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Abstract: This article proposes a closed-loop (CL) high-starting torque (HST) scalar control scheme
(SCS) for induction motors (IM). It endows the recently proposed HST-SCS with high-output torque
capability beyond starting after using an outer speed control loop feeding an inner current control
loop with adaptive controllers. Presenting a cascade normalized adaptive passivity-based controller
(N-APBC) for nonlinear systems encompassing the IM allows obtaining this result. It extends the
normalized adaptive controller for the cascade case. As a result, it keeps the HST-SCS simple
control scheme without needing variable observers or parameter estimators and employing tuning
information only from the motor nameplate and datasheet. Test bench experiments with a 10 HP
motor validate the proposal’s effectiveness. Comparative experimental results show that the CL
HST-SCS has a required stator phase voltage lower than HST-SCS. The CL HST-SCS applies the
adaptive starting voltage curve for a more extended time than HST-SCS, from the start to 1.9 s versus
1.2 s, respectively. Hence, CL HST-SCS assures HST not only for starting but almost up to 600 rpm,
resulting in a smoother transient behavior than HST-SCS under this speed.

Keywords: adaptive control; induction motors; nonlinear dynamical systems; variable speed drives

1. Introduction

Variable speed drive (VSD) applications [1] widely use IM [2]. This is due to its lower
cost, higher efficiency, and lower maintenance compared with other electric motors.

The VSD performing the scalar control scheme (SCS) [3] mainly moves blowers,
fans, and centrifugal pumps [4]. These low-performance applications demand a starting
electromagnetic torque of up to 25% of the nominal torque, corresponding to the capacity
of the standard SCS. Moreover, the SCS has nonrapid and even oscillatory transient speed
behavior with a steady-state speed-accuracy between 1% to 4% for higher speeds [5].
Furthermore, it has the most straightforward control scheme without parameter estimates
or variable observers, as shown in Figure 1.

Standard SCS follows the required rotor angular speed w; after establishing the
necessary angular electrical frequency w, and stator voltage amplitude V. It applies a
boost voltage Vj,0s:, adjusted from 3% to 50% of Vs, to assure a starting electromagnetic
torque from 0.09% to 25% of the rated torque. It acts at the minimum angular frequency
Whin, tuned from 3% to 6% of the rated angular electrical frequency we, = %, to protect
the IM from overcurrent consumption. Later, at the cut angular frequency w,, tuned from

40% to 50% of wey, it switches to the V/ f curve, which also saturates at the rated voltage
for IM protection [6].
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Figure 1. Standard SCS block diagram for IM [6].

Based on previous information, the following sections describe this paper’s motivation,
background, related work, and claims.

1.1. Motivation

Several researchers aim to improve the SCS scheme. Beyond studying the speed
oscillations across the boost voltage curve, the work [5] proposes two methods to mitigate
them. To enhance the steady-state accuracy of the actual rotor angular speed, reference [7]
uses a closed-loop speed control. Moreover, reference [8] proposes a PI slip controller.

Other proposals develop a slip speed estimator based on an electromagnetic torque
estimation in [9], on a gap power estimation in [10], and on a stator flux observer in [11].
Based on the ratio between the rated slip and rated stator current, references [6,12] calculate
the slip. Furthermore, the work [13] proposes an optimal V/f ratio based on a reactive
power estimate. These proposals require IM parameters or variable estimation, with the
exception of [6].

Moreover, other works focus on improving the reduced starting electromagnetic torque
SCS issue reported in [14,15]. The solution given in [14] needs stator resistance and a flux
estimator. At the same time, the proposal [15] avoids parameters and variable estimators,
keeping a simple control scheme. Later, reference [16] gives an alternative solution to the
novel method given in [15]. It assures less stator current composition and faster speed
response than the standard SCS [6], with no need for the minimum angular frequency w;y,.

This paper aims to further improve [16] results, taking into account the following
background information.

1.2. Background

The work [15] calls its solution high-starting torque (HST)-SCS. It has a multiple-input
and multiple-output (MIMO) APBC that switches to the standard boost voltage curve of
the SCS [6], causing curve speed and current chattering issues. The proposal [16] solves
these issues after presenting a scalar output normalized APBC that smoothly switches
to the standard boost voltage curve of the SCS [6]. As a result, reference [16] expands
the applications of the standard SCS [6], including HST capability and keeping a simple
control scheme without parameter or variable estimation. It can move, for instance, loaded
conveyor belts requiring 100% of the nominal torque at the start and low steady-state
speed-accuracy [16].
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As an alternative to the APBC controller [16], the work [17] proposes using a normal-
ized MRAC in the HST-SCS with good results. This paper also aims to further improve [16]
by suggesting a different adaptive controller. The following section describes the details.

1.3. Related Works

All previously discussed starting adaptive control algorithms are based on the adaptive
concepts given in [18] for a model reference adaptive controller (MRAC). The work [15]
uses an adaptive passivity-based controller (APBC), reducing the trial and error APBC
adjustment given in [19]. Nevertheless, the normalized APBC proposed in [16] further
improves the APBC tuning [15] with a solution less dependent on the operational range
and motor power. The work [17] proposes using a normalized MRAC, extending the direct
approach described in [18].

So far, all HST-SCS, including this paper’s proposal, use a pure adaptive controller,
active only during starting. Hence, these are not gain scheduling controllers such as the
one used in [20] to control a brushless DC motor. This paper extends the cascade APBC
proposed in [21] and applies it to the HST-SCS of IM, as the following describes.

1.4. Claims

This paper’s main contribution is proposing a CL HST-SCS based on a cascade
normalized-APBC (N-APBC). It starts expanding the standard cascade APBC proposed in
[21], normalizing the information vector and adaptive law gains for a more straightforward
tuning method. Later, the cascade N-APBC design regulates the IM starting stator current
decreasing the current consumption, diminishing IM stress and failure risk due to this
cause [22]. The solution keeps the simplicity of the SCS, only using tuning information
from the motor nameplate and datasheet, not needing variable observers or parameter
estimators. It applies the slip speed calculation’s industry solution of [6].

This paper’s organization is as follows. The Preliminaries Section describes the basic
HST-SCS, including its block diagram, control strategy, and method fundamentals. Later,
Section 3 describes the proposed CL HST-SCS with the its block diagram, remarking the
differences and the closed-loop control strategy. The Experimental Results Section tests
both CL HST-SCS and HST-SCS strategies and describes the obtained results. Finally, the
Conclusion Section presents the main findings summary.

2. Preliminaries of the Basic HST-SCS

Figure 2 presents the basic HST-SCS block diagram [16].

The basic HST-SCS follows the required rotor angular speed w; after establishing
the required angular electrical frequency w; and stator voltage amplitude V. It takes
steady-state nominal variable values from the motor nameplate for configuring purposes.
For instance, the rated current per phase I;;;, the rated voltage per phase V,, the number of
poles p, the electrical frequency f,;, and the rated rotor angular speed w;;,. These last two
allow calculating the nominal slip speed wyj;p,, as follows [6]:

Wslipn = Wen — (%)wi’l’l/ 1)

which allows computing the actual wg;,, for the required wy joint to Is, and the actual ;.
This last one is an RMS value obtained from the instantaneous stator components I;; and
Is4, considered as sinusoidal signals, and as follows:

2+ 12
Is = S\dﬁ Aq. (2)

The required stator voltage amplitude (3) switches from different voltages curves V,

Vi, Vi, and V5 [16] after enabling the VSD (En = 1), as the following describes:

sl
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Figure 2. Basic HST-SCS block diagram for IM [16].

Moreover, the required stator voltage amplitude (3) alternates after applying the
transformations of Park e/? [23] and Clarke [24], detailed in [25]. In [16], the voltage curve
V, of (3) aims to keep a constant stator flux magnitude at the start via the following APBC
that regulates the starting stator current [16]:

Theorem 1 ([16]). After applying the following normalized-APBC to the IM d-q model:

50 =0TQ)
fo reQldr, withe =

oM O s Qy Qs Qs
PN e WadhaN f—"\ﬁ —N— /—?ﬁ
O-100l 2 I Le welsy wila wrlsy
- 7
Un  Ln Ln wenlsn winlsn wrnlsn 4

— Iy, and I* =Clsy

s_starting —
T

s _starting

I'= 5o and; 87(0) =0
v =Kewith K= 2" 7,,, = 2 and Ty = ﬁ,
and € € [0.1,10], m € [0.1,10],¢ € [0.5,15], v = K,

it turns the IM into a C! passive system from e to the auxiliary variable v. It also guarantees that

lime=0.
t—o0

This voltage curve Vj; uses the stator flux magnitude dependence on the magnetizing
current, |®s| = Ly, |i|, considering the incoming expression [15,16]:

— Ry Tl
. . L . | wgy T 5
|q>s|:Lm|zm|:Lm|zs_Iﬁzs|:Lm|zs<‘m>|, &)
Wlip r slip
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where L, is the rotor leakage inductance, L, is the magnetizing inductance, and R, and L,
are the stator resistance and inductance, respectively. Moreover, i, i, and iy, are the stator,
rotor, and magnetizing phase currents, respectively.

Furthermore, regulating the starting stator current i; guarantees a high starting elec-
tromagnetic torque capability as the following describes [15,16]:

Kp

p JLm 20512
Tom = 3 = )| ———1"|is]|*. 6
o <2)'f; il ©)
slip

The boost voltage curve V] and the V/ f voltage curve V;, from Figures 1 and 2, are
basically proportional controllers, adjusted as follows:

P = (Vs” - wast) and P, = (VS” ) @)

Wen We Wen

The voltage curves V} and V; aim to keep a constant stator flux magnitude || but
using its dependence on the stator voltage and angular electrical frequency ratio |®s| ~ l:’;i .
This comes from the steady-state IM equivalent circuit per phase after applying Kirchhoff’s

stator voltage law [3,15,16,25] and neglects the stator impedance voltage drop, as follows:

drop voltage~0 D,
—_—— N
* . cooxy /. L% |u5|
uy = Rsis + jw; Liis +jw; Lipim = |Ps| ~ o ®)
e

where R; and L] are the stator resistance and leakage inductance, respectively. Moreover,
us is the stator phase voltage. Finally, V5 prevents the IM from operating over the nominal
stator voltage, Vs;,, and protects it.

Remark 1. The APBC (4) proposed in [16] considers the required rotor angular speed instead of
the actual rotor angular speed, i.e., w, = wy, and effectively requlates the stator current around the
start. However, the following section extends its efficacy after considering the actual speed and a
cascade APBC.

3. Proposed CL HST-SCS for IM

In this section, based on the following IM dynamical d-q model described, this paper
proposes a cascade N-APBC and applies it to HST-SCS.

3.1. Proposed Cascade N-APBC for Nonlinear Systems

The IM dynamical d-q model is a class of nonlinear systems defined as follows:

Yi(t) = aa(y;, yo) + Bb(yi, yo)ui(t),
Yo(t) = ve(i Yo) + 0d(yi, yo)yi(t), ©)
z(t) = q(z,y).

Here, y;(t), yo(t) € R are the inner and outer outputs; the inner and outer control
inputs are u;(t), y;(t)* € R. The unknown parameters are 8, § € ®, a4, and y € R'*". The
known nonlinear functions are b(y;, ¥o), d(vi,yo) € R, a(yi, vo), and c(y;, yo) € R™, with
b(yi, o) # 0and d(y;,y,) # 0. Moreover, it has a bounded-input bounded-output (BIBO)
internal dynamics z(t) € R®'.

The following Theorem 2 extends a cascade APBC [21] for nonlinear systems of the
form (9).

Theorem 2. After applying the following cascade N-APBC to the nonlinear system (9), it turns
the IM into a C! passive system from e, and e; to the auxiliary variables vy and v;, respectively,
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with eo(t) = yu(t) — yo(t) and e;(t) = yi(t) — y;(t). It also guarantees that lim e, = 0 and

t—o0
lim e = 0
t—>oc0
Inner Loop
ui(t) = b(yi, yo) " 16:()T O (1), adaptive controller

o = fot r ieiQi(t)TdT, with 67(0) =0, adaptive controller parameter

a(yiyo)  vi(t)

e e N

Qi(t)T =100 a(y;i'yo) UlT(t) , normalized information vector (10)
n i
with I'; = Hiwf normalized fixed gain
and v;(t) = Kie; + y; (1), inner auxiliary variable
Outer Loop
yi(t) =di,yo) 0. (H)TQ(t), adaptive controller

ol = fot l"oeoﬂo(t)TdT, with 81(0) =0, adaptive controller parameter

c(iyo)  vo(t)
——
T(t)’r — 100 C(yi/yo) vg(t)

S K|’ normalized information vector (11)
with Iy = ﬁ. normalized fixed gain
and v, (t) = & 1Kieo + 15 (t), outer auxiliary variable

Here, y; () is the desired trajectory. The normalization factors ay, ¢, Yn, and y;, correspond
to the maximum operational range of a(y), c(y), y(t), and y*(t), respectively. The normalized
information vectors consider these factors and multiply by 100, normalizing a 100 range. Hence, the
fixed-gains I';, Ty, and € RT have a form ﬁ [16], with ¢ = 100. Then, these use the term m

for a fast tuning, assuring a reasonable operating range and the design parameters €;,€, € [0.1,10],
which allows a fine-tuning adjustment. Moreover, & € [3,10] assures an inner loop ¢ times faster
than the outer loop for the cascade proper functioning. Appendix A contains the stability proof of
Theorem 1.

The following section applies Theorem 2 to the IM and describes the proposal details.

3.2. Cascade N-APBC Applied to HST-SCS for IM

Figure 3 shows the proposed CL HST-SCS block diagram for IM.

It has a similar control scheme to Figure 2 but adjusts the voltage curve V; after
applying the proposed cascade N-APBC (10, 11) to the IM model, once considering as
unknown its nonlinear parameters «, f, 7, and ¢, and its known functions a(y), b(y), c(y),
and d(y). Hence, the proposal also uses (1) to calculate the slip. However, it establishes the
scalar required stator voltage V;* (3), replacing the adaptive controller (4) conforming the
voltage curve V, with the following proposed controller for V.
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Figure 3. Block diagram of the proposed CL HST-SCS for IM, remarking the differences in red.

Here, the adaptive controller parameters are §; € R° and 6, € R>. The fixed-gains
are I';, T, € R" depending on the design parameter €,,¢; € [0.1,10]. The normalized
information vectors are (); € R and Q, € R°.

The CL HST-SCS considers that the IM dynamical d-q model has the form of (9).
Here, the outputs are y;(t) = Ly, Yo(t) = w, € R, and the control inputs are ul(t) =
Vea, o (t) = |Is|* € R. The unknown parameters are & = [Aqypper 1 Asupper] € R°, p =

ULS ’

¥ = [—T” TTI] € N2, and § = | ]L:'; |. Additionally, the known nonlinear functions

Wslip Lr

are a(y) = [Ly g w}lsq Swrly %wrlsq] e R, by) =1,c=|w 1" € R and d = 37’7.
Moreover, the internal dynamics are z(t) = [Isq D, CIJ,,,] Te R3, defined as follows:
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I I
Allower { IZZ :| 7W:Isd+A210wer gwr [ Ii; :| +ﬁVS’1

q(z,y) = C[g:ﬂer[%d}

sq

(14)

Here, ®,; and @, are the rotor flux direct and quadrature components, respectively.
The mechanical viscous damping is by, the motor-load inertia is J, and the load torque is
T;. Moreover, the vector Ayypper € N2 and Aqjpper € R? are upper and lower rows of the
matrix Ay, respectively. The vectors Az pper € R2 and Apjyer € R? are the upper and lower
rows of matrix Ay, respectively. Moreover, C, d, A1, and A; are defined as follows [16]:

Rr
Iy Wsli R,L
C:|: 7 Rf:|/d: rom

L
_wslip I T
R, ' (15)
= | s _ LuRr gjo—1 _ _LyR 0 17--1
A= o _H o2dC, Ar = [ O plch
oLg

Furthermore, ¢ is the leakage or coupling coefficient, given by o = 1 — L2,/ (L,Ls),
and R/ is the stator transient resistance, with R, = Rs + (L2,R,)/(L2).

The following Algorithm 1 contains the pseudocode of the proposed CL HST-SCS.
Here, the required stator voltage amplitude (3) considers the proposed cascade-APBC (12)
and (13).

Algorithm 1 Pseudocode of the required voltage and frequency for the CL HST-SCS

Require: w;, Is*_starting'
Require: p, Jim, fu, Wrn, Lsn, Vsn, we, m, €, €;, ¢, ramp_rate (Configuring Parameters)
Require: wy, Iy, Is; (Measurements)

Ensure: Required Stator Voltage V" and electrical frequency w;

E, (Reference and Input Signal)

w,; Calculus

NIERSE
4 sd s
Wen = %; Wstipn = Wen — (5)wrm; Is = "5, w}" = Ramp(w;, ramp_rate);

V2
L.
wi = (5)wi" + Wstipn (T)
Vso Computing
Outer Loop
) B ) 1. — Twech . . _ 5m .
Compute: ¢) = W) — Wr; Tpech = 2], Telect = "fiiochf Ki = ngenzt’
%, _ €& .
v = (Kieo + @y To = 775505
Qo Q4
Qs
~ =~
,U w /./\ t —
Q=100 7= —— "1 | ; 6] = [y ToeQld7;
i Wrn
* _ Q; T/ TC * .
Isd . Slg?l((?g Qo) | 05 (o | + Is_starting’
Inner Loop
. P i . = e M
Compute: e = Is*d - Isd/ 0 = Kiei + I:d’ Fi - m’ T
0q O Q3 Qu Qs Oje

D Wb /—:H —N—
Ui ISd ISq (Ue Isq wTISd wrlsq

Ki Ly L wenlsn winlsy wpnlsn

Q; =100

oF = [ Tie;Qfdt; Vg = 07y
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Algorithm 1 Cont.

Vi1 Computing
Compute: V}; = V2(P1w} + Vioost);

Vs2 Computing
Compute: V;, = \/iPzw;‘ ;

Vs3 Computing
Compute: V; = V2Vi;

Voltage Curve Selection

if En=1and Vj < V] then

Vs ="Vy

elseif V; < V3 <V then
Vi =V5

else if V] f V5 < V5 then
Vi =V

else ‘:s*z > ‘:s’g
Vi =Vgs

end if

The following section describes the proposal’s experimental results.

4. Comparative Experimental Results

This section describes the test bench used to validate the proposal, the experimental
setup, and the comparative results.

4.1. Test Bench Characteristics

Figure 4 illustrates the test bench used for the comparative experimental results,
considering the basic HST-SCS and the CL HST-SCS. The programming of these strategies
uses Simulink version 8.9, Matlab R2017a running on PC. Both consider a pulse width
modulation (PWM) switching at 8 kHz. Once finished, the PC downloads them via a UTP
cable to the control platform. It is a real-time simulator controller OPAL-RT 4510 v2 giving
the trip pulses to a two-level inverter unit feeding an IM-load assembly with the parameters
of Table 1. The power supply feeds the inverter through a variac.

Remark 2. The used test bench is based on a double-edge naturally sampled PWM with a two-level
voltage source inverter [26], which inherently produces a bipolar switching pattern at the converter
outputs. However, the control proposal could also be implemented using the space vector modulation
method to improve the harmonic content further, especially for higher modulation indexes when
the machine operates around the rated speed [26,27]. The proposed CL HST-SCS could also be
implemented in a three-level converter using unipolar PWM.

Table 1. Data from the motor nameplate and datasheet.

Symbol Quantity Values
Py rated output power 75 kW
Vien rated phase voltage 220V
Ly rated phase current 155 A
PF, rated power factor 0.85
fu rated electrical frequency 50 Hz

p poles number 4
Wrn rated rotor angular speed 152 rad/s

I motor inertia (data-sheet) 0.2 kgm/s?
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OPAL-RT
Control Platform

Variac feeding the
power supply

Figure 4. Picture of the testing bench.

From this Table 1, the following parameters are calculated: the rated electrical frequency
Wen = 4%]( = 314.16 rad /s and the rated electromagnetic torque T,, = % = 49.2 Nm.

Remark 3. Please note that IM parameter values, such as L, Ls, Ly, Ry, and R, are unknown.
Moreover, their knowledge is unnecessary for the proposed CL HSTSCS configuring. Not even the
torque-speed characteristic of the feed IM is needed. Table 1 shows the only required IM information
taken from the motor nameplate and datasheet.

The following section describes the experimental testing setup.

4.2. Experimental Setup

The same testing applies to both strategies, the basic HST-SCS [16] and CL HST-SCS.
It considers the IM has a nominal torque load (set by a prony brake), a 6-second duration
test, enabling the VSDs at 0.3 s, and applying a step speed command of 200 rpm, 100 rpm,
1450 rpm, 1300, and 1150 rpm, at times 1s,1.4s,1.7 5,4 s, and 5 s, respectively. The prony
brake adjustment is 49.6 Nm at the rated speed of 1455 rpm. As a result, the load torque
equals 49.2 Nm (the rated torque) at 200 rpm and 100 rpm, 49.8 Nm at 1455 rpm, 49.6 Nm
at 1300 rpm, and 49.4 NM at 1100 rpm.

Table 2 presents the tuning parameters.

Table 2. Tuning parameters for basic HST-SCS [16] versus CL HST-SCS.

Tuning Parameter Basic HST-SCS [16] CL HST-SCS
Viboost 40% Vs, 40%Vsy
we 50%wen 50%wen
K; 150/ 150/
L o o
+100 1+%00
Lo — Tr100
I:_starting ﬁls" ﬁls”
m 1 1
€; 1 1
€ —_— 1
¢ — 3
Ramp_rate 83.8 rad/s 83.8 rad/s
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The following section describes the obtained results.

4.3. Comparative Experimental Results

Figures 5 and 6 show the previous HST-SCS [16] and CL HST-SCS oscilloscope wave-
forms, respectively. Both figures exhibit the applied line Voltage u,, and the consumed
stator phase currents ig,, ig,, and is. around 5.1 s.
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Figure 5. Oscilloscope voltage and current waveforms for the basic HST-SCS [16].
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Figure 6. Oscilloscope voltage and current waveforms for the CL HST-SCS.

Below, Figure 7 shows comparative graphics obtained via the OPAL-RT measurements.
It displays the consumed stator phase A current i, joint to the required stator phase voltage
amplitude V;, and the rotor angular speed w; versus w; for the basic and CL HST-SCS.
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Figure 7. Compararative OPAL-RT waveforms of voltage, current, and rotor angular speed.

The required stator phase voltage V;" in Figure 7 shows that CL HST-SCS and HST-SCS
apply DC voltage after enabling the VFD and until 1 s. When the IM starts rotating, the
HST-SCS keeps using the adaptive starting controller, between 1 s and 1.2 s. Later, it
switches to the boost curve, active from 1.1 s to 2.5 s. Finally, the V/ f curves operate from
2.5 s until the end.

Figure 7 evidences that required stator phase voltage is lower for the CL HST-SCS.
Moreover, the V) voltage curve applies for a more extended time, from the start to 1.9 s,
for the CL HST-SCS. As a result, the CL HST-SCS assures HST not only for starting but
almost up to 500 rpm.

The consumed stator phase A current described in Figure 7 displays similarly con-
sumed DC stator current magnitudes (starting currents) for both strategies. These consume
21.9 A for starting; the nominal stator current \/21,. However, it is lower for the CL HST-
SCS when starting. After 2.6 s, consumption is similar for the CL HST-SCS and HST-SCS.
Figure 7 shows the details.

The actual rotor speed follows the required rotor speed for both HST-SCS strategies.
However, the CL HST-SCS has a smoother transient behavior than HST-SCS under 600 rpm.
This last one shows a more oscillatory behavior. CL HST-SCS and HST-SCS have similar
transient behavior and steady-state accuracy for higher speed references. These last ones
are 3.0% for 1455 rpm, 3.8% for 1300 rpm, and 4.1% for 1150 rpm.

The following section describes the conclusions.

5. Conclusions

This paper studies a basic HST-SCS and a CL HST-SCS. Both strategies assure HST
with low current consumption compared with the standard SCS [16]. They all follow
the required speed. Moreover, they have a simple control scheme without parameters
estimation nor variable observers, but only depend on the IM nameplate and datasheet for
their configuring.

Comparative experiments were performed on a test bench. These show that the CL
HST-SCS delivers high torque capabilities beyond the starting. Thus, CL HST-SCS has a
smoother transient behavior than HST-SCS under 600 rpm.

The proposal of a cascade N-APBC for nonlinear systems encompassing IM allows
for obtaining the CL HST-SCS. It considers normalized inner and outer adaptive loops
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expanding [21]. Moreover, it further extends the APBC [15], normalized in [16], to reduce
trial and error APBC adjustment.

The proposed CL HST-SCS contributes to expanding the standard SCS low-performance
applications. Not only moving blowers, fans, and centrifugal pumps, but other loads that
need a starting torque of 100% rated torque. Future work will consider developing real-time
simulations for a higher power IM, including multilevel inverters and SVM modulation.
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Abbreviations

The following abbreviations are used in this manuscript:

M Induction motors

PC Personal computer

HST High starting torque

SCS Scalar control scheme

APBC Adaptive passivity-based controller
MRAC Model reference adaptive controller
MIMO Multiple-input multiple-output
BIBO Bounded-input bounded-output
FOC Field-oriented control

PWM Pulse width modulation

IAE Integral absolute error

VSD Variable speed drives

DC Direct current

SVM Space vector modulation

Main Notation
The following main notations are used in this manuscript:

wy, wy, and w}
wry and wy,
Wslip and Wslipn
e /P and e /P
T2 and T3
Vi

*
Vsac[%
ug
Ven
Iy, and I
Isq and I
is, iy, and iy,
PF,
fn

Required rotor, actual, and electrical angular speed

Rated rotor and required angular speed

Actual and rated angular slip speed

Park transformation and its inverse

Clarke transformation and its inverse

Needed stator voltage amplitude

Needed two-phase alternating instantaneous voltage in a-3 coordinates
Needed three-phasic alternating instantaneous voltage

Rated voltage per phase (RMS value)

Rated and actual current per phase (RMS value)

Actual stator current direct and quadrature component per phase
Stator, rotor, and magnetizing instantaneous current

Rated power factor

Rated electrical frequency in Hz
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p Number of poles

En VED enable

Viboost boost voltage

Vo Starting voltage curve for HST

Vi Boost voltage curve

Va V/f voltage curve

Vs Weakening flux zone voltage curve

Py and P, Controller parameters for V;; and V5, respectively

we Cut angular frequency, switching point between V}; and V;
Rs and R, Stator and rotor resistance

Ll and L. Stator and rotor leakage inductance

Ls, Ly,and L, Stator, rotor, and magnetizing inductance

o Leakage or coupling coefficient, givenby o =1 — L2,/(LLs)
R, Stator transient resistance, with R, = Ry + (L%,R,)/(L2)

| Ds | Stator flux magnitude

Appendix A. Stability Proof of Theorem 1

Proof of Theorem 1. Adding and subtracting the terms K;e; + ]]f and K,e, + y; into the
right side of the first and fourth equations of (9), considering that é;(t) = y;(t) — y; (t) and
éo(t) = yo(t) — v (t), and making some algebraic arrangements, it is obtained that

¢i(t) = —Kiei + B(07TQ — ui(t)")
éo(t) = —Koeo +6(0:7Q0 — I12) (A1)
£(t) = q(zy).

where 0T = ﬁ’l%[a 1] € R+ and 6;T = (5’1%[7 1] € R are the normalized
ideal controller parameters. The Sign(p) = 1and Sign(6) = 1 (are positive). All parameters
are assumed to be unknown and constant, which may have a slow variation. Thus, the
authors substitute (10) and (11) into (A1), and define the controller parameters errors as
®; = 0T — 0, and D, = 6;7 — 6, (which implies that ®;(t) = —0;(t) and D, (t) = —6,(t)
as ;T and 6;T are constant vectors). Moreover, considering stable internal dynamics, as
the state variables Is;, ®,4, and @y, are the bounded-input bounded-output (BIBO), the
obtained error model is

éj(f) = —Kje; + bCDITOI
&I(t) = —Tie;QF with T; € RF

1
éo(t) = —Koeo + 1K, (A2)
&L () = —Toe, Q) with T, € R*
The obtained error model (A2) has the following associated Lyapunov function:
V(es 0,5, @) = 1 (2 +e2) + %Tmce(\ B|OIT &+ |4 | q>§r;1q>0). (A3)

Taking the time derivative of this Lyapunov function we have:
V(e e0, @i, Do) = e€ié; + eobo + Trace(| B | SIT1d;) + Trace(| § | LT, 1d,).  (A4)

The time derivatives of ¢;, e,, ®;, and P, from (A2) are substituted into this last expres-
sion. Moreover, the two vectors’ property, where a’b = Trace(ab"), is considered to write
the terms ¢;3®7 (); and ¢,6PLQ), into the trace as Trace(Be; A @;) and Trace(5e, QL ®,),
respectively. Finally, rearranging and canceling terms due to f =| | and 6 =| ¢ |, after
knowing both have a positive sign, we obtain:

V(i e0, @i, Do) = —Kie? — Ko . (A5)

As can be seen in this last Equation (A5), the first time derivative of the Lyapunov func-
tion (A3) is negative semidefinite; thus, the autonomous system (A2) is stable. Moreover,
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as e;, e, P;, and @, are stables, with bounded (); and ),, then ¢; and ¢, are bounded. Inte-
grating both sides of (A5), it can be concluded that e € £2. Hence, according to Barbalat’s
Lemma, the error e is asymptotically stable. This concludes the proof. O
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