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Abstract: Multi-phase motors have recently replaced three-phase induction motors in a variety of
applications due to the numerous benefits they provide, and the absence of speed sensors promotes
induction motors with variable speed drives. Sensorless speed control minimizes unnecessary speed
encoder cost, reduces maintenance, and improves the motor drive’s reliability. The performance
comparison of the fuzzy sliding mode controller (FSMC) with adaptive fuzzy proportional integral
derivative (AFPID) control methods for sensorless speed control of six-phase induction motors was
analyzed in this study, and the proposed control system has an advantage for multiphase machines,
specifically six-phase induction motors (IMs) in this study, as they are the current active research area
for electric vehicles, hybrid electric vehicles, aerospace, ship propulsion, and high-power applications.
The speed control of a six-phase induction motor was performed by using an AFPID controller and
FSMC. The comparative performance analysis was based on sensorless speed control of the six-phase
induction motor. A proportional integral derivative (PID) controller is commonly employed as it is
used to eliminate oscillations, but it has several drawbacks, such as taking a long time to decrease the
error and stabilize the system at constant speed. The fuzzy type-2 and PID controllers were hybridized
so as to obtain the advantages of both to enhance the system performance. Finally, the comparison
result revealed that the FSMC preforms significantly better by achieving good tracking performance.
The control technique maintains the sliding mode approach’s robustness while providing reduced
overshoots with a smooth control action, and the FSMC revealed good dynamic response under load
variations when compared to the AFPID controller.

Keywords: six-phase squirrel cage induction motor; sensorless speed control; stability; adaptive
fuzzy PID; sliding mode controller; fuzzy sliding mode controller

1. Introduction

Multi-phase variable-speed motor drives in general, and multi-phase induction mo-
tor drives in particular, have seen significant growth in recent years and are now being
employed in applications that demand fault tolerance and continuous functioning of the
drives. Multi-phase machines provide a number of advantages over three-phase ma-
chines, including increased power handling capability, decreased torque pulsations, and
higher reliability.

In the last few decades, the field-oriented control (FOC) technique has been the
most widely used method for regulating induction motors (IMs) in high-performance
applications, such as speed and position control of six-phase motors. The torque and
flux control current commands for the IM are decoupled by using the FOC method. As
a result, the machine is controlled as if it were an independent DC machine. However,
uncertainties such as unexpected parameter variations, external load disturbances, and
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nonlinear dynamics continue to impact the IM’s control performance [1]. Among the
nonlinear control method, the sliding mode controller (SMC) technique has become a
fascinating nonlinear control method with a particular dynamic performance for IMs, such
as strong robustness, quick response, and simple software and hardware implementation.
However, the classical SMC does not completely remove the chattering of the discontinuous
function such as switching time delay, small time constant, and high switching frequency [2].
Hence, it requires the integration of advanced intelligent controllers such as AFSMC to
remove this chattering effect, such as being hybridized, as in this study.

In this research, the speed control of a sensorless induction motor drive was performed,
which does not require an electro-mechanical speed sensor or encoder. This reduces the
cost of speed encoders and increases the system reliability for the possibility to use the IM
any where for agriculture, submarines, and industrial purposes, without being affected
by external factors such as rain, dust, and temperature. Instead, it is possible to design an
estimator for the rotor parameter from the machine terminal voltage and current of the
stator part of the machine. In this study, the estimate of the electromagnetic torque from the
rotor flux stator current of the induction motor was implemented. While using sensorless
vector control, it requires a special observer to obtain good estimation instead of using
speed sensors. The adaptive fuzzy proportional integral derivative (AFPID) controller
was used to solve the drawbacks of both PID and FLC. For six-phase induction machine
speed control, the PID controller settings were adjusted online using an adaptive fuzzy
logic (AFPID) method. The PID controller parameters were determined by fuzzy rules,
and the PID controller creates the control action signal in the suggested scheme. For the
suggested sensorless speed control approach for six-phase induction motors, the AFPID
and FSMC were compared in terms of their performances. Simulations were used to test
the performance of the AFPID and FSMC. The main application areas of multi-phase
induction motor drives are ship propulsion, traction (including electric and hybrid electric
vehicles), and the concept of “more-electric” aircraft [3]. Other suitable applications are
locomotive traction [4], aerospace, and high-power applications [5]. The six-phase motor
has some advantages over other multi-phase motors: the six-phase motor, fed by the
frequency converter, has one third the portion of the three magnetic flux harmonics [6]. The
control of the AC drive is, in general, more complex than any direct current (DC) machine
control; this complexity increases its sustainability; high performances are required. The
requirement for a variable-frequency drive, a harmonically optimum converter power
supply, the complex dynamics of AC machines, machine parameter fluctuation, and the
difficulty of processing feedback signals in the presence of harmonics are the key causes
for this complexity. In the last decade, different techniques of induction motor control
have been investigated, where scalar and vector control methods are widely used. For low-
performance applications, scalar control is widely used. These classical control techniques
consist of applying a nonlinear transformation and feedback for asymptotic decoupling of
the vector velocity and rotor flux modules along with PI control loops for each channel [7].
Various control approaches for performance improvement have recently been investigated.
The active research areas include adaptive input/output linearization, adaptive back
stepping, and sliding mode artificial neural networks, among others [8]. However, it is
worth mentioning that all of these are not utilized much for multiphase machines, which
may require more nonlinearity considerations when modeling. The sliding mode controller
(SMC) has been taken as an adaptive observer, which results in the good performance
of the drive system with parameter variation disturbance. The concept of the FSMC is
that the machine drive response is forced to track or slide along the predefined sliding
surface, and it is used as a tracking trajectory for the response of the drive system as the
reference model signal with a minimized chattering effect. The sliding surface design is
focused on fulfilling the reachability condition of the drive system [9]. Researchers have
suggested fuzzy control design solutions based on the sliding mode control strategy to
lessen or eliminate chattering [10,11]. These controllers are referred to as fuzzy sliding
mode controllers (FSMCs). The key benefit of the FSMC system is that the fuzzy rules
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can be minimized because only one variable is defined as the fuzzy input variable. The
advantages of sliding mode control and the fuzzy inference process were combined in
a suggested adaptive fuzzy sliding mode controller. It is suggested that a fuzzy logic
system be used instead of the typical hard nonlinear signum term to dynamically alter
the parameter settings of the SMC equivalent control action in order to more effectively
accommodate seed and load disturbances. To set the controller gains, the error and its time
derivative were used.

It is possible to employ expert knowledge with fuzzy sliding mode control without
having to understand the parameters or the layout of the control system. However, this
approach has a significant drawback, namely the absence of methodical design approaches
for the fuzzy rules and their membership functions [12]. Adaptive fuzzy sliding mode
control systems have been developed to address this issue [13]. In recent years, a number of
adaptive fuzzy sliding mode control algorithms based on field-oriented control have been
presented for controlling IMs [14,15]. Numerous industrial domains, including robotics
and the control of electrical drives, have used adaptive fuzzy sliding mode control [16,17].

The main contributions of this paper are;

1.  The study proposes an alternative AFSMC algorithm for sensorless speed control of
a six-phase induction motor. It hybridizes the FLC with the SMC to minimize the
chattering effect associated with the SMC to boost the intelligence of the proposed
controller.

2. High accuracy and stability were achieved, and the proposed controller was designed
by self-tuning the gains.

3. This combined controller has the ability to adapt to any situation, such as to the in-
creasing quantity of input changes. In this technique, the traditional SMC’s parameter
settings were dynamically controlled by a fuzzy logic system.

The main focus of the study was achieved through simulations and the analysis of the
dynamic characteristics of the motor from the developed dynamic model and speed control
of the induction motor.

2. Proposed System Design
2.1. Mathematical Modeling of Six-Phase Squirrel Cage Induction Motor

Six-phase systems can be divided into two types; symmetrical six-phase and dual
three-phase, sometimes known as asymmetrical six-phase. Each phase is 60 degrees shifted
in a symmetrical six-phase system. In a six-phase system that is balanced, each phase’s
magnitude is the same, and the phase shift is 60 degrees. A symmetrical six-phase system,
also known as a quasi-six-phase system, can be thought of as a pair of three-phase systems
with a phase shift of 30 degrees. In the study of this system, iron saturation was neglected.
Mathematically, the symmetrical six-phase system supply voltages are represented as [18]:

Vs = Veoswet 1)
Vs = Veoswet — % ()
Vs = Veosw,t — 3 3)
Vs = Veosw,t — 3?” 4)
Ves = Vcosw,t — 4?” ®)
Vs = Veosw,t — 5?7[ (6)

The six-phase squirrel cage induction motor is represented in its d—q synchronous
reference frame. The general equations of the six-phase induction motor can be introduced
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as the following. The d-q axis reference frame is fixed in the rotor, which rotates at a speed
of w,. The d-q voltage equations of the six-phase induction motor are expressed as follows
in the rotor reference frame [18].

Vi = Raigl + wepar + pp @)
Vi1 = Raig — w1 + p¥a ®)
V2 = Raig + wipar + pig2 9
Vi = Raaigp — w2 + piPaz (10)
Vigr = Reigr + pior + Yar(wr — wr) (11)
Vir = Reigy + p¥ar — $gr(wi — wy) (12)

where V1, Vpo, are stator g-axis voltage components,

Va1, Vip, are stator d-axis voltage components,

Vqr, Vg, are rotor g-axis and d-axis voltage components, Ry, Ry are stator g-axis
resistances,

R, is the rotor resistance,

pis the di, operator,

wy is synchronous speed, and

wy is rotor speed.

The dynamic equivalent representation was modeled and developed with the as-
sumption of the presence of similar three-phase windings in the stator with their leakage
inductance L;; and mutual leakage inductance L;,,. The equivalent circuit of the six-phase
squirrel cage induction motor is shown in Figure 1.

I L” mrefAdg
Wref - wr‘t)/lldr

y

g-axis
(a)

rr{wref - U..'!r‘t)/l[q,r

d-axis

(b)

Figure 1. Dynamic equivalent circuit of the six-phase induction motor in an arbitrary reference
frame [19]. (a) g-axis equivalent circuit of the six-phase induction motor. (b) d-axis equivalent circuit
of the six-phase induction motor.
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The flux linkage equations are given below [20].

a1 = Linigi + Ly (ig1 +ig2) + Ling (i1 +ig2 + igr) (13)
Ya1 = Lpign + Ly (ig1 4 ig2) + Ly (i1 + a2 + igr) (14)
Wg2 = Lipigo + Ly (ig1 +ig2) + Ling(ig1 + ig2 +igr) (15)
$ar = Ligigo + Ly (ign +ia2) + Lypa(igy + iap + igy) (16)
Wgr = Livigr + Ling (i1 + ig2 +igr) (17)
Yar = Lipige + Lyng(ign + igp +1ay) (18)

where

Pq1, Yq2 are stator g-axis flux linkage components,

Y41, P are stator d-axis flux linkage components,

Pqr, Yar are rotor g-axis and d-axis flux-linkage components,

ig1, ip are stator g-axis current components,

ig1, igp are stator d-axis current components,

igr, 14, are rotor q-axis and d-axis current components,

L1, Ljp are stator leakage inductances,

Linq is the air gap inductance of the g-axis,

L,,4 is the air gap inductance of the d-axis,

Ly, is the air gap inductance,

Ly, is stator mutual leakage inductance, and

L;, is rotor leakage inductance.

The above equation suggests the overall equivalent circuit of the six-phase squirrel
cage induction motor shown in Figure 1.

Substituting the flux linkage expressions, Equations (13)-(18), into voltage Equations (7)-(12),
to drive the dependence of the voltages on the current in the rotating reference frame, we
obtain the following: First, assume the following for simplicity [20].

Ly = Ling = Lyng (19)
Ly =Ly + Ly + L (20)
Ly = Ly, + L (21)
Ly =L+ Ly + L (22)
Lr=L;,+Ly (23)

Substituting Equations (13) and (14) into Equation (7), then the following is
obtained.

Vin = Raig + wi(Liigr + L (im +ia2) + Lina (im + ia2 + i) + p(Lniq

+Lim (iql + iqz) + Lmq(iql + iqz + iqr)) (24)
By rearranging the above equation, the following is obtained.

Vi = Raig + wiig (L + L + Lywa) + wiig2 (L + Lina) + WkdarLina
+pigt (L + Ly + Ling) + piga(Liy + Ling) + pigrLimng (25)

Then, substituting Equations (19)—(21) into Equation (25), the following simplified
equation is obtained.

Vin = Raign + wiliigy + wilaian + wgLmia, + L1pip + Lapigy + Linpigr (26)



Energies 2022, 15, 8183 6 of 29

Substituting Equations (13) and (14) into Equation (8), then the following is obtained.

Vi1 = Raigr — wi(Liigr + Lim (ig1 +ig2) + La(iqn + ig2 +igr)) + p(Lpnig
+Ly(ig1 +ig2) + Ling (i1 +ig2 +iar))  (27)

By rearranging the above equation, then the following is obtained.

Vi = Rstigr — wiiqr(Lin + Ly + Ling) — wiig2(Li + Lipg) — WigrLig
+pig (Lpn + Ly + Lmq) + pigp(Lyy + Lmq) + pigrLmg (28)

Then, substituting Equations (19)—(21) into Equation (28), the following simplified
equation is obtained.

Vi = Raign — wiliign — wilaigp — wiLmigr + L1pig + Lapigy + Lmpig, (29)
Substituting Equations (15) and (16) into Equation (9), then the following is obtained.

Vg2 = Reiga + wi(Lpgigy + Liy (ia1 +ia2) + Lya (a1 + a2 + iar)) + p(Lpiga

+le(iq1 =+ iqZ) + Lmq(iql + iqZ =+ iqr)) (30)
By rearranging the above equation, the following equation is obtained.

V2 = Rezigz + Wi (L + Lina)iar + wi(Liz + Ly + Lina)iaz2 + wiLyaiar
+pig2(Lia + L + Ling) + pigt (L + Ling) + pigrLing (31)

Then, substituting Equations (19), (21), and (22) into Equation (31), the following
simplified equation is obtained.

Vi = Rsziqz 4+ wiLoign + wiLsigy + wiLyig, + L3piqz + LZPiql

+Lmpigy (32)

Substituting Equations (15) and (16) into Equation (10), the following equation is
obtained.

Vio = Raig — wi(Lpiga + Lim (g + ig2) + Lyna(iqn + g2 +igr)) + p(Lioiaa
+Lp (ig1 +ig2) + Ling (i +ig2 +14,))  (33)

By rearranging the above equation, the following equation is obtained.

Via = Rsigy — wi(Lim + Lina)igt — wi(Lia + Ly + Lina)igz — wiLyaiqr
+piaa(Liz + Lim + Ling) + Piar(Lim + Lmg) + PiarLmg (34)

Then, substituting Equations (19), (21) and (22) into Equation (34), the following
simplified equation is obtained.

Vi = Reigo — wilaign — wiLsigp — wiLmigr + Lapigy + Lopigy + Lmpig, (35)

Substituting Equations (17) and (18) into Equation (11), the following equation is
obtained.

Vqr = Rriqr + (wk - Wr)(Llridr + Lmd(idl + Z'012 + idr)) + p(Llriqr + Lmq(iql + iq2 + iqr)) (36)
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By rearranging the above equation, the following equation is obtained.

Vir = Ryigr + (Wi — Wr) Lipgign + (W — wr) Lyyaign + (wp — wr) (Lyy 4 Lipg)igy
+Lm'ipiq1 + LmqpiqZ + (Llr + Lmq)pidr (37)

Then, substituting Equations (19) and (23) into Equation (37), the following simplified
equation is obtained.

Vor = Rriqr + (wk — wr)Linigy + (wg — wr) Linigy + (W — wy) Lrigy

Substituting Equations (17) and (18) into Equation (12), the following equation is
obtained.

Viar = Ryigr — (wx — wr ) (Liigr + Lypa(ig1 +ig2 +igr)) + p(Lirigr + Ling (i +ig2 +1i4,)) (39)
By rearranging the above equation, the following equation is obtained.

Vi = Ryigy — (wy — (Ur)(Lmq)iql — (wy — wr)Lmqiqz — (wg — wy)(Lyy + Lmq)iqr
+Lmdpid1 + LmdpidZ + (Llr + Lmd)pidr (40)
Then, substituting Equations (19) and (23) into Equation (40), the following simplified
equation is obtained.
Vi = Ryigr — (wy — wr)Lmiql — (wy — wr)Lmiqz — (wk — wr) Lyigy
+meid1 + LmPidz + Lrpidr (41)

Now, rewriting Equations (26), (29), (32), (35), (38), and (41) in the following manner:

Vi = Rs1iq1 + wiLyig + Oigyp + wyLaigy + Oigr + wiLimigr + L1Piq1 + Opigg

+L2piq2 + Opidz + meiqr + Opid, (42)

Vin = Raign — wiLlyign — wiLaig + 0igy — wiLmigr + 0igy + Opigy + Lipig
+0piq2 + Lapigy + Opigr + Linpigy (43)

qu = Oi,ﬂ + wiLoig + Rszti + wiLsigp + Oiqr + wyLmig + Lgpi,ﬂ + Opign
+Lapig + Opigy + Lmpigr + Opig, (44)

de = RSZidZ — ka2iq1 — ka3iq2 — kamiqr + Opiql + LZPidl + Opiqz
+Lspign + Opiqr + Lipig, (45)

Vir = Oigy + (Wi — wy) Linigy + Oiga + (wWk — wr) Linigy + Ryigr + (g — wy) Lyigy
+Lmpigp + O0igy + L pigz + Oigo + Lypigr + Oig, (46)

Vir = _(wk - wr)Lmiql +0ig — (wk - wV)LmiqZ +0igp — (wk - wr)Lriqr + Ryigy
+0pigt + Lnpia + Opiga + Liupigy + Opigr + Lypig.  (47)
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Now, using state variable method, Equations (42)—(47) can be represented in a state
variable form as follows [20].

Va R« wiLq 0 wiLay 0 wi Ly,
Vi —wiLy Ra —wiLy 0 —wiLy 0
qu o 0 wiLy Ry wiLs 0 —wiLm
Vo | — —wiLy 0 —wiLs Ry — gL 0
Var 0 (wp — wr) Ly 0 (wk — wy) L R, (wx — wy)Ly
Vi —(wk — wy) Ly 0 —(wk — wy) Lo 0 —(wr — wy)L, R,

i L 0 Ly 0 Ly 07[pig

idl 0 Lq 0 Lo 0 Ly pidl

i L L L i

o2 |2 0 Ls 0 Lw O pip

i 0 Ly 0 L3 0 Ly||pin

ip| |Lm 0 Lu 0 L 0||piy

s 0 Ly 0 Lu, 0 L|/|pig

or in a simple form X’ = Al + Bpl, where

Rsl kal 0 kaz 0 kam
7ka1 Rsl 7ka2 0 7kam 0
A= 0 wi Ly Rs wiLs 0 —wiLy
7(A}kL2 0 7(4}kL3 Rgz 7‘UkLm 0
0 (wy — wy) Ly 0 (wr — wy) L R, (wp — wy)L,
—(wk — wy) Loy 0 —(wy — wr) Ly, 0 —(wy — wy)Ly R,

I, 0 Ly 0 Ly, O
0 L 0 Ly, 0 Ly
I, 0 Ly O Ly O
0 L, 0 Ly 0 Ly
Ly O L, O L. 0
0 Ly 0 Ly, 0 L

B:

2.1.1. Mechanical Model
The mechanical model of a six-phase induction machine is the equation of motion of
the machine and the driven load, written as [20];

Jn*p* %60y =T, —B—Tp (48)

The combined rotor and load viscous friction (B) is appropriately zero, so that the
following equation is obtained from Equation (48).

dZ
Im*ﬁ ¥O0p =T, —Tp (49)
t

Now, decomposing Equation (49) into two first-order differential equations gives the
following result. Since

d

E(Gm) = Wm (50)
therefore the following result is obtained.
d, d

Jon % 45 (5 0w) = (T = T1) 61)

Substituting Equation (50) into Equation (51), the following equation is obtained.

oo = (T, ~ Ti) 62)
t
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From p
and
O = O * a (54)
r —VYm dt
where
wp = angular velocity of the rotor,
8 = rotor angular position,
8, = electrical rotor angular position,
wy = electrical angular velocity,
Jn = combined rotor and load inertia coefficient, and
T, = load torque.
According to [21], electromagnetic torque is calculated as:
6P . ,
T, = EE(/\dslqs — Agsids) (55)
and the drive movement is calculated as follows [22]:
d
]m%wm +Bwy =T. - T (56)

According to indirect field-oriented control (IFOC) techniques, the six-phase induction
motor electromechanical torque is obtained as [23];

T, = KtAdriqs (57)

2.1.2. PID Controller Design

A continuous PID and a discrete PID are the two types of integral PID speed con-
trollers. The speed controllers employed in this simulation were both the continuous type.
In general, series controllers are favored over feedback controllers because higher-order
systems require a large number of state variables to detect during feedback, which necessi-
tates a large number of transducers. As a result, series controllers are widely used. The
lower-order model is connected to the controller, and the response of the closed loop is
observed. The parameters of the controllers are tuned to provide a response that meets the
desired specification standards. For the stability process, the parameters of controllers that
were tuned are introduced into the higher-order system [24]. For the continuous system,
the PID controller transfer function is given as;

K.
Ge(s) = Ky + ?1 + Kys (58)

To meet the required performance specification, the determination of the constant
values of the proportional gain (K}), integral gain (K;), and derivative gain (K;) are involved
in the design. Because the original system transfer function is a higher-order system, we
must reduce it to a lower-order system that keeps the important properties of the original
system and approximates the response almost the same for the same inputs. In order to
find the reduced-order model transfer function from the original higher-order system, the
following process is used.

Consider an nth-order linear time-invariant stable system stated by the following
transfer function.

N(s)  ap+a1s+axs® + ... +a;s
D(s)  bg+bis+bos2+...+ b;st

G(s) = (59)

where a; and b; > 0.
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The kth-order reduced model of the corresponding stable system is given in the
following form.
Ni(s)  do+dis+dys® +...+d;s

M(s) = : 60
(5) D,(s)  ey+eis+es?+...+es (60)
where d; and ¢; > 0.
Hence, G(s) = M(s).
ag + a1s + aps? + ... +a;st _ do+dis +dps? + ... +d;s! 61)
bo+bis+bys2+...+bisi eg+eys+exs2+ ... +ejsi
By criss-cross multiplication and re-arranging Equation (61),
apeg + (ager + areg)s + (agen + are; + 11260)52 +... 4+ an_leks”_Hk = bodp + (bod1 + b1dy)s 62)

+(body + bydy + bydo)s® + . .. + bydy_1s" 1 FF

The following relations are obtained by equating the coefficients of the corresponding

terms.
agey = body (63)
age1 + areg = bodl + bidy (64)
agez + arey + azeg = body + brdy + bady (65)
ager_1 + A1€x—n + apep_3 + ... = bod_1 + b1dx_o + bodj_3 + ... (66)
apey + arep_1 + axex_o + ... = bdi_1 + badi_o + bzd_3 + ... (67)
arey + aze_1 +azep_o + ... = bodyg_1 + bzdg_p + badi_3+ ... (68)
ap—1€x = bndy_1 (69)

By taking any positive values either for dg or ey, the unknown parameter values are
determined based on the above relation. For simplicity, let us choose either dy or ¢y =1,
and substituting in the above relations, the unknown parameter values are obtained. The
stability of the reduced-order model system is checked by the Routh-Hurwitz criteria.

The original higher-order derived system is the fourth-order system transfer function,
given as follows.

G(s) = 2.789s% + 253.45% + 70265 + 5.404¢04
5% 4103.55% + 367252 + 5.133¢04s + 2.458¢05

(70)

then consider the reduced second-order transfer function given by the following
representations.

G(s) = _ dis+dy (71)

€52 + e1s + e

Now, equating G(s) with M(s) together and cross-multiplying, the following equation
is obtained.

(2.789s3 + 253.45% + 70265 + 54040) (dg + d15) = (s* +103.55° + 36725+

. 72)
51330s + 245800) (egz + €15 + €257)

2.789¢0s> + 253.4e0s> + 7026¢qs + 54040 + 2.789¢1s* + 253.4¢15% + 7026e1s? + 54040e1s
+2.789¢55° + 253.4¢55* 4+ 7026655 + 54040e,5> = dgs* + 103.5dgs> + 3672dgs> + 51330dgs+ (73)
2458000y + dqs° + 103.5ds* + 3672d15% + 513304, 5% + 2458004 s
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By re-arranging and equating the corresponding terms, then the following relations
are obtained.

54040¢) = 2458004, (74)

7026e0 + 54040, = 51330d, + 2458004, (75)
253.4¢q + 7026e1 + 54040e, = 3672dg + 513304, (76)
2.789¢( + 253.4e1 + 7026¢, = 103.5d, + 36724, (77)
2.789%; + 253.4¢; = dg + 103.5d, (78)
2789, = dy (79)

Now, for simplicity, let us choose dy = 1, and solving Equation (74), the following
relation is obtained.
54040eq = 245800 (80)

Solving for ej results in
eo = 4.55 (81)

A standard second-order transfer function has a unity coefficient; therefore, the e,
valueis 1.
ep =1 (82)

From Equation (79), substituting the value of ey, the value of d; is obtained.
d; =2.789 (83)

By substituting the values of ey, ep, do, and d; into Equation (75) and solving, the
following value of e is obtained.

e1 =13.044

Now, the reduced-order transfer function is written as follows.

G(s) = _ dis+dy (84)

- 6252 +e18+eg
Substituting the values of the parameters, the following equation is obtained.

- 2.789s + 1
" $2413.044s + 4.55

G(s) (85)

With the open-loop transfer function G(s), its closed-loop transfer function of a unity
feedback system is given in Equation (86).

G(s)
TF(s) = —=7—~
&)= 1760
If the system performance requirements (e.g., output response) do not fulfill the
desired specifications, a PID controller is attached to the original open-loop system, and its
closed-loop transfer function is given in Equation (87).
Geont (5)G(s)

TF.(s) = 5 Goom (5)G(5) (87)

(86)

where Geont () is the transfer function of the PID controller.

The initial values of the proportional gain, integral gain, and derivative gain are
obtained by using a pole zero cancellation applied to the reduced-order system. Using the
initial values of the proportional gain, integral gain, and derivative gain, these initial values
are tuned to obtain a unit response of the compensated system that satisfies the desired
specifications. After tuning of these variables, the new tuned values are obtained, which
are given in Table 1.
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Table 1. Initial parameters of Ky, K;, and K; and tuned parameters of the PID controller.

Initial Variables Values Tuned Variables Values
Kp 13.044 Kp1 6.8134
K; 4.55 Ki 101.18
Ky 1 Kn 0.0364

2.1.3. Adaptive Fuzzy PID Controller

The fuzzy PID is a hybrid controller that combines PID and fuzzy logic controllers [25,26].
This combined controller has the ability to adapt to any situation, such as the rising
quantity of the input changes. The adaptive fuzzy PID controller’s main goals are to
simplify the control techniques and improve the system’s static and dynamic performance,
in particular for systems with complex parameters. In this scenario, the adaptive fuzzy
controller is programmed to alter the PID parameters Kj, K;, and K to achieve the desired
characteristics, such as the overshoot, rising, and settling time and steady-state error [27].
As a result, the PID controller’s proportional integral and derivative actions will be used
to construct the fuzzy logic controller’s control signal [28]. There are two inputs and one
output in fuzzy logic control. These are, respectively, the error (e), error change (e;), and
control signal. Linguistic variables that imply the inputs and output have been classified
as: NB, NM, NS, Z, PS, PM, and PB [29]. The adaptive fuzzy PID controller is based on two
inputs and three outputs. The error speed (e) and change in error speed (e.) are the fuzzy
control inputs, and the fuzzy outputs are AK), AK;, and AKj.

AKp = K X AKpx

AK; = K; x AK;*

AKd = Kd X AKd*

The Control Rules of Fuzzy Controller

The three PID arithmetic parameters will affect the system’s stability, response
speed, overshoot, and stable precision:

e If |e| is small, the large values of AK}, and AK; are thought to ensure system stability.
e If |e| is medium, a small value of AK}, and an appropriate value of K; are considered
to increase the performance response in the situation of reducing the overshoot.

e If[e|is large, then values of AK}, and AK; equal zero are needed to have a good settling

time, a good rise time, and a good overshoot.

There are seven fuzzy sets for K, control, for a total of 49 fuzzy rules in Table 2 and
these rules in the table are transferred into numbers as in Table 3.

Table 2. K, fuzzy control rules.

elec NB NM NS zZ PS PM PB
NB PB PB PM PM PS Z Z
NM PB PB PM PS PS Z NS
NS PM PM PM PS zZ NS NS
zZ PM PM PS Z NS NM NM
PS PS PS zZ NS NS NM NM
PM PS V4 NS NM NM NM NB
PB Z zZ NM NM NM NB NB

Table 3 shows a K, seven-valued function.
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Table 3. K seven-valued function.

ele. —0.3 —0.2 —0.1 0 0.1 0.2 0.3
-0.3 0.3 0.3 0.2 0.2 0.1 0 0
—0.2 0.3 0.3 0.2 0.1 0.1 0 -0.1
-0.1 0.2 0.2 0.2 0.1 0 -0.1 -0.1
0 0.2 0.2 0.1 0 —0.1 —0.2 -0.2
0.1 0.1 0.1 0 -0.1 -0.1 —-0.2 -0.2
0.2 0.1 0 —0.1 —-0.2 -0.2 —0.2 —-0.3
0.3 0 0 —-0.2 -0.2 -0.2 -0.3 -0.3

There are seven fuzzy sets for K; control, for a total of 49 fuzzy rules in Table 4 and
these rules in the table are transferred into numbers as in Table 5.

Table 4. K; fuzzy control rules.

elec NB NM NS zZ PS PM PB
NB NB NB NM NM NS Z Z
NM NB NB NM NS NS Z Z
NS NB NM NS NS zZ PS PS
z NM NM NS Z PS PM PM
PS NM NS zZ PS PS PM PB
PM Z z PS PS PM PB PB
PB Z NM NS PS PM PB PB

Table 5 shows a K; seven-valued function.

Table 5. K; seven-valued function.

ele. —0.06 —0.04 —0.02 0 0.02 0.04 0.06
—0.06 —0.06 -0.6 —0.04 —0.04 -0.2 0 0
—0.04 —0.06 —0.06 —0.04 —0.02 —0.02 0 0
—0.02 —0.06 —0.04 —0.02 —0.02 0 0.02 0.02

0 —0.04 —0.04 —0.02 0 0.02 0.04 0.04

0.02 —0.04 -0.2 0 0.02 0.02 0.04 0.06

0.04 0 0 0.02 0.02 0.04 0.06 0.06

0.06 0 —0.04 —0.02 0.02 0.04 0.6 0.06

There are seven fuzzy sets for K; control, for a total of 49 fuzzy rules in Table 6 and
these rules in the table are transferred into numbers as in Table 7.
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Table 6. K; fuzzy control rules.

ele. NB NM NS 4 PS PM PB
NB NB NB NM NM NS Z zZ
NM NB NB NM NS NS Z Z
NS NB NM NS NS z PS PS
Z NM NM NS Z PS PM PM
PS NM NS zZ PS PS PM PB
PM Z Z PS PS PM PB PB
PB Z z PS PM PM PB PB

Table 7 shows a K; seven-valued function.

Table 7. K; seven-valued function.

ele. —0.3 —0.2 —0.1 0 0.1 0.2 0.3
-0.3 -0.3 -0.3 —-0.2 —-0.2 -0.1 0 0
—0.2 —-0.3 -0.3 —0.2 —0.1 —0.1 0 0
-0.1 -0.3 -0.2 -0.1 -0.1 0 0.1 0.1

0 —0.2 -0.2 —0.1 0 0.1 0.2 0.2
0.1 —-0.2 -0.1 0 0.1 0.1 0.2 0.3
0.2 0 0 0.1 0.1 0.2 0.3 0.3
0.3 0 0 0.1 0.2 0.2 0.3 0.3

Membership Function of Linguistic Variable

The fuzzy rules are extracted from fundamental information and human experience
about the process. The inputs are normalized in the range [—3, 3], and the outputs are the
Kp interval [-0.3, 0.3], K; interval [—-0.06, 0.06], and K, interval [-0.3, 0.3]. Negative big
(NB), negative medium (NM), negative small (NS), zero (Z), positive small (PS), positive
medium (PM), positive big (PB) were the linguistic labels used to characterize the fuzzy
sets (PM =0.3, PM =0.2,PS=0.1,Z=0,NS= —0.1, NM = —0.2, and NB = —0.3). These
rules describe the control strategy by defining the input and output relationships. There
are seven fuzzy sets for each control input, for a total of 49 fuzzy rules.

2.1.4. Proposed Fuzzy Sliding Mode Controller

Sliding mode control (SMC) has been used in linear and nonlinear controls. A sliding
mode control with a variable control structure is taken as an adaptive observer, which
gives the good performance of the drive system with parameter variation and load torque
disturbance. The concept of SMC is that the drive response is forced to track or slide the
predefined sliding surface. Sliding mode control (SMC) was utilized to create the state
observer and as a tracking trajectory for the response of the drive system as the reference
model signal. The sliding surface design was focused on to fulfil the reachability condition
of the drive system [30,31]. The control problem obtains the motor speed to track a specific
time-varying command in the presence of model imprecision, load torque disturbances,
and measurement noise. In SMC, the system is intended to minimize the tracking error in
the way that e = w, — wy, and its rate of change always moves towards a sliding surface.
The sliding surface is defined in the state space by the scalar equation [32]. S(e,e/,t) =0
where the sliding variable, s, is:

s=¢ + Ae (88)
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where A is a positive constant that depends on the bandwidth of the system. The tracking
problem is similar to staying on the sliding surface indefinitely, with the sliding variable s
set to zero. The switching surface of a second-order system is a line. The system state is
driven onto the switching line by the control input, and once there, the system is limited to
stay on the line. The control input is determined by the error trajectory’s distance from the
sliding surface and its rate of convergence. At the point where the tracking error trajectory
meets the sliding surface, the sign of the control input must change. As a result, the error
trajectory is compelled to follow the sliding surface at all times. The system is forced to
slide down the sliding surface to the equilibrium point once it reaches the sliding surface.
The condition of the sliding mode is [33]:

/
Z 22— <
2dts =ss nls| (89)

where 7 is a positive constant.
Equation (89) is stricter than the general sliding condition: ss' < 0, and it is
equivalent to
s'sgn(s) <y (90)

To design a sliding mode speed controller for an induction motor drive system, the
steps are as follows. Substitute (88) involving the speed error e in (90):
w, + e —w)sgn(s) <ng (91)
The speed dynamics is given by

Iwr/ + Bwr/ +T, =T, = KT(Pvcri,Bs (92)
Equivalently, (92) can be expressed as

w, = g1 — % (93)

where g1 = B +K1¢ur'bs 4 5 function.
Differentiating (93) with respect to time and simplifying:

w, " =G—- bv;gs (94)
where

G = —Bg1+Kr¢arg2
- Ji

92 = (a1 + 1) — pwr (1 4 azLy, )ias

— Kr¢ur
b= ‘71}45]

G is a function that may be calculated from the current and speed measurements, and
d is the disturbance caused by the load torque, as well as an error in G estimates caused
by measurement imperfections. The control effort is the third term, because the g-axis
stator voltage command is in charge of adjusting the torque. There is no measurement or
estimation in the most basic sliding mode controller. It does not consider G in any way.

It is defined as

(95)

(sat)

where == is given as follows



Energies 2022, 15, 8183 16 of 29

(sat) _ {;, if [s|< ¢. %)
¢ sgn(s), if[s|> ¢.

The parameters of sliding mode controllers are K = 1800, A =2, and § = 0.15.

2.2. Speed Observer Design

Sensorless speed control needs to design an observer to estimate the speed via a
feedback loop with measured plant parameters. To estimate the speed, the model reference
adaptive controller (MRAC) was used, in which the observer is used as an adaptive model.
This observer was modeled based on machine d-q model of measurable variables such as
stator currents i,4, ir; and rotor fluxes ¥, Prq.

The state-space representation of the dynamic system was used to design observer
with gain to adjust the output error to achieve the desired fast estimated signal. The linear
time-invariant system can be expressed as:

X' = Ax+ BU

Y =Cx (97)
where x = [i,4irg{;41rg] T are the state variables in terms of the stator current and rotor flux
and A, B, C, U, Y are the matrix values derived from the induction motor. Using the voltage
equations of the squirrel cage induction motor in the stator frame to set up a back ¢,,¢
observer, the induced back emf components, [¢45], can be considered as the disturbance
with the following associated model:

dpg _

dr 0

dpg

& =0 (98)

From the equations, the extended model in the general reference model state-space
representation is given as:
Lo = AeX, + Beu

]?e = CeXe (99)

where £, = [igsigs¢gsPys], vector state variables u = [vdvq]T, and input vectors A,, B, C, are
the matrices of the system parameters. The error dynamics of the observer is expressed as:

Re = AeXe + Bet + K(y — ) = %e = Aefe + Bett + K(y — Ce%e) (100)
where y = [iz, i5]T is the output vector and K is the observer gain matrix.

2.3. Stability Analysis of the Proposed System

The adaptive model was designed based on the observer state-space model, which
updates the rotor fluxes and stator currents, which are used for rotor speed adaptation.
However, the estimation should be responsible for the stability of the observation, which
can be best performed by determining the error dynamics and system stability, which were
checked by the Lyapunov stability criterion. The Lyapunov function (V) used here to check
the stability of the estimated rotor speed is

(wr — @)
c

V=cle+ (101)

The time derivative of the Lyapunov function (V) is given by:



Energies 2022, 15, 8183 17 of 29

av T T T 2Ly (wr — @r) 2(wy — @y) A,
— = A—-K A—-K ————(eyg — 102
i le" C( C)C +C( C)C'le+ VL.L, (erg — €ra) + . i (102)
where the g-axis flux error e,y = ¢ry — 43rq, d-axis flux error e,y = ¢p3 — ¢4, and
2
y=1- % is a coupling factor. The total flux error is therefore:
epr = erg —€rg (103)

where K is the observer gain selected to obtain a fast response to compromise the estimation

error and obtained from
det(A—KI)=A (104)

By the selection of observer gain (K) using the equivalence principle, which states
that the observer pole location is selected by direct comparison, the observer poles are
proportional to the motor poles. The distinctive nature or features of this observer gain
are by an equation having a term that adjusts the current state estimates by an amount
proportional to the prediction error, subtracting the actual measurement from the estimation
of the current output. This correction ensures the stability and convergence of the observer
even when the system being observed is unstable. The derivative of the Lyapunov function
is always negative definite due to the sufficient conditions for asymptotic stability being
that V has to decrease when the error is not zero, which means the first term of the above
function is always negative definite, since the system is stable [34]. The estimation of the
rotor speed can be calculated as:

dive _ Ly

q E(erfi’mmz +Ki/€¢tdt) (105)

3. Simulation Results and Discussion

The proposed adaptive fuzzy PID and fuzzy SMC-based sensorless speed control of
the six-phase induction motor drive were thoroughly tested in a simulation under a variety
of operating situations to illustrate the proposed controller’s efficiency and advantages.
The suggested approach was simulated in the MATLAB/Simulink environment to verify
its effectiveness. The rated induction motor parameters are given as Table 8.

Table 8. Parameters of the six-phase induction motor.

Motor Parameter Values
Supply Voltage 380 V
No. of Poles 4
Stator Resistance 7.68 Q)
Rotor Resistance 448 O)
Stator Leakage Inductance 0.022H
Rotor Leakage Inductance 0.022 H
Mutual Inductance 042 H
Motor Speed 1500 rad/s
Inertia 0.01 kg m?
Supply Frequency 50 Hz
Sampling Time 200 ps

Switching Frequency 5KHz
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A six-phase induction motor with a 15 Nm rated torque and 1500 rpm as the rated
speed at 50 Hz was used to construct the proposed sensorless six-phase induction motor
drive. The motor parameter information is provided in Table 8. A block diagram of the
fuzzy-slide-mode-controller-based six-phase induction motor drive is shown in Figure 2.
The system consisted of a DC power supply, a six-phase squirrel cage induction motor,
an inverter, an indirect field-oriented control, and a (adaptive fuzzy PID and fuzzy SMC)
speed controller. The modeling of the six-phase induction motor, inverter, and indirect
rotor field-oriented control of the six-phase induction motor made up the control system
of the six-phase induction motor drive. For the six-phase induction motor, the indirect
field-oriented control theory was used. It is easy to apply the vector control scheme to such
an arrangement, and it can quickly decouple the torque and flux. In order to produce the
torque component current command in Figure 2, the estimated motor speed was compared
to the command speed. The error signal was then processed by the adaptive fuzzy PID
and fuzzy SMC controller. The indirect rotor field-oriented control approach that was
implemented determines how to compute the flux component current command. The
rotor position (6.) was then used to convert the torque component current command and
flux component current command into six-phase current commands in the stationary
reference frame.

DC Power

Transfo-

L Estimation rmation

Figure 2. A block diagram of sensorless speed control for six-phase induction motor.

The original higher-order system was attached to the designed PID controller Geont(s)
for improved performance. The closed loop response met the required specification after
the PID controller was attached to the original system.

The simulation tests were used to examine the performance of the controller in question
while varying the parameters. Different reference torques were taken into account in the
simulation results due to the variable loading conditions. The steps of increasing load
torque began at t = 0 and progressed to 0, 5, 10, and 20 and 0, 0.3, 0.5, 0.8 and 0.1 s,
respectively, with matching variations in the stator and rotor current, torque, and speed. It
was assumed that the speed was increased and decreased, starting at 50 rad /s and ending
at 1500 rad/s, for this purpose. The following graphs show the simulation results produced
using the simulation model in Figure 2 for various speed and load settings.

Figures 3 and 4 show the stator current and rotor current response for the applied
electromagnetic torque of Figure 5, respectively. Figure 5 shows that the transient of the
load torque was maximum at the speed changes and lasted for 0.05 s. At the first step,
the load torque was constant, which was 5 Nm for 0.3 s, then increased to 10Nm and was
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constant for the next 0.3 s, then fell to 3Nm for the last seconds, and there was a step change
of the reference speed from 1500 rad/s for 0.3 s and 600 rad /s for the next 0.2 s. In this case,
varying the load torque varied the stator and rotor current and electromagnetic torque,
while there was no impact on the measured speed. The electromagnetic torque increased as
the load torque increased and decreased as the load torque decreased. The motor generated
strong torque in the transient state to capture the appropriate reference speeds, as shown
in Figure 5. The motor current was higher in the transient state for the same reference
speed values, as shown in Figure 3, and it was at the value that could create the motor’s
idle running torque in the steady-state. The stator flux was constant and had the same
amplitude in both constant speed zones, except in the transient state, because the V by f
ratio was equal and constant at both reference speed values.

Stator Current (A)

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(s)

Figure 3. Stator current response to step change in speed reference and load torque.

Rotor Current (A)

-20 - g
0.45 0.5 0.55

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(s)

Figure 4. Rotor current response to step change in speed reference and load torque.

45 T T T -
"\ —— Load Torqe
Electromagnetic Torque

Torque(Nm)

0 0.1 0.2 0.3 0.4 0.5
Time(s)

Figure 5. Electromagnetic torque response to step change in speed and load torque.
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Figure 6 shows the measured and reference speed when the adaptive fuzzy PID
controller was used. The reference speed was 50 rad/s for 0.3 s and 1500 rad/s for the
next 0.3 s. Then, after 0.6 s, the reference speed fell to 600 rad /s and the measured speed
varied with the speed reference condition, while the measured speed varied with the speed
reference condition, which decreased.

I ;—‘
1600 — Reference Speed
I E— —— Adaptive Fuzzy PID
/e

1400 - { | i
1200 - =

1000 .

o
S
S

T
1

Seed(rad/s)

g
T
p
|
|
|

L L 1 | | | | |
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1
Time(s)

Figure 6. Adaptive fuzzy PID speed controller.

Figure 7 shows the measured and reference speed when adaptive fuzzy SMC controller
was used. The reference speed was 50 rad/s for 0.3 s and 1500 rad/s for the next 0.3 s.
Then, after 0.6 s, the reference speed fell to 600 rad/s and the measured speed varied
with the speed reference condition, while the measured speed varied with the speed
reference condition, which decreased and had better performance by the adaptive fuzzy
PID controller by following the reference speed.

Reference Speed ||
™ ) ——FUZZY SMC
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Figure 7. Fuzzy SMC speed controller.

Figure 8 depicts the results of a series of testing of the step changes in the speed
reference. Time from 0 to 0.3 s, speed = 50 rad /s, time from 0.3 s to 0.6 s, speed = 1500 rad /s,
and and time from 0.6 s to 1 s, speed = 600 rad /s were used to vary the reference speeds
of the motors. The controllers” performance was measured in terms of speed response in
this simulation. It can be seen that with fuzzy SMC, the magnitude of the transient speed
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oscillations reduced. The results revealed that the fuzzy SMC controller outperformed the
adaptive fuzzy PID controller. Finally, the simulation results employing the adaptive fuzzy
PID and fuzzy SMC controllers for load torques and speed fluctuations were examined.
These results confirmed that the fuzzy SMC controller demonstrated better performance
under changing operating environments and presented satisfactory performance.

I
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Time(s)

Figure 8. Measured speed response to step change with reference speed when speed increased.

3.1. Reduction in Speed

Figure 9 shows that the transient of load torque was maximum at the start and at the
point of speed changes and lasted for 0.05 s. At the first step, the load torque was constant,
which was 1 Nm for 0.3 s, then increased to 5 Nm and was constant for the next <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>