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Abstract: Recently, a novel high-starting torque scalar control scheme (HST-SCS) for induction
motor(s) (IM) emerged. It expands the scalar control application field beyond centrifugal pumps,
blowers, and fans, moving, for instance, some conveyor belts with nominal torque loading. This
paper proposes a normalized model reference adaptive control (N-MRAC) applied to HST-SCS for
IM. First, the proposal extends the MRAC, resulting inn a class of nonlinear systems encompassing
the IM dynamical model. It uses a normalized information vector, jointly with a direct control
approach, reducing the trial and error adaptive controller tuning. Second, a properly designed
N-MRAC is applied to regulate the starting stator current within the variable speed drive under
investigation. As a result, the proposed methodology keeps the HST-SCS as a 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 effectiveness.

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

1. Introduction

IM feeds by variable frequency drive(s) (VFD) [1] have been widely used in variable
speed applications. Compared to other electrical motors, IM have lower costs, higher
efficiency, and lower maintenance, which explain their increasingly widespread use.

One of the most employed VFD is the scalar control scheme (SCS) [2,3]. It is used in
low-performance applications, demanding a low starting-electromagnetic torque, up to 25%
of the nominal torque. Examples of these applications are: blowers, fans, and centrifugal
pumps [4]. Furthermore, it has the simplest control scheme of all the VFD, not needing
parameters or variables estimators.

Efforts have been made to improve the SCS. The work of [5] analyses its slow and
even oscillatory transient speed behavior and proposes two methods to mitigate them.
Furthermore, the work by [6] proposes an optimal v/f ratio based on a reactive power
estimate. On the other hand, the SCS has a steady-state speed accuracy of between 1%
and 4% [2,4,5], which some works aim to improve i.e., in [7], after using closed-loop speed
control, while [8] proposes a PI slip controller. The work by [9] proposes a rotor angular
speed observer based on a spectral search method.

Other proposals to improve the steady-state speed-accuracy have developed slip speed
estimators. Several examples of these are: the work by [10], based on an electromagnetic
torque estimator, the proposal by [11] uses a gap power estimation, [12] utilizes a stator
flux observer, and [13,14] employs the ratio between the rated slip and rated stator current.
The proposals by [6,10-12] require IM parameters or variables estimation.
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The above mentioned research improves several aspect of the standard SCS. Never-
theless , they do not address the reduced starting-electromagnetic torque issue described
in the second paragraph, as in [15]. This method depends on a stator resistance estimator
and a stator flux observer [15]. Later, the HST-SCS proposed in [16] avoids parameters and
variable estimators. However, this last approach has a multiple-input and multiple-output
(MIMO) controller. Hence, it shows speed and current chattering issues after switching
the controller output vector voltage to the non-aligned scalar boost voltage. This issue is
improved in [17] by including a scalar HST output that smoothly switches to the standard
boost voltage curve of the SCS [2,14].

Hence, the viable solution [17] proposed an HST-SCS for IM, which adds to the
standard SCS [2,3,14] the high starting torque capability while keeping a control scheme
without using parameter estimates or variable observers. As a result, it expands the SCS
applications beyond centrifugal pumps, blowers, and fans [2,14]. The HST-SCS move, for
instance, loaded conveyor belts requiring 100% of the nominal torque at the start and no
steady-state speed accuracy [17].

The HST-SCS [17] uses a normalized adaptive passivity-based controller (N-APBC) [18],
based on the adaptive concepts given in [19]. It uses the adjustment setting of [16] that im-
proves the APBC given in [18] by reducing trial and error tuning. Moreover, it normalized
the APBC given in [16], decreasing its tuning dependency on the operational range and
motor power.

In contrast to [17], this paper’s main contribution proposes a novel N-MRAC and its
application to HST-SCS for IM. It extends the MRAC for a class of nonlinear systems, encom-
passing the IM dynamical model while using a normalized information vector, reducing
trial and error adjustments. Later, an N-MRAC design regulates the IM starting stator cur-
rent, keeping a simple control scheme. The solution only uses tuning information from the
motor nameplate and datasheet, not needing variable observers or parameter estimators.

The paper is organized as follows. Section 2 describes the block diagram, control
strategy, and method background of the HST-SCS. Later, Section 3 depicts the proposed
N-MRAC and its application to HST-SCS, including its block diagram. Section 4 includes
and discusses the comparative results obtained after testing both HST-SCS strategies.
Finally, the conclusions present an appraisal of the main findings.

2. Preliminaries

Figure 1 describes the general block diagram of the HST-SCS, which is based on
Figure 1 from [17] and is more detailed.

HST-SCS Park Clarke Power
Strategy Transform Transform Supply
I;d_starting—l r ISd'ISq l
Vg with |+ u u Trip &
w; starting — e~ lp s Tynz — Inverter
APBC Unit
7t p
Jm— Vsns Vboost fn' 14
Jaksa | B g,
Isd
- p
Required Wl
—| Electrical fot widt
Frequency

l"lsdn' FPnl fn' D, Wrn
Electrical Frequency Calculation

Figure 1. General block diagram of the HST-SCS for IMs, based on [17].
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Here, the operator establishes the required rotor angular speed w;. Based on this, the
method automatically defines the required angular electrical frequency w; through the
angle p = fot wydt and the needed stator voltage amplitude V;". This last is alternated
using the the Park inverse transformation e~ /¢ [14,20], obtaining the two-phase alternating

« — B instantaneous voltage, i.e., u], wp =€ “IPVy. Later, u?, pls converted to the three-phase
using the Clarke transformation T,_,3 [21,22], having u} = [u; u] ui ]l = = Tr_,3u, B The

following sections describe the details.

2.1. Required Angular Electrical Frequency w;

The required angular electrical frequency w; is computed as follows [17]:

|¥}
w; = (g)w +wslzp/W1th Wslip = wzlz;}njd
T
Wslipn = Wen — (g)wrnr with we, = P ", 1)

and I, = /21, PF,.

Many mentioned steady-state nominal variables are taken from the motor nameplate,
such as the rated current per phase I, power factor PF;, electrical frequency f,;, number of
poles p, and rated rotor angular speed w,. The variable wy;, is the slip speed. Furthermore,
Wglipn 18 its nominal value calculated as the difference between the rated synchronous speed
wen and the rated rotor angular speed w;y,. The variable Iy, is the rated direct stator current
component. Moreover, the measured direct stator current component I, is obtained from
the Park transformation e/° [3,14] and Clarke, after sensing the stator current i.

The following section identifies the needed voltage calculation.

2.2. Needed Voltage Amplitude V
The HST-SCS applies the required stator voltage amplitude (2) next defined [17]:

V. (HST controller) i f En =1&V; <V,

’ VS*ZZ\/EPZWE’k f’ 51<Vs*2<v*
ng = \ﬁVsn lf ng < VS*Z

Here, depending on the required angular electrical frequency w;, once the VFD is
enabled (En=1), the needed stator voltage amplitude V" swaps between the different
voltage curves Vi, Vi, V5, and V5. This last, V35, protects the IM, avoiding its operation
over the nominal stator voltage Vs;, taken from the nameplate. From zero to w;, it starts
with Vj acting as a starting adaptive-current source, initially using a N-APBC [17]. Later,
as w, increases, it switches to V;, having the boost voltage Vj,y,s, adjusted from 3% to 50%
of Viy,. This curve applies under the cut angular frequency w,, tuned from 40% to 50% of
wen [14]. Finally, over the cut angular frequency we, it applies V;. Here, the proportional
controller parameters P; and P, are computed as follows:

Plz(vsn—VbOOSt> and PZZ(Vsn) (3)

Wen We Wen

2.3. Methodology Background

The HST-SCS relies on the steady-state IM equivalent circuit per phase. Here, on the
one hand, it applies the Kirchhoff’s stator voltage law [3,17,21]. Then, it neglects the stator
impedance voltage drop, simplifying the obtained equation as follows:

drop voltage~0 q>

/_/\— u
ul = Rgis + jw) Lis +jw} Lmzm = |Ps| ~ %, 4)

e
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where R; and L/ are the stator resistance and leakage inductance, respectively. Ly, is the
magnetizing inductance. Moreover, is is the stator phase current, u; is the stator phase
voltage, and iy, is the magnetizing phase current. Based on (4), the voltage curves V and
V.5 aim to keep a constant stator flux magnitude |®;| for the ranged w;.

On the other hand, the voltage curve V,, does not use the stator flux magnitude de-
pendence |Pg| ~ wL} (4), but its dependence on the magnetizing current, |®s| = Ly, |in| [17].
After having that i,, = i; — i, and replacing the rotor current i, expression, we have [17]:

——
. , iL .
|q>s| :Lm|1m| :Lmlls—iRr] m' ls|,
wslip+]Lr (5)
o L
&, | =L, i, | S ,
. m|s<u,:’,m+m>|

where L, is the rotor leakage inductance. Considering this, the HST-SCS aims to keep a
constant starting flux magnitude by fixing the stator phase current is (5) at the start. As a
result, it guarantees a high starting electromagnetic torque capability, as can be seen next,
with K}, a proportionality constant [17]:

7 ‘
Tem:3( )|R,]7m.|2|ls|2~ (6)

N

Remark 1. As shown in Figure 1, the proposed HST-SCS keeps a constant starting stator current
direct component I, starting instead of the needed starting stator current I} starting: Moreover, it

uses a N-APBC to regulate it [16,17].

The following section proposes using a N-MRAC instead of a N-APBC. Furthermore,
it directly controls the starting stator current is_stqrting-

3. Proposal

In this section, based on the described IM dynamical d-q model [17], this paper extends
an MRAC and applies it to HST-SCS for IM.

3.1. Proposed N-MRAC for Nonlinear Systems

Let us consider the following class of the nonlinear system:

y(t) = wa(y) + Bb(y)u(t),
z(t) = q(z,y). )

Here, the output is y(f) € &, the control inputis u(t) € R. The unknown parameters
are B € R and & € R, The known nonlinear functions are b(y) € R and a(y) € R™. Itis
assumed that it has bounded-input bounded-output (BIBO) internal dynamics z(t) € R°.
The dimensions m and v are natural numbers.

The following Theorem 1 extends a direct MRAC [19] to nonlinear systems of the form (7).

Theorem 1. After considering the desired model reference output y,,, and applying the following
N-MRAC to the nonlinear system (7), it guarantees that tlim e(t) =0, withe(t) = ym(t) —y():
— 00
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model reference
adaptive controller

Ym(t) = = Amym(t) + Buy*(t),
u(t) = b(y)’l(’(jé)TQ(f)/
T = fot TeQ(t) dt, with 87(0) =0, adaptive controller parameter

ay) y) v
AN AN AN

Q' =100 ”L(Zy) yy(t) yy(t)

normalized information vector 8)

o 4100
with I' = 555,

and B, = SA,.

normalized fixed gain
with S a scaling factor

Here, y*(t) is the desired trajectory. The normalization factors an, y,, and y;, correspond to
the maximum operational range of a(y), y(t), and (y*(t), respectively. The normalized information
vector considers these factor and has a 100 range. Then, the fixed-gain T € R, having a form

T éz [19]—Section 5.5, with & = 100 herein due to range of Q), becomes 1111%%2,

by the terms ; :?802 for a fast tuning assuring a reasonable operating range and the design parameter
v € [0.1,10], which allows a fine-tuning adjustment. Moreover, the reference model input y* and output

Ym may be expressed in different units of measurement, to which the scaling factor S € R relates.

It is conformed

Appendix A describes the theoretical proof of the proposed N-MRAC. Moreover,
the following section includes a design example of the proposed method applied to the
HST-SCS of IM.

3.2. N-MRAC Applied to HST-SCS for IM

This section uses an N-MRAC as an alternative to the N-APBC proposed in [17] to
directly controls the starting stator current is_sqrting as required by (5) and (6).

Figure 2 describes the general block diagram of the proposed HST-SCS, improved
after using a N-MRAC and direct control of the stator current ;.

Proposed Park Clarke Power
HST-SCS Strategy ~ Transform  Transform Supply

Starting |, Isq
Is*fstarting current Isd _starting
setpoint Isq, Isq |
) /A V\(lth v D T ur | Tip&
Wy starting e JP Ty3 Inverter
MRAC Unit
o p
Jm~ “Vsn, Vboost» fur P
I, 1 i i
Stator |!sar!sq 0P s« Tss Ls >
current
— g T D
Required | ,)*
Electrical fot wgdt M
Frequency
**7
o o D Orpy

Electrical Frequency Calculation
Figure 2. General block diagram of the propose HST-SCS for IMs, remarking the differences in red.
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The following subsections describe the details.

3.2.1. Calculus for the Angular Electrical Frequency w;

Taken from a proven industry solution [14], here, the slip speed wg;;, depends on the
rated current per phase I, and the consumed stator current per phase I;, instead of using
the relations given in (1). Hence, the required angular electrical frequency w; computes
as follows:

I
w; = (g)w +wslzer1th Wslip = Wslipn T+
p h antfy ©)
Wslipn = Wen — (z)wrn/W1t Wen = —p—-

The nominal slip wgj;p, is calculated as in (1). Please note that I;, and I; are RMS
values used in (9). Hence, the proposal computes I; as the RMS of the instantaneous vector
magnitude [y, considering it is a sinusoidal signal, and as a function of its instantaneous

components as follows:
8
Is = \/dﬂ,w1th Ly = /1%, + 12, (10)

The following section describes the required stator voltage amplitude, which follows
the same structure as [17] but with a N-MRAC instead of a N-APBC.

3.2.2. Proposed HST-SCS Voltage Amplitude V;*

The proposed HST-SCS considers that IM dynamical d-q model has the form of (7),
where the output is y(t) = I,; € R, the control input is u(t) = Vi3 € R. The unknown
parameters are § = 1 and a = [Alupper 1 A2uppgr] € RP. The known nonlinear functions

are b(y) = 1 and a( ) = [L Isg w} sy 2wrls,, 2wrlsq]T € R°. Moreover, the internal
dynamics equals z(t) = [Isq rd Prg wr] € R4, defined as follows:

I
Atlower { ISZ ] e Lsa+ Adlower g“’r |: :| +BVsq
D,y
7(zy) = cla]+a[ ] - (1)
b 3pLm rd 0 171
ey (a3 (317 n)

Here, the stator current direct component I, is the variable to be controlled via the
stator voltage direct component Vg;. Is; and Vs, are the quadrature components of the
stator current and the voltage, respectively. ®,; is the rotor flux direct component, and
@y, is the rotor flux quadrature component. The rotor angular speed wy is assumed to be
equal w;. Furthermore, the mechanical viscous damping is by, the motor-load inertia is J,
and the load torque is T). Here, the vector Ay, pper € N2 and Aqjpper € R? are upper and
lower rows of the matrix Ay, respectively. The vector Az pper € N2 and Ayjpper € R? are the

upper and lower rows of matrix A,, respectively. Moreover, C, d, A1, and A; are defined as
follows [17]:

Ry
Ly Wi R/L
C_|: r 57p:|,d_ rbm

7(‘-751177 7% L (12)
Ay =

~ o LRy 3-—1 LyR 110-1
0“ _R;] — pdCT, Ay = —Aed[ O g]Cch

oLs

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

After applying the N-MRAC (8) to the IM model, once considering its nonlinear
parameters and functions «, B, a(y), and b(y), the HST controller conforming the voltage

curve V of (2) takes the form:
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Voo = 8(1)TQ(1),
0T = fot FeQ(t)TdT, with T = -21% " and; 67(0) =0,

1+1002”
o) - ~ - _ - T
1 Q, O3 Oy Qs O
/I*—’\—\ PN ,_iH —_—— —
O = 100 | strting La - I @elyg @il Wrls (13)
Isn Ln Isn Wenlsn wrnlsy wmlsn |’

where e(t) = Ism(t) - Isn(t)/ with jsm(t) = _Amlsm(t) + Bmls*_starting 4
— _ 5
and B, = A, = 7’;

Here, designer tuning parameters m € [0.1,10] and v € [0.1,10] to adjust the con-
vergence rate, the electrical time constant 7,j,.; = T’{‘(’f" and the mechanical time constant
Tiech = ﬁ [16,17]. The adaptive controller parameter is 6 € R°. The fixed-gain T’ € R+
depends on the design parameter 7y € [0.1,10] to adjust the convergence rate. The following

section defines the setpoint y* (t) = I7; ,...in .

3.2.3. Setpoint of the Starting Stator Current Direct Component I, , .. <

As the HST-SCS theory [17] relies on the equalities |®s| ~ |is| (5) and Tem = Kplis|? (6),

the proposed HST-SCS directly controls the starting stator current I , .. 2 establishing the
stator current direct component I5; ..., g based on it, as follows:
* _ 2 2
Isd_starting - 2Isfsta‘rifing - ISq‘ (14)

Finally, after applying the proposed N-MRAC to the HST-SCS of 1M, the following
section describes the experimental results that validate it in practice.

4. Experimental Results

A laboratory test bench allows for conducting experiential testing and obtaining
comparative experimental results. It has a real-time simulator controller OPAL-RT 4510 v2,
controlling a two-level voltage source inverter unit feeding an IM-load assembly. It
inherently uses a bipolar pulse width modulation (PWM) switching at 8 kHz, giving the
trip pulses via fiber optic (FO) cables. Simulink version 8.9 and Matlab R2017a running on a
Host PC allows building the standard, previous, and proposed HST-SCS, and downloading
them to the control platform using the software RT-LAB v2020.2.2.82. Figure 3 shows the
test bench used to validate the proposal.

Table 1 depicts the IM main data from the motor nameplate and datasheet. It allows cal-

4rnf

culating the rated electrical frequency w,, = -~ = 31416 rad/s, the rated electromagnetic

torque T, = % = 49.2 Nm, and configuring the HT-SCS.

Table 1. Data from the motor nameplate and datasheet.

Symbol Quantity Values
Py rated output power 7.5 kW
Vien rated phase voltage 220V
L 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
T motor inertia (data-sheet) 0.2 kgm/s?

The following section describes the HST-SCS configuration tested.
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Inverter

Osciloscope

QAL Ry Current probe
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Differential probe
L
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¥ [
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(a)
Host PC OPAL-RT Oscilloscope
CPU Ceon, 3.7 GHz OP4510 V2-2
Four Cores KEYSIGHT

Matlab

7
Simulink }

[ RT-Lab
J

UTP cable

.

" sTscs VS Park& T~ DS 0X2024A
Strategy Clarke

Ram
we Calculus Vs O)r

calculus DIFFERENTIAL PROBE
23 DP-25 (x20)

CPU 9, 3.6 GHz B | | 1
Ten Cores br DO FO Al AO CURRENT PROBE
SL-261 (10 mV/A)
’ Grid ‘ ’ Variac ‘ ’ Inverter ‘ ’ IM+Encoder ‘
CURRENT SENSORS
L00161-0548: 99 mV/A

Q==(@=Clal<

ENCONDER
ROP520
1024 ppr

(b)
Figure 3. Test bench configuring. (a) Mirror-flipped picture of the test bench. (b) Block diagram of
the test bench.

4.1. HST-SCS Experimental Setup

The experimental setup considers the standard HST-SCS from [14], the previous HST-
SCS from [17], and the HST-SCS proposed herein for comparison purposes. Table 2 presents
the tuning parameters.

For comparison purposes, with the existing HST-SCS proposed in [17], the following
sections repeat the tests made in the manuscript [17]. Hence, the test starts at 0 s and results
are shown for over 6 s. Moreover, the applied speed command considers the step wave
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speed of 200 rpm, 100 rpm, 1500 rpm, 1300, 1100 rpm, at times 1s,1.4s,1.7s,4s,and 5s,
respectively. Furthermore, the following section repeats the tests made in [17] for a starting
load torque equals 16% of rated torque and 100% of rated torque.

Table 2. Tuning parameters for HST-SCS [17] versus proposed HST-SCS.

Tuning Standard Previous Proposed
Parameter HST-SCS [14] HST-SCS [17] HST-SCS
Viboost 40%Vsp 40%Vsy, 40%Vsy,
We 50%wWen 50%wen 50%wWen
Winin 3%Wen — —
K — m100], —
A, B — — m100]y,
r . 1 100
171002 141002
Is*d - ,3\/51511 PF, n -
I — — I
m — 6 1
(malfunctioning
below 6)

4.2. Comparative Experimental Results and Discussion
4.2.1. Starting Load Torque equals 16% Tnom

The Prony brake, acting as a load, was set at 21 NM at the rated angular rotor speed of
1455 rpm. It results in a load torque equals 19.6 Nm (16% of the rated torque) at 200 rpm
and 100 rpm, 21 Nm at 1500 rpm, 20.7 Nm at 1300 rpm, and 20.5 NM at 1100 rpm. Then, we
developed the comparative experiment, having the previously described speed command
considered in [17].

Figures 4-6 display standard SCS, previous HST-SCS [17], and the proposed HST-
SCS experimental results, respectively. Each figure presents the oscilloscope waveforms
of the required stator phase voltage amplitude V;, the rotor angular speed w;, and the
consumed stator phase current ig,;,. As described in Figure 3, the oscilloscope only has four
measurement channels, with two of them displaying the signals V" and w; obtained from
the OPAL-RT. The first one has a 200 V per division as indicated in the oscilloscope. The
second one has a 1000 rpm per division, although the oscilloscope shows its unit in V.

D50 20248, MYER104352: Sat Apr 30 04:26:14 2022

008 2 4004/ 3 200W 4 1.00% 1.750s  BEO0.0%  Detenar £ -11.04
e id
8 GUISICICH
_,_,_-—-"""_'fﬂr Alta res
solvS_REQ ] 50.0kSals
""'-\-.__,_H_‘_ i Canales
oC 100:1
4p|RPM 1" oC 1000:1
y oc 50001

Guardar en archive =[scope_15 |
Guardar Recuperar Pradet/Borrar Presione para
~- - ~P- Guardar

Figure 4. Oscilloscope waveforms of V", wy, and i, and iy, for the standard HST-SCS [14].
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DS0-x 20244, hYEE104362: Sat Apr 30 07:30:59 2022

40.04/ 2 400A/ 3 2004/ 4 1004/ 2510z BE0.02/ Detener £ -11.04
v
¢ Adquisicidn
..._.r".d_ Alta res
plvs_REQ T 50.0kSars
f_,_,..--"'" — i Canales
oc 100:1
- P oC 100011

= bC a000:1

Guardar en archivo =[scope_18 |
Guardar Recuperar Predet/Borrar Fresione para
~P- ~5- ~P- Guardar

Figure 5. Oscilloscope waveforms of V", w;, and i, and i, for the previous HST-SCS [17].

DS0-x 20244, hYEE104362: Sat Apr 30 07:45:20 2022

4008/ 2 400A/ 3 200W 4 1008/ 1890s  BRO.OY  Detener £ 11.08
w
‘_,..--"""'#_ .

= ¢ Adquisicidn

_,_,./"/_'J Alta res

plvs_REQ il 50.0kSals
— i Canales B
L oC 1001
P P oC 1000:1
Ly OC 50001

Guardar en archivo =[scope_19 |
Guardar Recuperar Predet/Borrar Fresione para
~P- ~5- ~P- Guardar

Figure 6. Oscilloscope waveforms of V", wy, and i, and iy, for the proposed HST-SCS.

As shown in Figures 4-6, and discussed in [17], the HST-SCS scheme has a peak of
45 A of starting current, lower than the 75 A of standard SCS. This last is characterized
by applying the V},,s: Voltage at wy,;, instead of 0, such as the HST-SCS schemes. Thus,
standard SCS has a rotor speed delay of 0.1 s. The HST-SCS methods start at 1.4 s, faster
than the standard SCS, which begins at 1.5 s. These are the advantages of the HST-SCS
strategies, having a faster speed response and a lower peak current consumption, when
compared with standard SCS. Furthermore, the following section shows the additional
advantages of starting with a load torque of 100% of the rated torque.

Remark 2. The obtained results validate in practice the N-MRAC proposed for nonlinear systems
and applied to the HST-SCS for IM as an alternative to the N-APBC used in [17].
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For all three methods, the voltage curves change smoothly. The adaptive starting
voltage curves V, switches to the boost voltages curves V] around 1.65 s for the HST-SCS
methods, and from V] to the V/ f voltage curve V; around 3 s, including the standard
SCS. Moreover, the actual rotor speed follows the required rotor speed with a steady-state
accuracy of 1.5% for speeds over 500 rmp. For lower speeds, the HST-SCS strategies show
1.0%, lower than the 1.3% of standard SCS.

Let us now discusses the advantages of the proposed HST-SCS (results are shown
in Figure 6) over the previous HST-SCS [17] of Figure 5. As expected, the MRAC current
controller shows a smoother response than APBC. Hence, the proposed HST-SCS has a
flatter and lower required voltage V," and consumed currents i, and ij,. The peak current of
the proposed HST-SCS is 36 A, lower than the 40 A of the previous HST-5CS [17].

4.2.2. Starting Load Torque equals 100% Tnom

The Prony brake applied 50 NM with the IM running at the rated angular rotor speed
of 1455 rpm. This tuning results in a load torque, equals 49.2 Nm (the rated torque) at
200 rpm and 100 rpm, 50.6 Nm at 1500 rpm, 50.4 Nm at 1300 rpm, and 50.2 NM at 1100 rpm.

Figures 7 and 8 show the previous HST-SCS [17] and proposed HST-SCS experimental
results, respectively. Each figure presents oscilloscope waveforms of a-b line voltage and
phase currents, during 100 ms around 4.2, and oscilloscope waveforms of V;*, w,, and phase
currents i, and iy,.

The accomplished experiments verified the results from [16,17] confirming that stan-
dard SCS cannot start with rated load torque. Here, Figures 7 and 8 show that, as expected,
the IM with HST-SCS started loaded with a nominal torque load achieving the proposed
goal. It was done after the HST-SCS applied a DC voltage magnetizing the IM, such as
the field-oriented control (FOC). The previous (see Figure 7) and proposed HST-SCS (see
Figure 8) have a step stator current reference at 1.4 s after enabling the VFD.

Moreover, there is no speed and current chattering issues reported in [16], improving
the HST-SCS proposed in [16]. It was achieved after all voltage curves changed smoothly,
when switching from the voltage V (adaptive starting voltage curve) to the V; (boost
voltage curve) around 2.3 s and from the V] to the V5, (V/ f voltage curve) around 3.6 s.

There is a higher speed-response time at the beginning of the simulation. It results
from the starting-adaptive controller action, which assures HST capability in this zone.
Furthermore, the actual rotor speed follows the required rotor speed with a steady-state
accuracy of 2%, as expected for a VFD with the SCS method. It is due to having an open-loop
speed control. In contrast to SCS methods, as described in [17], closed-loop speed control
FOC or DTC schemes have 0.01% steady-state speed accuracy, and sensorless strategies
have 0.1%.

Let us now compare the results of the previous HST-SCS from [17], described in
Figure 7, and the proposed HST-SCS shown in Figure 8. Again, as in previous subsection,
the proposed current N-MRAC shows a smoother V" and Is_starting Tesponse than the
N-APBC proposed in [17]. The proposal has a slightly lower DC starting current than the
previous HST-SCS, 20 A versus 23 A, respectively, between 1.4 s and 2 s. Moreover, the
proposed HST-SCS peak current is 48 A, lower than the previous HST-SCS 56 A. As a result,
the proposed HST-SCS has lower integral absolute error (IAE) and integral square input
(ISI) indexes than the previous HST-SCS proposed in [17]. These are 38.3 and 2.613 x 10°
for the proposed HST-SCS and 43 and 2.618 x 10° for the previous one.
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Figure 7. Previous HST-SCS [17] experimental results. (a) Oscilloscope waveform of a-b line voltage
and phase currents, during 100 ms around 4.2 s. (b) Oscilloscope waveforms of V;, w;,, and phase
currents i and ij,.
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Figure 8. Proposed HST-SCS experimental results. (a) Oscilloscope waveform of a-b line voltage
and phase currents, during 100 ms around 4.2 s. (b) Oscilloscope waveforms of V;, w;,, and phase
currents i and ij,.

5. Conclusions
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This paper proposes a novel N-MRAC for a class of nonlinear systems and its applica-

tion to the HST-SCS for IM. It started expanding the direct approach of the MRAC strategy,
considering a normalized information vector and fixed gains. Appendix A describes its

theoretical proof, while experimental results validate, in practice, a design example applied
to the HST-SCS of IM.

The proposed N-MRAC is an alternative solution to the N-APBC proposed in [17].

Future work should consider obtaining indirect and combined N-MRAC approaches.
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The proposed HST-SCS with N-MRAC assures 100% of the starting electromagnetic
torque surpassing the typical 25% of the standard SCS. It does it at the expense of adding
a voltage curve at the start, based on an adaptive controller. Moreover, in the proposed
method, there is no need for estimators of IM parameters or variables. The proposal
only needs information from the IM nameplate and datasheet for its tuning. Hence, it
still has a simple control scheme compared to the schemes of FOC and the direct torque
control (DTC).

The comparative experiments carried out, considering the N-MRAC and the N-APBC
HST-SCS [17], show that both strategies follow the required speed with high starting torque.
However, the N-MRAC exhibits lower performance indexes.
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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.

DTC Direct torque control.

RMS Root mean square.

PWM Pulse width modulation.
IAE Integral absolute error.
VFD Variable frequency drives.
ISI Integral square input.

Main Notation

The following main notations are used in this manuscript:

w;, wy and w} Required rotor, actual, and electrical angular speed.
r e q g p

wry and wy, Rated rotor and required angular speed.

wgjip and Wslipn Actual and rated angular slip speed.

e/f and e /P Park transformation and its inverse.

T3 and T, ,3  Clarke transformation and its inverse.

Vi Needed stator voltage amplitude.

vz B Needed two-phase alternating instantaneous voltage in «-f coordinates.
uy Needed three-phase alternating instantaneous voltage.

Visn Rated voltage per phase (RMS value).
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L, and I
Isq and I

is, 1y, and iy,
PF,

Rated and actual current per phase (RMS value).

Actual stator current direct and quadrature component per phase
(Instantaneous value).

Stator, rotor, and magnetizing instantaneous current.

Rated power factor.

fn Rated electrical frequency in Hz.

p Number of poles.

En VED enable.

Vioost boost voltage.

Va Starting voltage curve for HST.

Vi Vboost voltage curve.

Vs V/f voltage curve.

V4 Weakening flux zone voltage curve.

Py and P, Controller parameters for V| and V;, respectively.

wWe Cut angular frequency, switching point between V] and V5.
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, given by ¢ = 1 — L2,/ (L,Ls).
R Stator transient resistance, with R, = Rs + (L2,R,)/(L2).

|Ds | Stator flux magnitude.

Appendix A

Proof of Theorem 1. After, subtracting the nonlinear system Equation (7) from the model
reference given in (8), adding and subtracting the term A,,y(t) into the right side of
the obtained equation, considering that e(t) = vy, (t) — y(t), and making some algebraic
arrangements, it is obtained that

6(t) = —Ke+b(0*TQ(t) —u(t)),

A1) = q(z,y), 4D

where band 0*T = [Ay,pper 1 Agupper] € R are the ideal controller fixed-parameter, with
a positive Sign(b). All parameters are assumed to be unknown and constant, which may
have a slow variation. The internal dynamics is BIBO and has no influence on the error
equation.

Thus, substituting u(t) (8) into (A1), defining the controller parameters error ® =
G*T%g) — 0(t) (which implies that ®(t) = —0(t) (13) as Q*T%{) is a constant vector, and
that symbolically Q(t) = 100%2) from (13), assuming w; = w;, we obtain the following

error model: L
é(t) = —Ke(t) + b®(t)TQ(t),

ST = —Te(H) Q1) . (82)
This error model (A2) has the following associated Lyapunov function:
Ve, ®) = Le(t)2 + Tmce(% b | cp(t)Tr—lcp(t)). (A3)
Taking the time derivative of this Lyapunov function we have that
V(e, ®) = e(t)é(t) + Trace(| b | ()T 1d(t)). (A4)

Now, the time derivatives é¢(t) and ®(t) from (A2) are substituted into this last expres-
— T
sion. Moreover, the term e(t)b®(t)TQ)(t) becomes Trace(be(t)Q)(t) @), after considering
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the two vector properties, where a’b = Trace(ab”). Finally, rearranging and canceling
terms due to b =| b | after knowing that Sign(b) is positive, we obtain

V(e,®) = —Ke(t)? . (A5)

This last Equation (A5) shows the first time derivative of the Lyapunov function (A3)
is negative semidefinite; thus, the autonomous system (A2) is stable. Moreover, as e(t) and
d(t) are stable, and Q)(t) is bounded, then é(t) is bounded. Integrating both sides of (A5) it
can be concluded that e(t) € 2. Hence, according to Barbalat/s Lemma, the error e(t) is
asymptotically stable, concluding the proof. [
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