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1. INTRODUCTION

Industry uses induction motors with cage rotors extensively due to their robust design and affordable
cost in comparison to other motors of the same class. In use, a speed adjustment is required to control the set
point or the desired speed, and then a feedback system is required, which is rotor speed information. Two
methods were used to collect the rotor speed information: sensor-based and speed-sensorless. In systems with
sensors, the use of encoders often cannot detect very low and very high speeds. To overcome this problem, a
sensorless speed control system is designed by applying current vector control to control and estimate the rotor
speed, which is fed back to the system [1]-[8]. Induction motors can be precisely driven by a single inverter
running a single induction motor by the use of the field-oriented control approach of sensorless vector control.
On the other hand, a single inverter can power several induction motors connected in parallel for industrial
uses such electric propulsion, as in railroad traction systems [9], [10]. Due to hardware minimization and cost
reduction, multiple induction motors, considered one large motor, can be driven by a single inverter under the
same specifications and rating. However, when an uneven load torque is applied, the performance becomes
unstable [11].

Control with field weakening is one method to improve the performance of induction motors. With
this method, speeds that can exceed the nominal speed can be achieved. S.H. Kim and S.K. Sul used field
weakening in maximum torque operations [12], Briz et al. [13] used current and voltage regulation to achieve
revolutions above nominal revolutions. Kerkman et al. using indirect field-oriented control in the application
of field weakening [14]. In this research, the motor rotation is estimated with an observer on the ab-axis
reference frame using the motor flux weakening control or field weakening control method while taking into
account the limits of the motor nominal voltage and current so that the motor rotation can be achieved beyond
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the nominal rotation with maximum torque operation, and the stability of the motor rotation is determined by
the Lyapunov stability theory.

In general, sensorless induction motors are controlled in parallel without field weakening control. The
number of observers in induction motor parallel control is directly correlated with the number of motors; hence,
the more motors under control, the greater the number of observers. Numerous observers necessitate intricate
mathematical computations, which are laborious to complete. In order to minimize this problem from multiple
observers to one, a creative mathematical calculation incorporating multiple observers is required. In this study,
the field weakening method is applied to parallel two induction motors to obtain better performance. What
distinguishes the parallel of induction motors in the previous study (two observers) is that the observer is only
one piece. The proposed method is applied to a 0.75 HP (0.55 kW) induction motor drive system.

2.  RESEARCH METHOD
2.1. Mathematical modeling
2.1.1. Induction motor model

The induction motor model used is three phases. To simplify the calculation and analysis, a Clarke
transformation is used, which converts the current, voltage, and flux equations of the three phases to the form
of two stationary phases, or a-p axes. In matrix form, it can be expressed as (1).

Iy
iﬁ=§0——x/_l ][] 1)
[ 1

The Park transformation is used to transform a stationary two-phase axis to a rotating two-phase axis or direct-
quadrature - dq axis, which is expressed by (2).

[iZ] = [—C;Sngeee oxt | [ ‘| o)

The motor model is designed in the frame of reference for stator currents on the dq axis and rotor fluxes. The
general equation of an induction motor is as (3) to (6) [15].

T = RT + 21 + jwes ©)
Vi = Rl + 2t + j(we — 0, )y @)
s = Ll + L, (5)
Uy = LTy + LTy (6)

The (3) to (6) are derived to obtain the induction motor model on the af} axis. In reference to the stator frame
w, = 0 and the rotor being a cage rotor type, the rotor voltage Vr is zero, and the actual motor model is
expressed in (7) to (10) as [16], [17]:

rise = (= o= o) s+ i e+ b Ve U
%isﬁ = (_UR_IZ - aLir:rr) tsp = :stL: Yra + oLsLyTy Yrp + o V sB (®)
i¥ra = =1 Wra T - Linbse — 0rthrg ©)
%lprﬁ lprﬁ + L misp — OrPra (10)

The stator voltage equation on the dg axis is as (11) and (12).
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. d . . L3 d .
Vsq = Rslsq + 0Ls Elsd - O-stelsq + Ealmr (11)
o d . . L2, . 12
Usq = Rslsq + O_Lsalsq — 0Lswelsq + :welmr ( )

The flux model gives the magnitude and angular position of the rotor flux and torque expressed in the (13)-(16).

d . Ry . ,

Elmr = E(lsd - lmr) (13)
Ry i

w, = Nyw, ;llm—qr (14)

d

26, = w, (15)

T, = Ny(1 = 0) Lgisqime (16)

2.1.2. Design of controllers

In (17), the speed controller is represented as an integrator proportional (IP) regulator. Since the IP
controller is just as simple as the Pl controller, but offers superior performance, that is why we went with it
[18]. The speed controller output is finite, and when it reaches this limit, the integration start value in the next
iteration is reset to the integration start value in the previous iteration to prevent the stopping phenomenon.

Te = Kopi f(w; - w;)dt - ksppw;\ 17)

Values with a "*" sign indicate reference values, and values with a """ sign indicate estimated values.
The field weakening controller aims to weaken the field, but the stator current and voltage remain within the
maximum current and voltage limits. The current and voltage limit equations are expressed in (18) and (19) [12].

Ved +Vsq < Vemax (18)

isg +isd < IZnax (19)
"Field weakening" is done by controlling the d-axis stator reference current and providing a maximum g-axis
stator reference current limit, as shown in Figure 1. The field weakening controller equations can be expressed
in (20) and (21) [19].

isg = K; f(Vszmax - Vsz) dt + Kp (Vszmax - Vsz) (20)

i;q limiter — nax — iszd (21)

The current vector controller used is P, but this controller can only control linear systems, so in (11) and (12)
must be linearized using decoupling as in equations (22) to (25) [16], [17], [20].

Vsa = Usqg T Veg Vsq = Usq T Veq (22)
. d ., , d .,
Ugq = Rgigq + LSO'Elsd Usq = Rgigq + Lsaalsq (23)
. d
Vea = —WelsOlsq + Ls(1 = 0) — iy (24)
Veqg = WelsOigg + Lg(1 — 0)Weipy (25)

With veg and veq being the coupling voltages, usq and usq are the stator voltages after decoupling. Based on the
voltage decoupling equation and the general formula of the PI controller as (26) and (27).

. . Kidgi :+ kigi\ .
(Rgisq + Lsosisq) = (kidp + Td) lsqg — (kidp + Td) lsa (26)
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kidi) .« . kigi
(kl-dp + Td) ity =isq (RS + Lsos + kigp + Td) 27
Using the identity method, the controller constant for the d-axis is obtained as (28).

Lg Rg
Kigp = == kig; = == (28)

Tq Ta

In the same way, it is done on the g-axis so that the controller constant for the g-axis is obtained as (29).

Lso _ Rs
kiqp = T_d kiqi - E (29)

The controller constant values obtained were found to be the same:

kiap = Kigp = kp
kiai = kiqi = ki

+ -
Vsmax LPF [« V(V +Vg) REVARY
arVp
P g V(Ismax” — 1ia™?)
Isd* Isq*

Figure 1. Field weakening controller diagram block

2.1.3. Observer in reference frame off
The Luenberger Observer in this design uses the af-axis reference frame and is made based on the
induction motor model in the afp-axis reference frame. The system model is as (30).

X=Ax+Buy = Cx (30)

With u as the input and y as the output, if the system is in the estimated state, then the state and output equations
become (31).

X=AR+Buy=Cx (31)

Matrix A is the induction motor model in the of} axis, and its state space form is shown by the (32) and (33) [21].

. B (-9 0 Lm tm o] . 1
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2
whereo =1 — (Lm/L L >; T, = LT/R . Use the Luenberger observer to estimate the induction motor's
SHTr T
parameters. The following represents the (34) and (35):

% = A% + Bu + G(ei) (34)
9 =Cx (35)

The observer feedback value is indicated by the "G" sign, whereas the estimated value is shown by the """
sign; where,

Isa

2| = [P = [ =[]
Yra |’ Vegl” ™t Cispl’ lsp
J)rﬁ

The observer model's eigenvalue is det (Iu — (A — GC) and the induction motor model's eigenvalue is det (Tu —
A). The value of G is obtained as the observer's reinforcement feedback (37), using the derived (36).

[[u — Al =|I1— (A — GC| (36)
Then we get (37).

91 g2 93 9a )"

G= 92 91 Y+ Ys

(37)

Where g; = (k — 1)(ar11 + Gr22), g2 = (k — Dagyy, g3 = —(k* = (A1 + aypq) + Ak — D (a1 +
Ar2), 9o = Ak — 1)ayp,, A = (0 LgL,/Ly,) ; k > 0. By computing e;p (beta stator current error) and e,
(alpha stator current error), one may get the estimated rotor speed (&,.). In (38) illustrates how it is derived
using Lyapunov's theory [22]:

&)\r = Kp (l])\/} Cisa — ll;aeisﬁ) + Ki f(ll;ﬁeisa - I/}Aaeis[}‘)dt (38)
Where e;sq = lsq — isq aNd ej5p = Isp — isp-

2.1.4. Induction motor parallel vector control

With the same motor specifications, two induction motors can be regarded as a single, huge motor.
Nonetheless, the stator currents will vary if the torque loads on the motors are not balanced. Because it is used
to operate two motors, the stator current that is flowing and circulating from the inverter needs to be split into
two portions (ig; and ig,). The current flow of two induction motors operating in parallel is displayed
in Figure 2.

The (39) and (40) show the average circulating current between the two motors as well as the average
stator current calculated using the average and difference techniques [23]:

L = (is1 + i52)/2 (39)
At = (is; —i51)/2 (40)
Motor 1's and Motor 2's stator currents are displayed by the variables iy, and i,,, respectively.

The current stator command to regulate the average torque (41) and average rotor flux (42) is obtained
using the induction motor's vector model [24]-[26].

25 = (7" /p") = B5aia + 082,00, ) 5% (@1)

Where T' = (T, — (AM'/M")AT,)/(1 — (AM'/M")?). T' = T, because the parameters of the two induction
motors are regarded as being identical, meaning that the value of AM’ is zero. Where T, = (T,; + T,,)/2.
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55 = (Sibsa + AB AP, + AS, AP, — ATAT, ) /T (42)

Where l,[_)f — (1/1?1+1/11€2); All)f — (Il}iz;lfﬁl) € = (i§1+igz); Aif — (ifz—ile), §r — (Sr1+Sr2) ; ASr — (5r2—5r1)l 7=

2 1S 2 2 2 2

(U1:U2) LU= (U2;U1), o= (wrl‘;‘wrz) Aw = (wrz;wm)' and S, = (R,/L,);U = MS,.

inverter

/-
i

VS i52

Figure 2. The current flowing through two induction motors connected in parallel

2.2. Configuration of the proposed method

Figure 3 shows the configuration of the sensorless parallel induction motor origin. An adaptive speed
observer is present for every motor, as demonstrated below. The configuration of the proposed system is shown
in Figure 4. The average and difference calculating mechanisms get motor current from the inverter. The
voltage from the inverter and the currents produced by the average and difference processes are transformed
from abc to af. l,s and V.s are the Luenberger observer's inputs after conversion. The reason for its
transformation is that the observer model makes use of the stator reference frame. The motor speed, stator
current, and rotor flux are all estimated by the Luenberger observer. The controller output, which acts as the
inverter input, is found by subtracting the average stator current from the command average stator current.

2.3. Implementation

Disturbances of balanced and unbalanced load torque are used to show sensorless vector control using
an IP speed controller. Simulations were run using MATLAB/Simulink C-Mex S-Function. The realization of
the proposed parallel motor system configuration model is shown in Figure 5. The simulated nominal motor
speed is 1380 rpm, or 144.5 rad/sec. The parameters are displayed in Table 1.
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Figure 3. Parallel induction motor original configuration
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Table 1. Induction motor parameters
Parameter Symbol Value Unit Parameter Symbol  Value  Unit
Nominal speed motor or 1380 0r 1445 rpmorrad/s  Stator inductance L 702.13 mH
Stator resistance Rs 14.03 Q Rotor inductance L, 702.13 mH
Rotor resistance R, 13.29 Q Pole pair Np 2
Mutual inductance L 687.41 mH
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Figure 5. The realization of the proposed parallel motor system configuration model

3. SIMULATION RESULTS

The first simulation compares two observers using the suggested methodology. The second time, the
motor speed command was adjusted to 100 rad/second from its initial setting of 50 rad/second as in Figure 6 (see
in Appendix). Second, using the suggested method, the simulation is given a speed input of 3.46 motor nominal
speed of 500 rad/second as in Figure 7. Figure 6 displays the torque step-up response simulation findings for both
the two-observer approach and the suggested method. The motor speed command is set at 50 rad/second then

changed to 100 rad/second at time 2 seconds. Induction motors 1 and 2 start out with no load, and after 4 and 5
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seconds, they are given a 6-Nm load. As seen in Figure 6(a), each motor's torque generation can be tracked by its
load. However, as Figure 6(b) demonstrates, each motor's torque generation can be adjusted in response to its
load. Thus, Figure 6(c) illustrates the uniform convergence of each motor's motor speed, while Figure 6(d)

illustrates the uniform convergence of each motor's motor speed, albeit with a delay towards reference.

(@)

(b)

(©)

(d)

Figure 6. Simulation result for torque step-up response: (a) the suggested approach for torque response,

Torque (Nm)

Torque (Nm)

Torque 1, Torque 2, Load1, Load2
T

Torque 1

{/\~
(

Torque 2
Load1

Load2

[m—]

4 5
Time (seconds)

6

Torque1, Torque2, Load1, Load2

X

////\
/ /

Torque1
Torque2
Load1
Load2

80

@
S

Speed (rad/s)
&

N
=]

4 5
Time (seconds)

6 7

reference, motor 1, motor 2, estimated

— motor 1
— motor 2

reference
— — — estimated

2 3

l
5

4
Time (seconds)

reference, motor 1, motor 2, estimated 1, estimated 2
T T

6 7

| —

P

—

speed (rad/s)

/

— motor 1
— motor 2
reference

= = = estimated 1
— — — estimated 2 -

4 5
Time (seconds)

(b) the two-observer method for torque response, (c) motor speed: suggested approach, and

(d) two-observer approach for motor speed
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In Figure 7, the simulation is given a speed input of 3.46 motor nominal speed of 500 rad/second.
Figure 7 shows the difference in time to reach the reference value between the speed of the two motors and the
estimated speed, namely that the actual speed of the motor is 0.2 seconds faster than the estimated speed when
there is no load. In the simulation, both motors are given a load of 2 Nm each at different times, with motor 1
at the 6th second and motor 2 at the 7th second. At the 6th second of motor 1, there is a decrease in speed of
around 493 rad/s for 1 second, and motor 2 overshoots the speed, reaching 511 rad/s at the 7th second. At the
7th second, motor 2 decreased its speed to around 505 rad/s, and at that time, motor 1 overshoot speed reached
503 rad/s. And the speed of the two motors was uniform at 503 rad/s at the 9,2 second. So that the speed of
both motors exceeds the estimated speed and reference speed by 3 rad/s.

reference, motor 1, motor 2, estimated

500 / —-—g=__——l‘
/ — motor 1
400 motor2  |—|
-~ reference
w / — estimated
8 300 -
b= /
[F}
& 200
7] /
100 //
1]
0 1 2 3 4 5 [ 7 8 9 10
Offset=0 Time (seconds)

Figure 7. Response to a speed step-up: simulation's outcome motor speed using the suggested technique

4. CONCLUSION

With the addition of a "field weakening"” control system, we have presented a direct field-oriented
control approach for two induction motors coupled in parallel with a single observer. The "field weakening”
control system can be used to adjust the rotor speed beyond its nominal speed, and for the motor used, it reaches
3.46 times the nominal speed of the motor; the error between the actual and reference speed values is 0.6%.
The simulation results show that the proposed method works better and can be operated at speeds exceeding
the nominal speed of the motor.
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