disturbances, improved ESOs based on
resonant controllers [18], [19], complex coefficient filters [20],
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quasi-resonant controllers [21], [22], and generalized integrators
[23] have been presented in recent years. These improved ESO
methods can be summarized as estimating the ac disturbance at
the resonant frequency through a class of resonant controllers.
Since the bandwidth of the quasi-resonant controller around the
resonant frequency is improved compared to the ideal resonant
controller, the quasi-resonant ESO (QRESO) has a better ability
to deal with frequency deviations compared to other improved
ESOs. As an improved LESO, QRESO requires large ESO gains
to achieve rapid convergence. However, excessive gain increases
the sensitivity of the ESO to noise, thereby deteriorating the
controller’s performance. Notably, existing research on QRESO
has not adequately addressed this issue.

To suppress both dc and ac disturbances in the MTCM current
loop while addressing noise sensitivity, this paper proposes an
improved QRESO with adaptive gains. This scheme effectively
decouples the MTCM current loop and guarantees the accurate
output of matrix torque. The main contributions of this article
are as follows.

1) This article first theoretically analyzes the coupling in
the MTCM current loop, providing expressions for the dc
and ac coupling disturbance terms. A current loop model
of the MTCM that accounts for these coupling terms is
established.

2) An adaptive QRESO is constructed to estimate both
dc and ac disturbances in the MTCM current loop.
By compensating the total disturbances, the current
loop is decoupled, improving transient and steady-state
performance.

The rest of this article is organized as follows. The math-
ematical model and matrix torque expression of the MTCM is
constructed in Section II. Current loop model considering dc and
ac coupling are analyzed in Section III. In Section IV, adaptive
QRESO and its characteristic are investigated. Section V gives
the stability analysis of the proposed method. Experimental
results are shown in Section VI. Finally, Section VII concludes
this article.

II. MATHEMATICAL MODEL OF THE MTCM

The mathematical model of the stator five-phase, rotor three-
phase MTCM illustrated in Fig. 1 under the dual-rotating d—g
reference frame is derived in this section.

The dual-rotating reference frame contains the rotor d,-q,
frame and the stator ds1-¢s1-ds3-qs3 frame, which are illustrated
in Fig. 2. The components in the d3-¢3 axis are mapped in the
third harmonic space of the five-phase stator. wes and w., are
the electrical angular frequency of the stator and rotor. 6., and
0., are the electrical angle of the stator and rotor. In the stator
third harmonic space frame shown in Fig. 2(c), 3w represents
the electrical frequency of the dg3-¢,3 axis system.

The relationship between the electrical angle, electrical angu-
lar frequency and mechanical angular frequency of the MTCM
is satisfied as follows:

ees = West = Prswinl
{ (1)

Ocr = Wert = Prrwint
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where p,,s and p,,, are the pole pair number corresponding to
the stator and rotor electrical angular velocity, respectively. ws
and w., are the electrical angular velocity of the stator and rotor.
wq, 18 the mechanical angular velocity. Note that according to
the principle of flux modulation, p,, is equal to the number of
rotor slots, and vice versa. Detail finds in [6].

The transformation matrix can be expressed by

T — |:Ts 05,3}

035 T, @

where Tg and T, are same with the transformation matrices of
the conventional five-phase and three-phase PMSMs.

Neglecting the zero-sequence component equations, the volt-
age equation in dual rotating reference frame can be expressed
as follows:

d
w=Ri+ % oy 3)
Equation (3) can be further expanded as
_udsl
Ugs1
Uds3 _
Ugs3
Udr
L Ugr
[ Lo 0 0 0 | 1.5M,, 0
0 Lo 0 0 ' 0 15M,
0 0 Lgss 0 , 0 0
0 00 Lgsyp O 0
2.5M,. 0 0 0 1 Lar 0
0 25M,, 0 0 ' 0 Lor
lds1
Z-qsl
i ZIdSS
dt _Z.qSS_
idr
igr
_Rsidsl —Wes (quliqsl + 1-5Msriqr)
Rsiqsl Wes (Ldslidsl + 1-5Msridr)
RsidSS _3W65Lq33iq53
i Rsigss " o BWesLasgiass
Rridr _wer(Lqriqr + 2-5Msriqsl)
L Rriqr wer(Ldridr + 2~5Ms7'idsl)
i 0
weswmsl
0
i BWestmss @
0
L wer'(/er

where u,, i, and L, (x = dsl, gsl, ds3, gs3, dr, gr) are the
voltage, current, and inductance components under the dual
rotating d—q frame, respectively. My, is the mutual inductance
between the stator winding and the rotor winding. Note that
the nondiagonal elements of the inductance matrix of the stator
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are all zero because the MTCM studied in this article embodies
the hidden-pole characteristic, i.e., the d-axis inductance and the
g-axis inductance of the five-phase stator are equal derived from
finite-element analysis (FEA) analysis. ¥, ¥ims1, and 53,
are the PM flux linkage of the rotor windings, fundamental and
third harmonic components of the stator windings. R, and R,
are the stator and rotor winding resistance.

The electromagnetic torque of the MTCM can be derived as:
(5), shown at the bottom of next page.

From the structure of the torque expression, the MTCM
contains three parts of components, and therefore has higher
torque density than that of the conventional PMSM in the
same volume. The stator and rotor torque components are
of the same nature as those of typical PMSMs. The mutual
torque component is generated by the interaction between the
stator and rotor currents and is therefore proportional to the mu-
tual inductance. The torque expression can be further simplified.
First, the salient polarity of the MTCM is relatively weak, i.e.,
the dg-axis inductance is basically equal. Second, the magnitude
of the mutual inductance (103 is relatively smaller than that
of the flux (10™"). Third, the back electromotive force (BMF)
of the five-phase winding is not deliberately designed to be a
trapezoidal wave, that is to say, the torque generated by i3 is
relatively small. Based on the above three factors, the average
torque expression can be simplified as

T. = [gpnsiqsl %pn'riqr } |:szm81 :|
mr
5 3 .
= §pnszqsl'¢msl + ipnrzqrw’mr
—— SN———

StatorTorqueComponentTes  RotorTorqueComponentTer

5 3 .
= 7pnslqs1(7/}ss + 1;[}37“) + ipnrlqr (wrs + 1/%«)

2
5 . 5 . 3
= §pnszqsl¢ss + §pnszqslwsr + §pnr2qrwrs
—_——

TorqueComponentA TorqueComponentB TorqueComponentC

3 .
+ 7pn7'7'q7'w7'r (6)

2

TorqueComponentD

where wmsl = ’(/}ss + wsra '(/}mr = wrs + wrr’ wss is the stator
PM flux induced in the stator winding, 1, is the rotor PM flux
induced in the stator winding, v, is the stator PM flux induced
in the rotor winding, and v, is the rotor PM flux induced in the
rotor winding, respectively.

It can be seen that the generation of torque conforms to the
principle of matrix multiplication. This is also the origin of the
‘Matrix’ in the name MTCM. The torque components included
in the modified torque equation are consistent with the torque
components in Fig. 1, which are torque components A, B, C,
and D.

The mathematical model of MTCM contains mutual induc-
tance M, which is similar to dual three-phase machines [24].
It should be pointed out that there is no essential difference
between the mathematical model of the flux modulation machine
and the conventional PMSM [25]. The mutual torque generated
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Fig. 3. Coupling structure of the MTCM voltage model.

by M, is very small and can be ignored. But the mutual induc-
tance itself causes coupling in the machine current loop, which
degrades the dynamic and steady state performance. Therefore,
decoupling control is required.

III. ANALYSIS OF THE COUPLING AND HARMONIC
DISTURBANCES OF THE MTCM

A. Analysis of Coupling Terms

In order to analyze the coupling condition of the MTCM
more clearly, the Laplace operator s is introduced to perform
the Laplace transform of (4). The voltage equation of the
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MTCM in the complex frequency domain can be expressed
as (7).

Fig. 3 illustrates the different coupling terms of the MTCM
voltage model according to (7). It is clearly that there are
varying degrees of coupling between the various axes of the
stator and rotor. Assuming that the machine is running in steady
state and only the fundamental component of the current is
considered, the current value is a constant. The coupling terms
caused by the mutual inductance appear in the form of dc
disturbances

Uds1 = Rsidsl + SLdslidsl
+ 1.5sMg,tg, — wes(quﬂqsl + 1.5Msriqr)

couplingterm
Ugs1 = Rsiqsl + Squliqsl
+1-58Msr7fqr +wes (Ldslldsl + 1~5Msrld7’ +wmsl)

couplingterm
Uds3 = Rsidss + SLds3lds3
- 3wequ531q53
—_———

couplingterm
Ugs3 = Rsiqs?) + Squ?)iqSB
+ Swes (Lds3ids3 + wms?))
couplingterm
Udr = Rpigr + sLariar
+2.55Mg g1 — Wer (LqTiqr + 2.5M3Tiq31)

couplingterm
Ugr = Ryigr + 8Lgrigr
+2-58Msriqsl +Wer (Ldridr +2.5Mpigs1 +’(/}mr)

couplingterm

@)

B. Analysis of Current Harmonics

In the analysis of the previous section, only the fundamental
component of the rotor/stator current and the third harmonic
current of the stator current were considered. However, the
phase current of the MTCM contains abundant other harmonic
components due to the influence of nonideal factors, including

5 . 3
Te - §pns[(Ldsl - qul)zdsllqsl +

. 3
+ 3Zq531/]m53] + ipnr[(LdT -
5

Lqr)zdrzqr + TST(stlqu - Zdrzqsl) + quwmr]

i(iqslidr - idsliqr> + Z.qslwrnsl + 3(Lds3 - qu3)ids37:q53

= 7pns[(Ldsl - qul)idsliqsl + 3(Lds3 - quS)idSSiqs?) + Z.qslwmsl + 37:qs3wms3]

2

Stator torque component

3
+ 7pnr[(Ldr

2 - Lqr)idriqr + iqrq/}mr]

Rotortorquecomponent

15My,
4

[pns (iqslidr - idsliq'r) +pnr(idsliqr - idriqsl)] . (5)

Mutual torque component
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the flux harmonics, inverter nonlinearity, winding distribution,
and so on. The harmonics in the phase currents are reflected on
the d,-q, and ds1-qs1-ds3-qs3 frame and appear as ac distur-
bances, making the coupling of the MTCM more complicated.
For the MTCM studied in this article, only the current harmonics
caused by some of the factors are considered, as described
later.

For the three-phase rotor, the fifth and seventh harmonics
caused by inverter nonlinearity are mainly considered and sup-
pressed in this article. According to the transformation calcula-
tion, the fifth and seventh harmonics in the three-phase current
are mapped to the sixth harmonic on the d,-g, axis [26]. The
rotor currents in the d,-g,axis considering harmonics can be
derived as

idr = Ir1 co80,1 + Is cos(6wert + 0,5)
+1,7 cos(b6wert + 0,7)

igr = Ir18in0p1 — Ip sin(6we,t + 6,5)
+ 1,7 sin(6wert + 0,7)

®)

where I,4and 6, (g = 1,5, 7) are the amplitude and phase angle
of the nth current harmonic.

Due to the factors of slot-pole combination and winding
design, the five-phase stator mainly contains even-order har-
monics. The deeper reason is that the even-numbered winding
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factor is not zero. The detailed calculation process has already
been derived in literature [7]. Fig. 4 shows the comparison
of simulation and experimental results of the stator no-load
back electromotive force (EMF) waveforms and fast Fourier
transform (FFT) analysis. The simulation results are obtained
by FEA. The speed of the simulation and experiment is set to
rated 500 r/min.

The back EMF of the stator mainly contains second, third,
fourth, and sixth harmonics. According to the voltage equation,
the stator phase currents will also contain the harmonics of these
orders. For five-phase machines, the third harmonic current can
increase the torque. However, even-order harmonic currents do
not contribute to torque. Therefore, the second, second, and sixth
harmonic are mainly considered and suppressed in this article.
The stator currents in the dg1-gs1-ds3-qs3 axis considering har-
monics can be derived as

igs1 = Is1 co80s1 + sy cos(bwest + Os4)
+1s6 cos(bwest + Os6)

lgs1 = Is18in 051 — Igq sin(bwest + Gsa)
+ 16 sin(bwest + Os6)

{ idss = Ls3 cos O3 + Iso cos(Bwest + Os2) ©)

1953 = Ig3sin Os3 — Lo sin(5west + 952)

where I, and 0, (h = 2,4, 6) are the amplitude and phase angle
of the nth current harmonic. It should be noted that the second
harmonic has no component on the d1-¢1 axis, but only on the
ds3-qs3 axis.

C. Current Loop Coupling Model Considering Both DC and
AC Disturbances

Based on the aforementioned analysis, the current loop cou-
pling model of MTCM considering dc and ac disturbances is
developed. The voltage equation in time-domain can be rewritten
as follows:

Pldgs1 = bdqsludqsl +.qusl_dc + qusl_ac

pidqs3 - bdqu'udqs3+qus3_dc + qus3_ac (10)

pidqr = bdr“dr""‘fdrﬁdc“‘fdr?ac

where p is the differential operator. i, (x = dgsl, dgs3, dqr)
are the current vectors, b, = 1/L, are the coefficient vectors
of system input. f, 4. are the aperiodic dc disturbance vec-
tors caused by parameter mismatches and unmodeled distur-
bances. f ac are the periodic ac disturbance vectors embod-
ied in current harmonics. The total disturbance fz an = fz_dc

+fz_ac~



8508

Considering both the mutual inductance and parameter mis-
matches, the expressions of f,, 4. are as follows:

fdsl_dc - |: (Rs + ARs)idsl - ALdslpidsl
_1-5(Msr + AMsr)pidr
+ Wes (qul + Aqul)iqsl

+15(M<;r + AMGT‘)Z(]T‘):| /Ldsl + Ddsl

qulfdc = |:_ (Rs + ARs)iqsl - Aqulpiqsl
71.5(M5r + AMsr)piqr
— Wes (Ldsl + ALdslﬂdsl
+1'5(M8T+AMST)iqT+wmsl>:| /qul+Dqsl
fds37dc - l:_ (Rs + ARs)ids3 - ALds?)pids3
+3W65(Lq53 + AquS)iq53:| /Lds3 + DdsS
quSfdc = |:_ (Rs + ARs)iqSS - Aquiipiqsiﬁ

_3wes(([4d53 + ALds3)ids3 + w’ms?)):l /qu3
fdr_dc - |:_ (Rr + ARr)idr - ALdTpZ'dr

—2.5(Mgr + AMg, )pigst

+ Wer (Lqr + ALqr)iqr

+25(Msr + AMsr)iqslj| :| /Ldr + Ddr

fqrfdc = |:_ (Rr + ARr)iqr - ALqrpiqr
—2.5(Myy + AM,,)pigst
— Wer (Ldr + ALdr)idr

+2_5(M5,,, + A]\4sr)iulsl + Q/er:| :| /LqT + D‘IT

(11)
where AR, AR,, AM,,, and AL, characterize the parameter
uncertainties. D, characterizes the unmodelled disturbances.

The AC disturbance f, ac appears in the form of current
harmonics. Using similar analyses as in [19], fz ac can be
expressed as

12)

where u, 5. is the ac disturbance vector caused by inverter
nonlinearity, ¢, _ac is the ac disturbance vector caused by flux
harmonics, w,_ac is the ac disturbance vector caused by winding
factors, pg_ac 1S the unmodelled ac disturbance vector.

It should be noted that the dc and ac unmodeled disturbance
terms in the MTCM current loop coupling disturbance model
include nonlinear factors, such as machine eddy current loss,
temperature influence and skin effect. The decoupling method
proposed in the following sections also takes the above nonlinear
factors into consideration.

fm_ac =Gz (u’wfaca,l/}m_ac?w:l:,acﬂjw_ac)
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IV. IMPLEMENTATION OF THE PROPOSED METHODS FOR
CURRENT LOOP CONTROL

Since the conventional LESO acts more like a lowpass filter
for the disturbance observation, it cannot suppress the ac dis-
turbance. In this section, an adaptive QRESO is proposed to
suppress both the dc and ac disturbances simultaneously. The
QRESO has two terms to estimate the disturbances. One is an
integral term, and the other is an adaptive quasi-resonant con-
troller. The integral term can estimate the dc disturbance, while
the quasi-resonant controller can estimate the ac disturbance.
Thus, the total disturbance can be estimated accurately and be
feedforward compensated in the current loop.

A. Design of the Proposed Adaptive QRESO

Here, the QRESO is first designed as the d,;-axis current
controller. The rest of the current controllers are designed using
the same method. Selecting i 451 as the state variable, expanding
the total unknown disturbance fjs1 a1 into a new state variable,
the state equation can be expressed as

Pigs1| |0 1 Tds1 bas1
|:pfd51:| B [0 0} |:fdsl_all:| i [ 0 }udﬂ
0
+ |:1:| hdsl

where pfasi_an = hds1.
The proposed QRESO is constructed as

13)

€ds1 = %d§1 — lds1

Plast = fasi_an = Breas1 + basitas
Jasi_an = fas1_de + fas1_ac

pfdslfdc = _ﬂQedsl

pr1 = T2

pra = —Paeds1 — 2wers — w2z,
fdsl_ac = QK’I"WC'TQ

(14)

where " denotes the estimation value, eg,; is the estimated
current error, 31, B represent the observer gain, K, is the gain
of resonant controller, w,. is the resonant frequency, and w., x1,
and x» are the intermediate variables.

According the bandwidth-parameterization method of the
conventional LESO [14], the observer gains can be derived as

Bi = 2w,, B2 = w2(wo> 0)

where w, is defined as the bandwidth of the observer.

The LESO need high gains to achieve fast converge and
accurate observations. However, high gains may lead to poor
noise suppression performance. Thus, the adaptive bandwidth
is proposed, which can be designed as

5)

(wo max — Wo min)kei

Wo = Womin + (16)
where womin, Womax, and k are the minimum value of w,, the
maximum value of w,, and the positive constant, respectively.

Fig. 5 shows the block diagram of the current loop disturbance
estimation scheme of the adaptive QRESO.
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|
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Fig. 6. Block diagram of the FOC-based MTCM drives with the proposed
AQRESO.

Fig. 6 illustrates the block diagram of the FOC-based MTCM
drives with the AQRESO. The speed loop is adjusted by the PI
controller, which outputs the stator and rotor total g-axis current.
The current distribution module is used to distribute the ratio
of the stator gsl-axis and rotor gr-axis currents. In this article,
ids1, Lds3s g3, and ig, are all set to 0, and let igs1 rer = Igr ref
considering that the reluctance torque and third harmonic torque
can be ignored compared with the synchronous torque according
to torque (6).

The QRESO controller design of each axis is the same as
Fig. 5. According to the analysis in Chapter III, the resonant
frequencies of the d,-q,- axes are six times that of w.., and the
resonant frequencies of the ds1-¢s1-ds3-qs3 axes are five times
that of w ;.

B. Harmonic Suppression Capability Analysis of the Proposed
Adaptive QRESO in Current-Loop System

To analyze the harmonic rejection capability of the entire
current-loop system, the transfer function from the actual total
disturbance to the output d,;-axis current is derived in this part.
Based on (14), the QRESO of d,;-axis in frequency-domain can
be derived as

Edsl(s) = jdsl(s) - Idsl(s)

Igs1(s) = %(Fdsl_all(s) — B1Eas1(s) + bas1Uas1(s))
Faa1 an(s) = — (Ggor(s) + 1) B2Egal(s)
Ganr(s) = wias

(17)
According to (17), the transfer function from the actual total
disturbance to the total estimated disturbance can be deduced as

Grls) = Fis1 _ B2 + B2Gor(s)s _ d(s)
r Fisiau 824 P15+ P2+ B2Gor(s)s )\(691)8')

Substituting (15) into (18), then the expression of d(s) and
A(s) can be derived as

d(s) =
A(s) = s 4 2(we + wo)s® 4 (Awowe + 2w K we + w?

(2K, wew? 4 w?)s? + 2wlwes 4+ ww?

+ w?) 5% 4 206 (W? + wowe)s + ww?. (19)
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Based on Fig. 5, the control law of the current-loop in
frequency-domain can be derived as

— jdsl(s))

bdsl

Kp(i:isl

— Fysi_an(s
Udsl(s) _ dsl_ ll( )

(20)
Assuming the reference d1 -axis current i 451 * to be zero. Joint
(20) and (17), the following expression can be obtained as

KpBISFdslfall(s)
(Kp + 5)(sGor(s) + 1)By
(2D
The current model of d,-axis in frequency-domain can be
expressed as

bas1Uss1(8) = —Fust an(s) —

51351(8) = bas1Uas1(8) + Fasi_an(s)- (22)
Substituting (21) into (22) yields
Ly (s) = Fasi_au(s) KpBrFasi_an(s)
: s T Ky)lsGan() + 115
- Fasian KdesLau(S). (23)
S+ K[) S(S + Kp)

Substituting (18) into (23), the transfer function from the
actual total disturbance to the output dg-axis current can be
derived as

I41(s)
Fasi_au(s)
_ 2+ (B + Kp)s
(82 + Bis + B2 + B2Gor(s)s)(Kp + s)
s2+ (2w, + Kp)s

- (82 + 2wos + w2 + W2Gqr(s)s) (Kp + 5) @)

G[(S) =

The bode plots of G (s) for differentw,, w,,, and K, are shown
in Fig. 7.

The bode plots show the superiority of the AQRESO in sup-
pressing harmonic disturbances. The magnitude at the harmonic
frequency is extremely small, which means that if the current
loop has harmonic disturbance input, the output current will not
contain the harmonic of this frequency.

V. STABILITY ANALYSIS OF THE PROPOSED METHOD
A. Stability Analysis of the Adaptive QRESO

In order to implement the adaptive QRESO digitally, the
observer should be transformed into discrete time form. Based
on (17) and using the forward Euler method, the discrete time
form of the QRESO can be deduced by

[Fjjfla(li: +1)1>} = Aar {Fidfla(f()k)}

+ { TsB1Las1(k) 4+ TsbasiUr (k) }
Bal(z = 1)Gqr(2) + Tslas1 (k)
(25)
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where
A . 1- Tsﬁl Ts
QR — —52[(2 — 1)GQR(2) + Ts] 1
Gon(z) = 2K,w.Ts(z — 1) 26)

(z—1)% 4 2w Ts(z — 1) 4 T2w?
where T is the system sampling time.

To determine whether the discrete QRESO is stable, it is
necessary to determine whether all the eigenvalues of matrix
A g are inside the unit circle of z plane. The characteristic

equation of A gg is derived as
det(2I — Agr) = 0. (27)

Substituting (26) into (27), the characteristic equation is
equivalent to

Ao(2) = agz* + a3z’ + a22® + a1z +ag =0 (28)
where
a0 = —2weBoT? + 2w i1 T2 + 2K, weoT2 + BoT72
2w, Ty — BTy + 1
_ 274 3 273 2
ar = Pow; Ty + 2we P21y — Prw; T3 — 4w T
—4K,wePBoT? + w2T?
—2BoT2 + 6w Ty + 351 Ts — 4 . (29)

as = Blw?Tf + ZWCBITE + ZKTMCBQTSQ + ﬁgTSQ
“2w2T? — 6w, Ty — 36, T, + 6

az = w2T? + 2w, Ts + (1T — 4

aq = 1

Fig. 8(a) describes the characteristic roots distribution of
Ag(z). All roots locate inside the unit circle with the change
of w,. Therefore, the QRESO is stable.

B. Stability Analysis of the Current-Loop With the Proposed
Adaptive ORESO

Based on (17) and (22), the discrete time form of the whole
current closed-loop system can be expressed as

{dsl(k + 1) {dsl(k)
AIdsl(k + 1) = AC,L AIdsl(k)
Fis1 au(k+1) Fis1_au(k)

Tstsl_all(k) + Kpizsl

+ T Kpile (30)
0
where
Acr =
1 _Tst _TS
Tsﬁl I_Tsﬁl_Tst 0
Bol(2—1)Gqr(2)+Ts| —Bl(2—1)Gor(2)+Ts] 1
(3D

The stability of the current closed-loop system is dependent
on the eigenvalues of matrix A ¢r. The characteristic equation
of A ¢, is derived as

det(zI — Acyr) = 0. (32)
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Substituting (31) into (32), the characteristic equation is

equivalent to

A1(Z) = ]’L5Z5 + h4Z4 + h323 + h222 + hlz + ho =0 (33)

where

h():Tsﬁl'FTK +2TOJC Tgﬁg
—w2T? + B1w2T3 — Bow?T?
+ przT — K, T2 + K, 3T?
—QﬂlwcTs + 2B2WCT3
- 2prcT52 + 2pr661Ts3
_2prc/82T4 — 252KTOJC
— pﬂleTé—F 52w2T5+2K Krﬁgwc —1
hy = 3BoT2 — AT, K, — 8Tsw, — AT,/
+3w2T2 — 2B,w2TS
T BT 2K AT 4 3K, BT
_QKPBQTB + GBlwc
— 4Bow T3 + GKPwCT 4pr661T
+2 pwcﬁgTs + 652KTWCTS + ,810.)2T4
4K, K, fow.T3 +5
hy = 6T + 6T, K, + 12Tsw. — 3720,
—3w2T? + ﬂlsz?’ + Kpw?T3
- 3Kpﬁ1Ts + KpﬁQTS?’ — 651WCT52
+2Bow, T3 — 6T? K pw,
+ QKPWC/BlTSB - 6ﬂ2KTwCT52
12K, K, Bow,T? — 10
hg = Tgﬁg - 4T5Kp - 8Tswc -
+Kp51T52 + QBleT
+ 2Kpw T2 + 2B Kyw T2 + 10
hy = ﬁlTs + Kst + 2w Ts =5
hs =1

AT, B + w2T?

(34)

(b)

0123456789
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()

Comparative experimental results of torque, current waveform and current FFT analysis of three methods at 500 r/min and 5 N-m load. (a) Traditional
PI controller. (b) GIESO method. (¢) Proposed AQRESO method.

TABLE I
PARAMETERS OF THE PROTOTYPE

Parameters Value Parameters Value
Rated power (kW) 0.3 Rated stator current (A) 2.5
DC-bus voltage (V) 80 R(Q) 0.754
Rated speed (rpm) 500 R.(Q) 0.506
Rated torque (Nm) 5 L1, Lyt (mH) 6.315
Stator slot number 10 Lag, Ly (mH) 1.177
Rotor slot number 12 Ly, Lgy (mH) 4.005
Rated rotor current (A) 2.5 M, (mH) 2.280

Fig. 8(b) describes the characteristic roots distribution of
A1(z). All roots locate inside the unit circle with the change
of w,. Therefore, the whole current loop system is stable.

VI. EXPERIMENT RESULTS

To verify the feasibility and validity of the proposed scheme,
the experiments are carried out on a stator 5-phase, 10-slot,
rotor 3-phase, 12-slot MTCM prototype. The parameters of the
MTCM prototype are given in Table I. The MTCM is driven
by a self-developed eight-phase voltage source inverter, and
the control scheme is implemented with a dSPACE DS1202
system. The three-phase rotor winding is powered by slip rings
and brushes. The position signal is read by the resolver. The
sampling frequency and the PWM frequency are both 10 kHz.
The experiment setup is shown in Fig. 9. The parameters of the
current loop control system are given in Table II.
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TABLE II
PARAMETERS OF THE CURRENT LOOP CONTROL SYSTEM

Value of Stator Value of Stator Value of Rotor

Parameters Symbols dsl-gsl axis  ds3-gs3 axis dr-qr axis
Forward gain K, 5200 5200 2000
Minimum QRESO
bandwidth @omin 100 100 100
Maximum QRESO
bandwidth Womax 500 400 500
Adaptive gain k 0.12 0.15 0.25
Resonant o, S0, 50, 60,
Frequency
Resonant
bandwidth o8 600 500 500
Resonant gain K, 0.01 0.01 0.01

A. Steady-State Performance Verification

To verify the decoupling and harmonics suppression capa-
bility of the proposed AQRESO method, the steady-state ex-
perimental results are obtained under the conditions of rated
speed and rated load torque. In order to make the comparison
of experimental results more comprehensive, the PI controller
and the generalized integrator-based ESO (GIESO) method are
selected for comparison with the proposed method in this article.
The recent control schemes for MTCM (and some novel ma-
chines with similar structures) are mostly related to fault-tolerant
control [10], [11]. However, the current loop regulators of these
fault-tolerant control methods are still traditional PI controllers.
Therefore, the use of PI controller as a comparative experiment
for the method proposed in this article can better reflect the
improvement of MTCM control characteristics. The compared

TABLE III
COMPARISON OF CURRENT RIPPLE AND HARMONICS BASED ON THREE
CONTROLLERS
Method Pl GIESO AQRESO
Torque Ripple (Nm) 1.91 0.34 0.33
iq-ripple 1.02 0.53 0.54
iy ripple 1.55 0.25 0.24
. igs ripple 0.69 0.32 0.29
C t Ripple (A
urrent Ripple (A) ' ipple 0.81 0.22 0.20
iq53 ripple 3.44 1.27 1.28
igs3 Tipple 3.50 1.33 1.31
Rotor Harmonic Sth 0.04 0.06 0.05
Current Amplitude (A) 7th 0.08 0.05 0.03
. 2nd 1.45 0.32 0.26
Stator Harmonic
. 4th 0.07 0.02 0
Current Amplitude (A) 6th 0.05 0 0

GIESO method [27] reported in the recent literatures is similar
to the QRESO studied in this article in structure and principle.
By setting the resonant frequency of the GIESO, the periodic
disturbance can be observed and compensated, thereby reducing
harmonics [28].

Fig. 10 shows the comparative experimental results of torque,
d,-q-ds1-qs1-ds3-qs3 axes current waveforms, and FFT analy-
sis of the stator/rotor phase current of the aforementioned three
methods. From the FFT results of the PI controller in Fig. 10(a),
itis obvious that there are fifth and seventh harmonics in the rotor
phase current. As for the stator phase current, there are second,
fourth, and sixth harmonics. These results are consistent with
the theoretical analysis in Section III. Since the PI controller
does not have the ability to suppress harmonics, the THD of the
phase current is relatively high. In addition, the d—g axes current
ripple leads to relatively large torque ripple, reaching 1.91 N-m.

The FFT analysis in Fig. 10(b) and (c) show that both the
GIESO method and the AQRESO method can suppress current
harmonics. The performance of the AQRESO is slightly better
than GIESO. The harmonic suppression capability of the pro-
posed AQRESO for the specified harmonics is consistent with
that shown in the Bode plots (see Section IV, Fig. 7). The ripple
of the d—¢q axes current has been effectively suppressed. The
torque ripple is reduced to 0.34 and 0.33 N-m, respectively.
To clearly illustrate the advantages of the proposed method,
some data related to the torque ripple, current ripple and har-
monics are given in Table III. The experimental results show
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that the AQRESO effectively suppresses the dc and ac distur-
bances in steady state and achieves the purpose of current loop
decoupling.

In order to further verify the effectiveness of the proposed
method on harmonic suppression ability under different working
conditions, Fig. 11 shows the comparative experimental results
of the MTCM stator and rotor current THDs under different
speed and load torque. The proposed AQRESO method can

effectively reduce phase current harmonics regardless of low
speed or high speed, heavy load or light load.

To further discuss the impact of current harmonics on the
operating performance of MTCM, Fig. 12 illustrates the copper
loss comparison experimental results of the traditional PI and
the proposed method under different working conditions.

Since harmonic current has almost no contribution to torque,
the proposed method can effectively reduce copper loss under
the same working conditions. This effect becomes more obvi-
ous as the speed increases, because according to the previous
experimental results, the current THD of MTCM increases as
the speed increases.

B. Dynamic Response Performance Verification

In order to verify the dynamic response performance of
MTCM with the proposed method, speed dynamic experiments
and torque dynamic experiments are carried out in this part.
Fig. 13 shows the comparative experimental results of speed,
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torque, and d,-q,-ds1-qs1-ds3-q 53 axes current waveforms under
the speed step from 50 to 500 r/min.

Firstly, the performance of MTCM under low speed and low
step jump value conditions are analyzed, that is, the speed steps
from 50 to 100 r/min. The speed overshoots of the traditional
PI controller, the GIESO method and the proposed method are
13.14%, 12.21%, and 1.74% respectively. The settling time of
the three methods is 0.072s,0.218, and 0.170 s, respectively. The
standard deviations of the three methods are 1.099, 0.927, and
0.900, respectively. As for the performance at high speed and
high jump value, that is, the speed steps from 250 to 500 r/min.
The speed overshoots of the three methods are 7.52%, 9.11%,
and 3.62% respectively. The settling time of the three methods is
0.261, 0.325, and 0.253 s, respectively. The standard deviations
of the three methods are 2.875, 2.957, and 3.018, respectively.

In summary, regardless of the low speed and low step jump
value condition or the high speed and high step jump value
condition, the overshoot of the proposed AQRESO is the lowest.
As for the settling time, the proposed method is similar to the tra-
ditional PI controller under various conditions, but is faster than
the GIESO method. The reason is that the ESO gain parameter of
the proposed method has an adaptive algorithm, which improves
robustness. The comparison of standard deviations shows that
the three methods have similar ability to follow the reference
speed, and the errors are all within an acceptable range.

Fig. 14 shows the comparative experimental results of speed,
torque, g-axes current waveforms under torque step when the
reference speed remains 500 r/min. The torque jump value is
set to approximately half of the rated load torque. When the
torque increases, the torque settling time of the three methods is
0.98,0.61, and 0.52 s, respectively. The speed fluctuations of the
three methods are 17, 38, and 38 r/min, respectively. When the
torque decreases, the speed fluctuations of the three methods
are 61, 60, and 24 r/min, respectively. Overall, the proposed
method has the best torque dynamic regulation performance.
The advantage of the GIESO and AQRESO methods over the
traditional PI controller is more reflected in the smaller ripple of
the electromagnetic torque.

Fig. 15 illustrates the tracking capability of the proposed
AQRESO method for the sinusoidal reference current value.
The reference rotor g, -axis and stator gsj-axis current are
both set to 2.5+sin (200 7) A. As can be seen, the proposed
AQRESO method has good tracking performance for sinusoidal
reference current. The amplitude and phase of the sinusoidal
feedback current are consistent with the given value. The good
tracking performance of the g-axes current indirectly reflects the
effectiveness of the current loop decoupling control.

VII. CONCLUSION

In this article, the current loop decoupling method based
on AQRESO for a novel MTCM is studied. The harmonic
suppression performance and stability of the proposed method
are analyzed in detail. The proposed method can adapt well to the
characteristics of the novel MTCM. The proposed AQRESO can
observe and compensate for the dc coupling terms caused by the
mutual inductance of the machine in the current loop, thereby

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

improving the dynamic performance. It can also observe and
compensate for the phase current harmonics caused by nonlinear
factors and special winding structure, reduce current ripple, and
thus improve the steady-state performance. According to exper-
imental validation, the decoupling performance of the proposed
method is superior to that of the traditional PI controller, and
is slightly better than the existing GIESO method. Meanwhile,
the proposed method has better dynamic response performance
compared to the traditional PI controller and the GIESO method
due to the adaptive algorithm of the observer gain.
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