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Inverter fuzzy speed control of multi-machine system series-connected fed by a single
five-phase an asymmetrical 19-level inverter with less number of switches

Introduction. 5-phase permanent magnet synchronous machines (PMSMs) are widely used in modern electric drive systems due to their
superior torque density, improved fault tolerance, and reduced torque ripple. These characteristics make them ideal for demanding
applications such as electric vehicles, aerospace systems, and industrial automation. Problem. Despite their advantages, conventional multi-
machine systems using multilevel inverters and PI controllers suffer from senmsitivity to parameter variations, high torque ripple, and
increased cost and complexity due to the large number of power switches. The goal of this work is to design and validate a compact robust
drive system that enables independent vector control of two series-connected 5-phase PMSMs using a reduced switch count asymmetrical
19-level inverter and fuzzy logic controllers. Methodology. The proposed system is modeled in the phase domain and transformed using
Clarke and Park transformations to enable decoupled control. Mamdani-type fiizzy logic controllers are implemented for both speed and
current regulation. The system is simulated in MATLAB/Simulink to evaluate performance under dynamic conditions and parameter
variations. Results. The fuzzy logic controller significantly outperforms the conventional PI controller, achieving a settling time of 0.06 s
versus 0.15 s, a steady-state speed error of 0.4 % compared to 1.9 %, and a torque ripple reduction of 47 %. Under robustness testing with
doubled inertia, the fuzzy controller maintains stable and accurate control, whereas the PI controller fails. Additionally, the inverter
achieves near-sinusoidal output with a total harmonic distortion of less than 4.5 %, and the switch count is reduced by 66 % compared to
traditional 36-switch designs. Scientific novelty. This work presents the first implementation of independent vector control for two series-
connected PMSMs using a single 12-switch asymmetrical 19-level inverter and model-free fuzzy logic control, offering a simpler and more
efficient alternative to existing approaches. Practical value. The proposed system provides a highly efficient and cost-effective solution for
electric drive applications where space, reliability, and control robustness are essential, such as in electric transportation, avionics, and
compact industrial systems. References 26, tables 4, figures 9.
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Bemyn. I1'smugpasni cunxponni mawunu 3 nocmivinumu maenimamu (PMSMs) wupoko 6uxopucmosyromscsi 6 Cy4acHUX CUCMeMax
eleKmponpugooy 3a80AKU BUCOKIU WITbHOCME | 3MEHWeHIll NyIbCcayii KpymHo2o Momenny, ma niosuweniti eiomosocmiiikocmi. Lfi
Xapakmepucmuku pooname ix ideanbHumy 011 6a2amvOX 3aCHMOCY8aAHb — eNeKmpPOMOOINi, aepoKOCMIUHI cucmemu ma NpoOMUCTOBA
asmomamuxa. Ilpoénema. Hessadcarouu na nepegazu, mpaouyitini 6a2amomMawiunti cucmemy, wjo UKOPUCMOBYIOMb bazamopieHesi
ineepmopu ma I1l-pecynamopu, € uymaugumu 00 3MiH NApamempie, 8UCOKOI NYIbcayii KPYMHO20 MOMEHNY, A MAKOJC 8UCOKILl 6apmocmi i
CKIAOHOCMI Yepe3 8Ky KiIbKicmy cunosux kmodis. Memoto pobomu € po3pobka ma eanioayiss KOMnakmuoi Haditinoi cucmemu npugooy,
saKa  3abe3neuye  He3anedlcHe GeKMOPHe Kepy8aHHsa 08oMa NOCAiO06HO 3 ’conanumu n’amugpasnumu PMSM 3 euxopucmanmam
acumempuunozo 19-pienesoco ingepmopa 3i 3MEHWEHOIO KIMbKICMIO K048 mMd He4yimKux J02iuHuUX Koumponepie. Memoodonozis.
3anpononosana cucmema modemoemucsi y Qaszositi obnacmi 3 eukopucmannam nepemeopenv Knapxa ma Ilapka ona 3abesneuenns
Ppo38’a3an020 Kepyéanna. Peanizoeano meuimki noeiuni konmponepu muny Mamoani ons pezymosanns weuoxkocmi i cmpymy. Cucmema
mooemoemovca 6 MATLAB/Simulink ons oyinku npooykmueHocmi 6 OUHAMIYHUX YMO8ax ma 3minu napamvempis. Pezynomamu. Heuimxuil
JI02TUHULL pe2ynamop 3HauHo nepesepuiye mpaouyitinuil I1l-pecynsmop, docsearouu uacy ecmarogienna 0,06 ¢ npomu 0,15 ¢, nomuixu
weuoxocmi 0,4 % npomu 1,9 % i 3nudicenns nynvcayiii kpymmoeo momennmy na 47 %. Ilpu eunpobysanni na naoditinicms 3 n0080EHUM
MOMEHMOM iHepyii HewimKuLl 102i4HULl pe2yIAmop niOmpumye cmabitbhe ma moyne Kepyeanms, mooi sx Il-pezynsimop euxooums 3 1aoy.
Kpim moeo, ineepmop docsieae maiidice CuHycoidanbHO20 GUXIOHO20 CUSHATY 13 3A2aNIbHUM KOeDIYIEHMOM 2APMOHIYHUX CHOMEOPEHb MEeHUle
4,5 %, a Kinbkicmv nepeMuKayie ckopoueHo Ha 66 % nopieHsaHo 3 mpaouyitinumu KoHcmpykyisamu 3 36 nepemuxauavu. Haykosa nosusna.
V' pobomi npeocmaenena nepwia peanizayiss He3aNEHCHOSO BEKMOPHO20 YNPAGIIHHA ONs 080X NOCHO06HO 3 '€0Hanux PMSMs 3
BUKOPUCIAHHAM 001020 acumempuunozo 19-pisnesozo insepmopa 3 12 nepemuxaiamu ma Hewimko2o 102i4H020 YNpasninus 6e3 mooe,
Wo npononye 6ol npocnmy ma egpekmueHy anvmepramusy icnylouum nioxooam. Ipakmuuna snauumicmes. Ipononosana cucmema €
BUCOKOEDEKMUSHUM A eKOHOMIYHUM DIUEHHAM OIS eNIeKMPONpUBoOis, 0e 8axtCIU6i KOMNAKMHICIb, HAOTIHICIY | CIMILIKICMb YPAGTIHHA,
HanpuKiao, 8 eneKmpompanHcnopmi, asioniyi ma KOMIAKMHUX HpoMuciosux cucmemax. biomn. 26, Tabm. 4, puc. 9.

Knmrouoei cnosa: GararoMalinHHA CHCTEMa, KOHTPOJIEP HEYiTKOI JIOTiKH, He3a/le;kHe BEKTOPHE KepyBaHHs, ACHMeTPUYHMIi iHBepTOp.

Introduction. Multi-phase machines have attracted
growing interest due to their numerous advantages over
conventional 3-phase systems. These include reduced current
ripple [1], improved stability and fault tolerance [2], higher
torque density [3, 4], and lower torque pulsations [5, 6].
Such characteristics make them well-suited for demanding
applications such as electric aircraft, marine propulsion,
robotics, and hybrid/electric vehicles [7, 8]. Among the
various configurations, dual-machine drive systems, where
two multi-phase machines are connected in series or
parallel and powered by voltage- and frequency-controlled
sources, typically multilevel inverters (MLIs), have proven
particularly promising [9, 10]. These systems support
independent motor operation under different load and speed
conditions, enabling flexible control strategies and the use
of various motor types [11].

Effective control of such systems requires managing
additional stator current components beyond those needed
for single-machine vector control. When the stator
windings are connected in series, each machine can
effectively operate as though it were supplied by an
independent multi-phase  voltage source [12], as
demonstrated in 5-phase systems powered by a single
inverter [13, 14]. To meet high-voltage demands in electric
traction applications, MLIs have emerged as the preferred
solution [14], with typical topologies including neutral
point clamped inverters [15], flying capacitor inverters
[16], and cascaded H-bridge inverters [17]. While cascaded
H-bridge architectures offer benefits such as modularity
and reduced voltage stress [18], increasing the number of
output levels usually requires more switching devices,
which adds to system complexity and cost [19].
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Recent advances have introduced  19-level
asymmetrical inverter architectures that use significantly
fewer switches, such as 9-switch or 12-switch designs,
without compromising output quality [20]. The present study
proposes a compact 19-level asymmetrical 5-phase inverter
architecture that drives two series-connected 5S-phase
permanent magnet synchronous machines (PMSMs) using
only 12 switches, while maintaining high-quality voltage
output [21]. To control the system, we employ fuzzy logic
control (FLC) for both speed and current regulation. Unlike
traditional methods, FLC does not require an accurate
mathematical model and is inherently robust to parameter
variations. Comparative results demonstrate that the
proposed FLC significantly outperforms conventional PI
control under dynamic load conditions, while also reducing
total harmonic distortion (THD).

The goal of this work is to design and validate a
compact robust drive system that enables independent
vector control of two series-connected 5-phase PMSMs
using a reduced-switch-count asymmetrical 19-level
inverter and fuzzy logic controllers.

Asymmetrical MLI with uniform step configuration.
A detailed schematic of the partial cells is shown in Fig. 1,
which also shows the main notation conventions adopted
throughout this study. The switching states of the transistor
pairs S;/S"; (for x=1,2 and j=1 to k) are controlled by binary
signals M, and M, respectively. These Boolean control
functions are subject to the following logical constraints:

ij'f'ij:l. (1)
A dedicated conversion function F; maps the
switching states to their corresponding voltage levels:
szij—ijﬂFje{—l,0,+l} (2)
The output voltage generated by each power cell is
defined as:
Uy =F;-Uy =Up e tU4. 0404} G)

which illustrates the ternary voltage-level generation

capability of each individual partial cell. When combined,

the total output voltage of the complete MLI is:
Us:Up1+Up2+'”Upk’ (4)

where U,; — U, are the output voltages from each partial
inverter cell (or module); U, is the total synthesized
output voltage at the inverter terminal.

i I
1T
Udg J__ J@ U\
i n
1
1
| ! | Fig. 1. a) cascaded MLI architecture
U J__ _I@ employing k modular sub-units,
dk b) detailed structure of individual sub-modules
—o

The asymmetric configuration of MLIs is defined by
the use of non-uniform DC input voltages, where at least
one partial inverter is supplied with a different voltage
level from its series-connected counterparts. In regular-
step asymmetric MLI topologies, 3 design criteria must be
satisfied to achieve equal voltage steps (AU) across all

output levels. Importantly, this uniform step size is
directly determined by the smallest DC voltage source in
the system, denoted as U, [22].

Successful operation of the asymmetrical MLI
depends on satisfying the following design conditions:

1) monotonic ordering of DC inputs. The DC voltage
sources must be arranged in a strictly monotonically
increasing sequence, such that: Uyy,_ 1)< Uy, YV h=2...k;

2) voltage ratio constraint. The ratio between 2
consecutive DC sources must satisfy: U /Uyp-1y= Oy, O € N

3) dedicated DC source per cell. Each j cell in the
cascaded structure must be supplied with a distinct DC
voltage Uy;, such that:

j-1
Uy <142 Uy . (3)
I=1
If all these conditions are fulfilled, the inverter can
generate an output voltage waveform U, consisting of N
equally spaced voltage levels:

k
N =142 Uy /Us). ©)
J=1

For /=3 in (6), the 13-level output voltage waveform
can be synthesized using 2 distinct sets of DC source
configurations, i.e., (Uy, Up, Up)e{(l, 1, 4), (1, 2, 3)}.
Figure 2 shows the complete set of output voltage
combinations achievable by the 3 partial cells (k=3) in the
9-level inverter topology. The corresponding DC voltage
values for the 3 cells are: Uy =1 p.u., Up=1p.u, Us=2p.u.
Each partial inverter generates one of 3 possible output voltage
levels: U, e{-1, 0, 1}, Upe{-1, 0, 1} and Uyse{-2, 0, 2}.
This configuration enables the proposed topology to
synthesize a 9-level output voltage waveform: U,e {4, -3, -2,
-1,0, 1,2, 3,4}. Certain output voltage values can be obtained
using multiple switching combinations. For example, the
2 p.u. output voltage can be achieved through the following
4 distinct switching states: (U,1, Uy, Ug)e{(-1, 1,2), (0,0, 2),
1, -1, 2), (1, 1, 0)}. The existence of multiple voltage
synthesis paths, including redundant switching states for the
same output level, introduces degrees of freedom that can be
strategically exploited. These degrees of freedom enhance
the performance of the uniform step asymmetrical MLI in

terms of efficiency, reliability, and power quality [23].
4

Uy +Upt+ Uy

U,
w 8] —_— (=)

1 2 Partial cells 3 (0)
Fig. 2. In a 3-cell cascaded H-bridge topology producing
9 voltage levels, the possible output states per partial inverter are:
Up=1pu;Up=1pu; Us=2p.u.)

Asymmetrical MLIs offer the user a high degree of
design flexibility, particularly through the ability to select
different intermediate voltage levels and the availability
of redundancy in these choices.
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The approach utilizes two fundamental control
variables [21, 24]: Modulation index m and modulation
rate r:

m=fo/fr; ()
r=24,/(N-1)A4, . ()
Table 1 shows representative DC voltage

configurations along with their corresponding output
voltage level capabilities. The case study focuses on a 3-
stage (k=3) series-connected single-phase inverter
topology for each phase leg.
Table 1
Voltage imbalance phenomena in 3-cell uniform step
asymmetrical MLI systems

N Ug1, p-u Ugp, p-u Ugz, p-u
7 1 1 1
9 1 1 2
1 1 3
1 1 2 2
1 1 4
13 1 2 3
1 1 5
15 1 2 4
1 3 3
1 1 6
17 1 2 5
1 3 4
1 1 7
1 2 6
19 1 3 5
1 4 4

The multi-machine system (Fig. 3) consists of two
5-phase PMSMs connected in series. A single 5-phase inverter
supplies power to both machines. Each machine exhibits a
spatial phase shift of 72° between 2 successive stator phases.

19-level five-
phase inverter 5-phase machine (1.M1)

5-phase machine (1.M2)

I ) N '

Vas2

Ia ! fas2 !

A |——o0—
‘IL,_O_I

m O 0O @
¥

N 7 N -

Fig. 3. Diagram of coupling the phase windings in series of the
stator of the multi-motors (a 5-phase inverter powers the system)

In the analysis, it is assumed that both machines
have identical electrical parameters. The electrical circuit
of the system is described as:

d
WV ascoe = [Rsliascoe ]+5[¢ABCDE | )

where Vpcpg is the vector of stator voltages each phase
(4 to E); ispcpe 1s the vector of phase currents; R, is the
stator resistance (assumed equal for all phases); @upcpe 1s
the vector of stator flux linkages.

Figure 3 illustrates the relationship between the
stator winding voltages and the source currents for two
5-phase PMSMs connected in series. The stator winding
phases (A—E) and the neutral point (N) correspond to the
inverter’s output terminals.

The stator voltages of the 2 machines are given by:

V4 Vast tVas2
VB Vbsl T Ves2
[Vs]: Ve | =| Vest TVes2 |» (10)

VD Vds1 T Vbs2

| VE | [Vest TVds2 |
where Vas1,25 Vbs1,2s Ves1,2s Vds1,2> Vesl,2 ar€ the phase voltages
of 2 machines.

The following equation represents the stator currents
of the two 5-phase machines connected in series. Phases
A-E and the neutral point N correspond to the MLI’s
output. Figure 3 also shows the connection between each
machine’s source and stator currents:

_iA ] _lasl ] _iaSZ_
ip Ips1 les2
[is] =lic [=|lest | =] les2 | an
ip| |lds1| |bs2
_iE | _l.esl | _ids2 i

where ig12, Ipsi2, lest2s lasi2, lesi2 are the currents of
2 machines.

The power-invariant Clarke decoupling
transformation matrix is:
1 cos(@) cosa) cos(Ba) cos(da)
0 sinf@) sinQa) sin(Ba) sin(4q)
[C]’z\/Z 1 cos2a) cos(@a) cos(ba) cos@Ba) -(12)
> 0 sinRa) sin(da) sin6a) sin@a)

N2 N2 N2 2 2

Moving to the new variables system (¢, 5x,y,0) from
the original system (4—F), we have:
S(afiy) = [C]f(ABCDE),
where [C] is the power-invariant transformation matrix.
The voltages and currents of the 5-phase inverter
(e, p) and (x, y) axes are defined as:

[ inv]
Va V4 Vas1 1 Vas2 Vasl T Vys2
inv
VB VB Vbs1 + Ves2 Vst T Vys2
v;nv = [C Ve | = [C Vesl T Ves2 | = [C Vst T Vas2 |° (13)
iny
vy VD Vds1 T Vbs2 Vyst T Vgs2
vtonv VE Ves1 1 Vds2 0
ny _ . _ .
g =lgsl =lxs2s
inv _ . .
g =lpsl = "lys2s
14
o (14)
Iy =yl Tlgs2s
ny _ . —
Iy Zlysl =lps2s
Where valﬂV’ vﬁlﬂv, VlelV, vyl}’lV and l'alVlV, iﬂl}'IV’ ilelV’ iylVlV are the

inverter voltage and currents in the f and xy axes.

Since the two subspaces off and xy are orthogonal
(Fig. 3) the chosen series connection strategy enables
independent vector control of the two machines.

The zero-sequence component of the MLI can be
neglected. The electromagnetic part of the drive system is
described by 8 first-order equations. Equations (15), (16)
represent the 4 inverter/stator voltage expressions:

10
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. . 5 d .
Vlo?v =(Ry +Rs2)igw +(lel +5Ms1)7igw +

+LY12fla ‘/701¢f1 51n01,

mv = (va +RY2)Z

15)
+(Lvll + szl)ilmv

+LY12fllﬂ”V \/7.QI¢fICOSHI,
ny -iny 5 d -iny
=Ry +Rp)iy +(Lgr+-Mgp)—iy +
2 dr
d ; 5
+L —imv—\ﬁ_@ sind,;
st g, b 5 2072 8in6,

Vi = Ry + Ryp)iy™ +(Lygp + EMsz)ally"V +

(16)

+L511 n \/702¢f2 COS@z,

where Ly, M, are the inductance and mutual
inductance in the rotating frame; (2,,, ¢, 6, are the
mechanical speed, flux and electrical speed, respectively.

To achieve a more compact representation, the stator
parameters are transformed into a ¢-rotated (dg)
synchronous reference frame from the stationary (af)
frame using the transformation matrix [D]:

cosd sind

[D]: sin@ cosd (17)

[[]3><3

The torque equations for the 2 series-connected
T,

machines are:
omt = Pil(Lg = Ly)i™ iy + ]/_¢f1 iy ;
Toma ZPZ[(LX_Ly)i;nV'i;/nV V_¢j2 mv

where py, p, are the number of pole pairs for 2 machines.

From the previous equations it is clear that the torque-
producing current components iy, iy, in the 1st machine are
set to 0. As a result, the torque is generated by the 2nd
machine through the current components iy, i,. This
configuration allows both machines to be independently
controlled using a single voltage source inverter.

Interconnected 5-phase PMSM set in series
configuration with independent control loops. The
torque control strategy derived in (18) relies on the iy, is,
currents for the 1Ist machine, and a similar current-
controlled method is applied to the 2nd machine using
iy, Isy. A common strategy in such systems is to set i;; and
isx to 0, ensuring that torque is controlled exclusively by
isq and ig,.

For the 1st machine:

(18)

5
mv = (RSI + RS2)va +(LS[1 +— > MSI) lidnv +

d ; 5
+Lgo Eiﬁ’ V(L += > —M s1)ll"v

(19)
mv =(Ry +R82)1’”V +( Lo + ;Msl)_lmv
d .inv
+L512d—1 V(L += Msl)l \/7-01@1

For the 2nd machine:

5
mv =(Ry + Rs2)lmv +( Ly + 2 MSZ)_ZMV +

d
+Lg El " —Qy(Lgp + = 2 Msz)lmv

(20)

5
mv = (R 1 +Rv2)lmv +(L§‘l1 +— 5 Msz)—lmv +

d 5
+L —l V—Q5(Lyy += M I -0 .
st by ALgin 3 sy’ \/; 2052

The overall voltage references are generated based
on the schematic shown in Fig. 4, and are defined as [11]:
Moo= [ = E
Va asl + VasZ
*
Vb val + ch2
*
Vc = csl + VesZ > (21)
*
Va | | vast +ves2

sk & &
_Ve | | Vesl + Vds2 |
where symbol «*» indicates a reference value provided to
the controller.

- ¥ Decoupling |
Ie) Q pling v

L&z Blockand [~ 3 Pwm

Current S 19-Level Five- [[]
. Controller (FLC)| * [ & & ter (| L1 b
-0 v | Phase Inver!
s = 3 [ (&% (&%
i "= < = f
T 2 o

Two five- phase motors

wuojsues)
z/s
FIreees

kS

Fig. 4. Vector control of
currents and speeds of
dual 5-phase motor
configuration in series
connection powered by

Decoupling |,
Blockand  [—#
Current

Controller (FLC)

wuojsues)
s/t

a single 5-phase
an asymmetrical 19-level

1

1

uuoysuell
z/s

8 power MLI
Machines parameters are listed in Table 2
Table 2
Machines parameters
R, Q| LFL,H | J, keg/m’ [p| ¢, Wb |f, Hz| F, kgm’s”
3.6 0.0021 0.0011 [2]| 0.25 50 0.0014

Fuzzy logic controller (FLC). FLCs are widely
used in the speed control of electric machines due to their
simplicity, intuitive design, and model-free nature. Unlike
conventional control techniques, FLCs do not require an
accurate mathematical model of the system or a complex
feedback loop to achieve effective performance.

In an FLC, the input and output variables are defined
using membership functions within a common universe of
discourse. The controller’s performance depends heavily
on the appropriate selection of scaling factors (gains) and
the careful tuning of its parameters. These settings are
often optimized empirically through trial-and-error
methods to enhance control quality [25, 26].

A fuzzy logic controller typically consists of 4 main
components: a rule base, an inference engine, a
fuzzification module, and a defuzzification module. In
this study, Mamdani’s inference method is applied using
the max—min composition technique. To convert fuzzy
outputs into crisp control actions, the center of area
method is used for defuzzification.

The architecture of the proposed fuzzy speed
controller is shown in Fig. 5. It processes 2 input
variables — the speed error E and its derivative AE. Based

Electrical Engineering & Electromechanics, 2025, no. 6
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on these inputs, the controller generates an output signal
representing the torque increment AT,,. Integration of this
signal provides the electromagnetic torque command 7,

Rule-based
and
Inference
engine

uonedyIZNgJoq

Process L
__J
Fig. 5. Block diagram of the fuzzy speed controller

The fuzzy speed controller employs a complete rule
base of 49 If~Then rules, covering all possible
combinations of input conditions. As shown in Fig. 6, all
variables — namely, the speed error E, its time derivative
(AE), and the output signal — use triangular membership
functions. Each variable is divided into 7 linguistic
categories: Negative High (NH); Negative Moderate (NM);
Negative Low (NS); Neutral (ZE); Positive Low (PS);
Positive Moderate (PM); Positive High (PH).

Ll) 1 N ZE P b) i NH NM NS ZE PS PM PH
N erzr:)r P NH _ NM N:rzr:rps PM _PH

u (error)
°
&

u (error)

0.5

w1 (c error)
o
ok
<
4 (c error)
° -

-
)

R S S R}
-10 6 4 -2 0 2 4 6 10
c error
NH NM NS ZE PS PM PH

0
c error

-
E
N
m
o

-

1 (control action)
°
&

4 (control action)
°

=

i
3]

o
6 4 -2 0 Z. 4 6 10
control action

7 o 7 10 10
control action
Fig. 6. Membership functions of input/output variables:

a) current; b) speed

The fuzzy inference system uses a 49-rule decision
matrix (Table 3) to determine the controller’s output
response based on the inputs £ and AE. Each rule is
expressed in standard If-Then format and governs the
control action accordingly.

Table 3
The rule base for controlling the speed

AF E NH | NM | NS ZE PS PM | PH

NH NH | NH | NH | NH | NM | NS ZE

NM NH | NH | NH | NM | NS ZE PS

NS NH | NH | NM | NS ZE PS PM

ZE NH | NM | NS ZE PS PM | PH

PS NM | NS ZE PS PM | PH | PH

PM NS ZE PS PM | PH | PH | PH

PH ZE PS PM | PH | PH | PH | PH

Some of the rules in Table 3 can be interpreted as
follows: for example, if the speed error £ is PM and its
derivation AF is also PM, then the torque increment AT,
should be PH. In this case, both the error and its rate of

change indicate a moderate increase in speed, and a fast
corrective action is required — hence, a high positive
torque increment is needed.

The same methodology used to design the speed
controller is applied to develop the current controller, with
appropriate adaptations to account for the different control
objectives. The current controller includes the following
features.

The input error E: instead of being equal to £ =2 — Q,
it will be equal with E = i, — iy for the lst fuzzy
controller of current iy and E = iqs* — iy for the 2nd fuzzy
controller of current i.

The fuzzy controller outputs are V, for the iy
current controller and ¥, for the i, current controller.

The inner current control loop operates with faster
dynamics than the outer speed loop, maintaining the
required cascade control hierarchy.

As shown in Fig. 6,b, both input variables (the error
E and its derivative AE) are triangular membership
functions, which are divided into 3 fuzzy subsets: Positive
(P), Negative (N), and Zero (ZE). This control strategy
uses a compact 9-rule inference system (Table 4) to
determine the appropriate output response for all possible
combinations of input conditions. This minimalist fuzzy
partitioning ensures high computational efficiency while
maintaining accurate and robust current regulation.

Table 4
The rule case for controlling the currents
E
AE N ZE P
N N N ZE
ZE N ZE P
P ZE P P

Discussion of simulation. Using MATLAB/Simulink,
simulations were conducted to evaluate the vector speed
control of the 2 series-connected machines in the multi-
machine system. The simulation results demonstrate the
dynamic responses of the multi-machine system under
various operating conditions. To verify that both
machines can be controlled independently despite their
series connection, a sequence of simulation tests was
performed. The speed, current, and torque responses of
the 2 unloaded machines are presented in Fig. 7, 8.

In the Ist test, machine 1 was commanded to change
speed from +150 rad/s to —150 rad/s at ¢t = 0.5 s, while
machine 2 was initially set to run at +200 rad/s, then
reversed to —200 rad/s at the same instant (¢ = 0.5 s).

Both machines were subjected to load torques equal
to 100 % of the rated torque corresponding to their
reference speeds, applied in the interval ¢ = [0.15-0.3] s.
Additionally, load steps were applied at ¢t = 0.2 s for
machine 1 and at #=0.4 s for machine 2.

Figure 8 presents the simulation results for the 2nd test
scenario, in which the reference speeds are reversed:
machine 1 switches from +200 rad/s to —200 rad/s, and
machine 2 — from —200 rad/s to +200 rad/s. These reversals
are initiated at ¢ = 0.7 s. Additionally, load torques are
applied to both machines during the interval ¢ =[0.2-0.4] s.

From Fig. 7, 8 it is evident that decoupled control is
successfully maintained. The independent operation of
each machine remains unaffected by the other, with no
observable interference or degradation in performance.
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Fig. 7. The PMSM system’s dynamic behavior under a 5 N-m load

applied during intervals [0.15-3] s and [0.2-0.4] s with subsequent
step changes in speed reference
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Fig. 8. The dynamic behavior of the PMSM under a 5 N-m load
applied during the interval [0.2-0.4] s followed by step
variations in speed reference for both machines

Test of robustness. To evaluate the impact of
parameter variations on control performance, a robustness
test was conducted (Fig. 9). In this test, the motors operate at
their nominal reference speeds, while the inertia parameters
J; and J, of both machines are doubled to assess the
controllers resilience under mechanical changes. Figure 9
shows the resulting speed and torque responses. The
results clearly indicate that parameter variations have a
more significant effect on the performance of the classical
PI controller compared to the FLC. The FLC
demonstrates superior robustness, maintaining stable
speed tracking and torque control despite the increased
inertia. These findings confirm that the proposed fuzzy
controllers are more tolerant of system variations and
offer enhanced reliability.
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Fig. 9. PMSM’s responses at J; variations for both machines:
a — with PI controllers; b — with FLC controllers

Conclusions. This paper presents a dual 5-phase drive
system powered by a 12-switch asymmetrical 19-level
inverter and controlled using fuzzy logic. The proposed
approach enables independent vector control of 2 series-
connected machines with reduced hardware complexity.

Simulation results show that the fuzzy controller
significantly outperforms the conventional PI controller,
achieving a settling time of 0.06 s compared to 0.15 s, a
speed error of 0.4 % versus 1.9 %, and a 47 % torque
ripple reduction. It also maintains stability under doubled
inertia, where PI fails. The inverter achieves THD below
4.5 % and reduces the switch count by 66 %, confirming
the system’s efficiency, robustness, and suitability for
compact, high-performance applications.
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